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Abstract 
Four parts are included in this dissertation: Chapter 1 is an introduction and 

provides background on our research; Chapter 2 is the study of designing porphyrin 

chromophores with unusually large hyperpolarizability; chapter 3 describes the hopping 

charge recombination in cytochrome c-cytochrome c peroxidase electron transfer; and 

chapter 4 describes force field parameterization of flavin adenine dinucleotide and 

electron transfer coupling calculations in cryptochrome. 

A new series of push-pull porphyrin-based chromophores with unusually large 

static first hyperpolarizabilities are designed based on coupled-perturbed Hartree-Fock 

and density-functional calculations. The combination of critical building blocks, 

including a ruthenium(II) bisterpyridine complex, proquinoidal thiadiazoloquinoxaline, 

and (porphinato)zinc(II) units produces large enhancement of the static nonlinear 

optical (NLO) response, computed to be as large as 11,300 × 10−30 esu, two orders of 

magnitude larger than the benchmark species [5-((4'-(dimethylamino)phenyl)ethynyl)-

15- ((4''-nitrophenyl)ethynyl)-porphinato]zinc(II).  

We also studied the inter-protein ET recombination reaction between cytochrome 

c peroxidase-cytochrome c complex (i.e., → •+Fe(II)Cc Zn(II)CcP ). ET rates in the wild 

type (WT) CcP:Cc complex and in four mutants of the Cc protein (i.e., F82S, F82W, F82Y 

and F82I) measured, both in solution and in crystals, vary by no more than three fold 
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despite large difference in the ET distances and protein-protein conformations. This 

theoretical study examines why large changes at the protein-protein interface and the 

lengthening of the heme-to-ZnP distances in the Cc F82Y(I) mutants do not slow the ET 

rate dramatically compared with the WT CcP:Cc and Cc F82S(W) mutants. PATHWAY 

and quantum chemical analysis, performed on molecular dynamics sampled geometries, 

indicate that the recombination mechanism for all five protein complexes involves two 

mechanisms: single step heme-ZnP tunneling and two step heme-Trp191-ZnP hopping. 

We further predict that back ET rates in double mutants W191F CcP:F82S(W) Cc will be 

dramatically reduced compared to the rates in the WT CcP:Cc complex because 

elimination of Trp191 will shut down the main ET pathway. Since the recombination 

reaction is likely to occur in the inverted Marcus regime, an increased reorganization 

energy is predicated to compensate the decreased role of hopping recombination in the 

F82Y(I) mutants.  

Finally, we examined photo-induced tryptophan-to-flavin ET in Arabidopsis 

thaliana cryptochrome. The Amber force field of flavin adenine dinucleotide (FAD) was 

parameterized by antechamber using restrained electrostatic potential (RESP) fitting 

partial charges. The electronic couplings were calculated by generalized Mulliken-Hush 

(GMH). Validation of the GMH approach based on orbital analysis is discussed in detail 

compared to a many-electron coupling description. 
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1. Introduction 

1.1 Nonlinear optics 

1.1.1 Nonlinear optical materials 

When photons interact with nonlinear optical (NLO) materials, the frequencies, 

phases and other properties can change. Because of their abilities to manipulate photonic 

signals, NLO materials are in high demand in technologies including optical 

communication, optical computing, and dynamic image processing. Computational 

molecular design could provide a convenient and effective way to optimized chemical 

properties. Materials with large first hyperpolarizability are desired to improve the 

efficiency of manipulating photonic signals, such as changing photon frequencies. In this 

dissertation, quantum chemistry calculations are applied to design optimal nonlinear 

optical chromophores.  

 Nonlinear optics is the study of phenomena that occur as a consequence of the 

modification of the optical properties of a material system by the presence of light. In 

nonlinear media, the polarization responds nonlinearly to the electric field E of the light. 

This nonlinearity is typically observed only at very high light intensities, such as pulsed 

lasers. The polarization of bulk materials is a function of the electric field: 

χ χ χ= + + + ⋅⋅ ⋅     

1 2 3P E E E E E E               (1.1) 

where the coefficients χ n  are referred to as the nth-order susceptibilities. The terms 

beyond the 1st-order susceptibility describe NLO properties. The bulk susceptibilities 
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χ χ χ1 2 3, , in Eq. (1.1) are related to molecular response properties denoted as α , β  and 

γ (take the second order nonlinearities in noncentrosymmetric crystals for example1, the 

relationship between the bulk nonlinear susceptibilities χ 2
 and microscopic second 

order hyperpolarizability β is χ ω ω ω θ θ θ β
=

= ∑ ∑2
3 1 2

1

1 ( ) ( ) ( ) ( cos cos cos )
gN

s s s
IJK I J K Ii Jj Kk ijk

ijk s
f f f

V
), 

which can be defined from the Taylor series of the electric field: 

µ µ α β γ= + + + +∑ ∑ ∑




0

, , ,

1 1( )
2! 3!i i ij j ijk j k ijkl j k l

j j k i j k
F F F F F F F   (1.2) 

where α , β  and γ  are polarizability, first hyperpolarizability and second 

hyperpolarizability, and electric iF  is the component in direction i . ω( )I nf is the local 

field factor (the local field factor is the ratio between an internal electromagnetic field 

and an applied external electromagnetic field, ω  is the electric field oscillation 

frequency.  In the Lorentz treatment2, ε+
=

2
3

f , where ε is the dielectric constant), V is 

the unit cell volume in crystal and gN is the number of equivalent site (s) in the unite 

cell. The angle θ ( )s
Ii  describes the relationship between the crystallographic axis I  and 

the molecular axis i , the θ ( )cos s
Ii are the scalar products of the unit vectors I  and i , and 

give the projection of the molecular coefficients into the crystal frame of reference. 
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1.1.2 Nonlinear optical materials that feature multiple PZn units 

Relatively few examples of chromophores have been delineated that possess λβ

values (dynamic hyperpolarizabilities) that exceed 1,000 x 10-30 esu at 

telecommunications-relevant wavelengths.3-15 Porphyrins and their corresponding 

ethynylated and ethyne-linked derivatives are attractive building blocks for such 

materials because of their extended delocalization, large oscillator strengths, and 

substantial polarizabilities;8,12,16-32 in addition to providing for substantial β  values, such 

porphyrin-based donor-bridge-acceptor systems manifest excellent thermal 

stabilities.6,8,13-15,31,33,34 Benchmark examples of these robust structures that possess high β

values include  [5-((4'-(dimethylamino)phenyl)ethynyl)-15-((4''–nitro-phenyl)ethynyl)-

10,20-diphenyl porphinato]zinc(II) (D-PZn-A)6,8,12 and closely related structures,14,15,34 as 

well as chromophores where (porphinato)zinc(II) (PZn) and metal(II)polypyridyl (M) 

units are linked via an ethyne bridge (M-PZn species).13-15,35,36,32,33,36,57 The 

hyperpolarizabilities of these systems display complex irradiation wavelength 

dependences;6-8,12-15,33,37 measured values of β  for these structures are as high as several 

thousand x 10-30 esu.  

 In chapter 2, we examine theoretically porphyrin-based NLO 

chromophores based on established D-PZn-A and Ru-PZn (ruthenium(II) [5-(4′-ethynyl-

(2,2′;6′,2′′-terpyridinyl))-10,20-bis(2′,6′-bis(3,3-di-methyl-1-butyloxy)phenyl)porphinato] 

zinc(II)-(2,2′;6′,2′′-terpyridine)2+) motifs26,38-44. We present a theoretical investigation of the 
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electronic structure and NLO properties of D-PZn-A and Ru-PZn based chromophores 

with the proquinoidal spacer 9-diethynyl-6,7-dimethyl-[1,2,5]thiadiazolo[3,4-

g]quinoxaline (E-TDQ-E)26 units. One such NLO chromophore examined in this study, 

Ru-E-TDQ-E-PZn-E-TDQ-E-PZn-A, is predicted to possess an extraordinarily large static 

first hyperpolarizability ( β0 ) of 11,300×10-30 esu, 20 times larger than the benchmark D-

PZn-A (512×10-30 esu).  

1.2 Electron transfer 

Electron transfer is one of the most elementary chemical reactions. It plays a 

crucial role in biology, chemistry and electronics. Understanding the molecular 

mechanism of ET is essential for understanding biological function. ET is a simple 

chemical reaction that involves the motion of a single electron from one spatially 

localized center (donor) to another one (acceptor) that is separated in distance. The 

following scheme shows a typical electron transfer process. 

+ −+ → +ETD A D A  

Marcus parabolas45 are the free energy curves for the reactant state ( ,D A ) and 

the product state ( + −,D A )along the reaction coordinate Q. Marcus theory for electron 

transfer assumes a linear response of the solvent so that both the reactant and product 

free energy curves are parabolic functions of the solvent polarization. The nuclear 

coordinates involving vibrational coordinates of the reactants and the orientational 

coordinates of the surrounding solvent molecules constitute the reaction coordinate. 
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Figure 1:Free energy versus reaction coordinate Q for an ET reaction46 

1.2.1 Adiabatic and non-adiabatic electron transfer 

The ET reaction is coupled to the nuclear coordinates and the solvent degrees of 

freedom. The Landau-Zener theory is often used to define different regimes of ET with 

the underdamped case47. The diabatic electronic states can be obtained for both nuclear 

configurations (solid lines in left side of Figure 2, crossing). Another set of states, 

adiabatic states, can be obtained by diagonalizing the Hamiltonian at any nuclear 

configuration (broken lines in right side of Figure 2, non-crossing). At the crossing point, 

the probability to change diabatic state but also stay on the original adiabatic surface  is 

given by the Landau Zener (LZ) approximate solution47: 

( )
π π

← ←

= =

     = = − − =   
−−     







* *

2 2

1 1

2 2
1 exp

/ ( ( ) ( ))
DA DA

b a
b aa b

R R R R

H H
P P

R F Fd dt E R E R
(1.2) 
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←1 1P  is the probability to stay on the original adiabatic surface, ←b aP is the probability to 

change from the diabatic state a to diabatic state b .   is Plank’s constant over π2 , DAH is 

the electronic coupling between donor and acceptor states. ( )DE R and ( )AE R are the 

diabatic energies with respect to the coordinate R . The energies of the diabatic states A 

and B cross at = *R R . R  is the nuclear velocity and = −∂ ∂/i iF E R is the force on the 

system when it moves on the potential surface iE . There are two limits arising from eq. 

1.2: in the weak coupling/ high speed limit ( π −

 

2
2 DA b aH R F F ), the probability to 

remain on the adiabatic surface 1 is very small and the electron has a large probability of 

transition between the diabatic states a and b . This case is often referred to as the non-

adiabatic limit of the LZ problem. In the other large coupling/slow motion limit,

π = −



2
2 DA b aH R F F , we get ← ←= =1 1 1b aP P , which means the system moves 

adiabatically on a single potential surface. 
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Figure 2: Potential energy diagrams of adiabatic and non-adiabatic intersecting 
curves during electron transfer. 

Non-adiabatic ET usually occurs over large distance48 ( > 5 Å). Its rate is derived 

from Fermi’s “golden rule”, which takes both the vibrational overlap and the electronic 

coupling between reactant and product states into account (Eq.1.3). 

( )λπ π
λπλ

 ∆ + = = −
 
 

2

2 22 2 1 exp
44ET DA DA

BB

G
k H FC H

h h k Tk T
                         (1.3) 

where DAH  is the protein-mediated donor-acceptor electronic coupling, FC is the Frank-

Condon weighted density of the states, λ is the reorganization energy, ∆G  is the 

reaction free energy, Bk  is Boltzmann’s constant, and T is the temperature. In this thesis, 

we study non-adiabatic ET reactions. 
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1.2.2 Conformational dependence of electron transfer 

Most molecules access a range of conformations at room temperature. Since 

electron tunneling interactions are sensitive to geometry changes, thermal fluctuations 

are expected to have a large influence on room temperature tunneling. Beratan and 

coworkers49 showed that the ET rate have contributions from abroad range of 

conformations. Ratner and Hoffman50 demonstrated that conformational change can 

gate the biological electron transfer. Hoffman, Beratan and coworkers51,52 proposed a 

“dynamic docking” paradigm for inter-protein electron transfer, in which a few 

members of the ensemble of weakly bound protein-protein configurations are ET active. 

Thus, conformational averaging is essential to describe electron transfer reactions53,54. In 

this thesis, we will study inter-protein ET using molecular dynamics to sample some of 

the relevant conformational space. 

1.2.3 Distance dependence of electron transfer 

The distance dependence of ET through different media remains an interesting 

and open topic55-57. In the simple case of wide barriers of height V in one dimension, the 

donor-acceptor electronic coupling is  

( ) β∝ − = −

2 exp 2 2 exp( )DAH R mV R                      (1.4) 

where 2
DAH  is the square of the electronic coupling between donor and acceptor, m is the 

mass of the electron, R is the distance between donor and acceptor and β is the distance 

dependence parameter. 



 

 

9 

β  values for ET through vacuum are expected to be large (around 2-5 Å-1) 

theoretically56,57. J. R. Miller and coworkers58 measure β  to be slightly less than 1 Å-1  for 

electron tunneling through saturated hydrocarbon bridges, experimentally. In 

theoretical studies, Newton59 computed β ~ 1.0  Å-1 for extended saturated bridge, 

Waldeck60 studied solvent effects on electronic coupling for c-clamp shaped molecules 

and found β varied from 0.64 to 0.97 Å-1 when the solvent was switched from 2 2CH Cl  to 

benzonitrile. Figure 3 is the tunneling timetable for ET through various media, 

indicating that β  depends highly on the medium as predicated by theoretical studies of 

Beratan and coworkers.55,61-63 The data points shown in the plot are experimental 

measurements for ET in Ru-modified proteins and the β value for ET through proteins 

is about 0.9-1.4 Å-1. The solid lines are theoretical predications for electron tunneling 

along α -helices and β -strands63. The wedges are distance dependences of the electron 

tunneling through water (measured) and vacuum (estimated). 
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Figure 3: Tunneling timetable for ET in Ru-modified proteins in various 
media55. 

1.2.4 Reorganization energy of electron transfer 

The reorganization energy λ (shown in Figure 1) is defined as the energy 

required to reorganize the system structure from initial to final coordinates, without 

making the charge transfer. It includes both the inner-sphere ( λin ) and outer-sphere 

reorganization energy ( λout )64. The λin  is weakly solvent dependent and arises from 

structural differences between the equilibrium configurations of the reactant and 

product states. While λout  is the solvent dependent term called the solvent 
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reorganization energy and arises from differences between the orientation and 

polarization of solvent molecules around D+A- and DA. The reorganization energy 

represents the energy necessary to reorient the solvent molecules around the new 

equilibrium geometry of the product. In the normal regime ( λ−∆ <0G , Figure 4a), the 

ET rate increases by increasing - ∆G  or by decreasing λ . For λ−∆ =0G , the ET rate 

reaches its maximum (Figure 4b). In the inverted regime45,58 ( λ−∆ >0G , Figure 4c), the 

ET rate increase by decreasing ∆G  or increasing λ .  

 



 

 

12 

 

Figure 4: Three Marcus free energy regimes (top) and the corresponding 
dependence of the transfer rates on ∆ 0G (bottom). R and P represent the reactant and 
product, respectively. RC is the reaction coordinate. λ is the reorganization energy,
∆ 0G  is the difference in free energy between the equilibrium configurations of the 

reactant and product states, and ∆ *G  is the free energy of activation for ET. 
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2. Nonlinear optics 

2.1 Introduction 

Nonlinear optical (NLO) materials have attracted considerable attention due to 

potential applications in optics and optoelectronics that include information storage, 

image processing, frequency conversion, optical signal processing, optical computing, 

and dynamic imaging.1,65,66 Inorganic crystals such as LiNbO3 and KTiOPO4 have been 

widely used in commercial NLO devices.65 Since the 1990s, however, a large number of 

organic compounds with extended conjugation have emerged as candidate electro-

optically functional elements for NLO materials.1,4-9,11-16,32-37,63,67-84 The advantages of 

organic materials over traditional inorganic crystals stem from their lower dielectric 

constants, potentially faster and larger NLO responses, and ease of processing65; 

furthermore, the considerable topological and electronic structural diversity made 

available through chemical synthesis offers the potential for application-specific 

chromophore optimization. With respect to organic NLO materials, the donor-bridge (π-

electron system)-acceptor or push-pull structure, has served as a classic design motif.5-

9,11-16,32-37,65,67-84  

While many theoretical85-96 and experimental groups have been working for 

decades on the design of new organic and organometallic structures with large second 

order nonlinear optical (NLO) properties, relatively few examples of chromophores 

have been delineated that possess β  values (dynamic hyperpolarizabilities) that exceed 
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1000 x 10-30 esu at telecommunications-relevant wavelengths3-15. Due in part to the fact 

that a large fraction of these highly hyperpolarizable chromophores exploit a 

porphyrinic component, there has been increased interest in porphyrin-based NLO 

materials.6-8,12-15,31-37,75,82,97-103 Porphyrins and their corresponding ethynylated and ethyne-

linked derivatives are attractive building blocks for such materials because of their 

extended delocalization, large oscillator strengths, and substantial polarizabilities;8,12,16-32 

in addition to providing for substantial β  values, such porphyrin-based donor-bridge-

acceptor systems manifest excellent thermal stabilities.6,8,13-15,31,33,34 Benchmark examples 

of these robust structures that possess high β  values include  [5-((4'-(dimethylamino) 

phenyl)ethynyl)-15-((4''–nitro-phenyl)ethynyl)-10,20-diphenylporphinato]zinc(II) (D-

PZn-A)6,8,12 and closely related structures,14,15,34 as well as chromophores where 

(porphinato)zinc(II) (PZn) and metal(II)polypyridyl (M) units are linked via an ethyne 

bridge (M-PZn species).13-15,35,36,32,33,36,57 The hyperpolarizabilities of these systems display 

complex irradiation wavelength dependences;6-8,12-15,33,37 measured values of β  for these 

structures are as high as several thousand x 10-30 esu.  

In this chapter, we examine theoretically porphyrin-based NLO chromophores 

based on established D-PZn-A and Ru-PZn (ruthenium(II) [5-(4′-ethynyl-(2,2′;6′,2′′-

terpyridinyl))-10,20-bis(2′,6′-bis(3,3-di-methyl-1-butyloxy)-phenyl)porphinato]zinc(II)-

(2,2′;6′,2′′-terpyridine)2+) motifs that incorporate bridges that introduce proquinoidal 

character into the D-A conjugation pathway.26,38-44 Our aim is to design NLO 
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chromophores with enhanced hyperpolarizabilities beyond those delineated thus far in 

benchmark D-PZn-A and Ru-PZn structures; we present a theoretical investigation of 

the electronic structure and NLO properties of proquinoidal variants of these 

chromophores in which 4,7-diethynylbenzo[c][1,2,5]thiadiazole (E-BTD-E),104-107 6,13-

diethynyl- pentacene(E-PC-E)108,109and 9-diethynyl-6,7-dimethyl-[1,2,5]thiadiazolo[3,4-g]- 

quinoxaline (E-TDQ-E)26 units define a portion of the conjugated bridge connecting 

Donor to Acceptor. One such NLO chromophore examined in this study, Ru-E-TDQ-E-

PZn-E-TDQ-E-PZn-A, is predicted to possess an extraordinarily large static first 

hyperpolarizability ( β0 ) of 11,300×10-30 esu, approximately two orders of magnitude 

larger than that determined for the benchmark D-PZn-A ( β0 ~ 250×10-30 esu) and Ru-PZn 

( β0 ~ 350×10-30 esu) structures.37 The studies in this chapter were performed in 

collaboration with Animesh Nayak, Michael J. Therien and Weitao Yang, and are 

submitted for publication in the Journal of Physical Chemistry. 

2.2 Computational details 

A microscopic polarization can be written 

µ µ α β γ= + + + +∑ ∑ ∑




0

, , ,

1 1( )
2! 3!i i ij j ijk j k ijkl j k l

j j k i j k
F F F F F F F                   (2.1) 

Where iF  is the field in direction i , α  is the polarizability tensor, β  is the first 

hyperpolarizability tensor, and γ  is the second hyperpolarizability.1 

The static first hyperpolarizability is 
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β β β β= + +2 2 2
0
total

x y z                                                          (2.2)  

where 

β β β β
=

= + +∑
, ,

1 ( )
3i ikk kik kki

k x y z
                                                (2.3) 

The molecules reported here were geometry optimized using density functional 

theory with the hybrid B3LYP functional.110,111 The static hyperpolarizabilities were 

computed using coupled-perturbed Hartree-Fock (CPHF) theory.112,113 The linear spectra 

were computed using the time-dependent Hartree-Fock (TDHF) method114 with 20 

excited states. Molecules containing ruthenium atoms were analyzed using the LAN2DZ 

basis set. A 6-31G(d) basis set was used otherwise. For Ru, the Lanl2dz basis set and the 

corresponding ECP were used115-117. The 6-31G(d) basis set was applied to all the other 

atoms. Solvation effects in acetonitrile were applied to all reported structures with 

hyperpolarizability calculations using the polarizable continuum model (PCM) with 

UFF atomic radii for all atoms118,119. All of the calculations were carried out using the 

GAUSSIAN 09 package.120  

2.3 Results and discussion 

2.3.1 D-PZn-A-based chromophores that feature multiple PZn units 

 To provide a point of comparison for the impact that augmented quinoidal 

character has upon the magnitude of the computed static first hyperpolarizability for 

these classes of chromophores, we chose first to examine the extent to which increasing 
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numbers of PZn units in D-PZn-A-type structures (Figure 5) influenced β0  values. It is 

well established that PZn compounds that feature a meso-to-meso ethyne-bridged linkage 

topology display lowest energy transitions that gain in intensity and progressively red-

shift with increasing numbers of PZn units.16-31 A comparison of the optical properties of 

D-PZn-A, D-PZn-E-PZn-A and D-PZn-E-PZn-E-PZn-A, optimized in C2v symmetry with 

identical N,N-dimethylaminophenyl donor and nitrophenyl acceptor groups, shows that 

extending the length of the conjugated network in these structures has only a modest 

impact upon the ground-state dipole moment; relative to D-PZn-A, β  increased only by 

9.7% for D-PZn-E-PZn-A and 44% for D-PZn-E-PZn-E-PZn-A. The first 

hyperpolarizability increased linearly with the number of porphyrins. The linear 

increase of the first hyperpolarizability with the number of porphyrins is consistent with 

previous theoretical and experimental results;8,12 it is important to underscore, however, 

that if the nonlinear response grows only linearly with molecular dimensions, larger 

molecular structures present little differential advantage in a bulk material. The 

hyperpolarizability per unit length ( βρ , the hyperpolarizability density) in these linear 

molecules is given by: 

βρ β= / N                                                             (2.4) 

where β  is the first hyperpolarizability and N is the number of porphyrin units in the 

molecule. As shown in Table 1, βρ  values of 248, 242, and 304 x 10-30 esu are computed 

for D-PZn-A, D-PZn-E-PZn-A, and D-PZn-E-PZn-E-PZn-A respectively; note that these 
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values vary by only a small amount. As such, NLO properties of bulk materials will not 

benefit from simply extending the conjugation length of the hyperpolarizable molecular 

unit, as expected from previous analysis.63 Other strategies that enhance electronic 

coupling among the porphyrin-based building blocks may give rise, however, to 

chromophoric βρ  values that increase nonlinearly with increasing ∆ geE conjugation 

length. 
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Table 1: Computed dipole moment µ , first hyperpolarizability β0
total , 

hyperpolarizability density βρ , transition energy ∆ geE  (eV) and transition dipole 

moment µge  of the strongest single excitation of the Q-band and B-band the for D-

PZn-A-based chromophores that feature multiple PZn units, augmented proquinoidal 
character and the D-PZn-E-E-PZn-A reference, Ru-PZn-based chromophores that 
feature augmented proquinoidal character  along with reference compounds.a 

 µ  β  βρ  

B-band Q-band 

∆ geE

 

µ

∆

2

2
ge

geE

 

∆ geE

 

µ

∆

2

2
ge

geE

 
D-PZn-A 12.5 248 248 3.41 3.6 1.84 1.1 
D-PZn-E-PZn-A 13.8 484 242 3.19 6.9 1.61 5.6 
D-PZn-E-PZn-E-PZn-A 18.1 912 304 3.10 10.5 1.50 12.1 
D-PZn-E-E-PZn-A 13.6 488 244 3.19 7.0 1.66 5.3 
D-PZn-E-PC-E-PZn-A 14.8 762 381 3.21 2.2 1.47 17.2 
D-PZn-E-BTD-E-PZn-A 13.7 540 270 3.60 2.3 1.65 6.2 
D-PZn-E-TDQ-E-PZn-A 15.0 886 443 3.48 4.0 1.53 18.1 
Ru-PZn-E-TDQ-E-PZn 84 6,427 3,214 3.65 1.1 1.44 41.1 
Ru-E-TDQ-E-PZn-E-TDQ-E-
PZn 105 14,615 7,308 3.55 0.9 1.25 76.4 

Ru-PZn-E-TDQ-E-PZn-A 103 11,813 5,907 3.37 1.7 1.34 66.1 
Ru-E-TDQ-E-PZn-E-TDQ-E-
PZn-A 113 26,428 13,214 3.35 1.2 1.20 139.8 

aAll calculations were performed at using HF/6-31g(d) in gas phase. The 
hyperpolarizability was calculated using CPHF and the linear spectrum was calculated 
using TDHF. 



 

 

20 

N

N

N

N
Zn NO2(CH3)2N

N

N

N

N
Zn(CH3)2N

N

N

N

N
Zn NO2

N

N

N

N
Zn(CH3)2N

N

N

N

N
Zn

N

N

N

N
Zn NO2

D-PZn-A

D-PZn-E-PZn-A

D-PZn-E-PZn-E-PZn-A  

Figure 5: Structures of D-PZn-A-based chromophores that feature multiple 
PZn units. 

The two-state model83,121 for β was used to describe the evolution of the 

properties of the structures in Figure 5 as a function of chain length. In this model: 

µ µ
β

∆
=

∆

2

2

3 ge ge

geE
                                                          (2.5) 

where µge  is the transition dipole moment between the ground state g  and the charge-

transfer excited state e ,  is the difference between the dipole moments of ground 

and excited states, and ∆ geE  is the transition energy between the ground and excited 

states.  is nearly constant in this family of charge-transfer systems, so the quadratic 

terms ∆ 2
geE  and µ 2

ge  dominate the β. It has been reported that both the B-band and Q-

geµ∆

geµ∆
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band transitions contribute to the β0  values and the contribution from Q-band transition 

dominate the β 37.  

As expected, the computed transition energies of both B band and Q band 

decrease slightly with increasing conjugation length (D-PZn-A, 3.41 eV for B-band and 

1.84 eV for Q-band; D-PZn-E-PZn-A, 3.19 eV for B-band and 1.61 eV for Q-band; D-PZn-

E-PZn-E-PZn-A, 3.104 eV for B-band and 1.50 eV for Q-band). The µ ∆2 2/ge geE  of both B-

band and Q-band for D-PZn-E-PZn-A and PZn-E-PZn-E-PZn-A compared with those of 

D-PZn-A. Indeed, the two-state model is valuable for interpreting the computed first-

hyperpolarizability trends. 

2.3.2 D-PZn-A-based chromophores that feature augmented 
proquinoidal character 

Introducing quinoidal character into highly conjugated multi(porphyrin) 

compounds is an established strategy for reducing ∆ 2
geE .8,16,22,26,122 A series of 

bis[(porphinato)zinc(II)] compounds(PZn-Sp-PZn structures)  featuring proquinoidal 

spacers (The proquinoidal Sp is the organic spacer which could induce a quinoidal 

structural perturbation) was recently reported, and their electrooptical properties 

described.26 Steady-state optical, potentiometric, transient pump-probe spectroscopic, 

and computational data point to the existence of electronically excited singlet states that 

display augmented quinoidal character relative to the S0 state in these PZn-Sp-PZn 

species.26 Enhancement of excited-state π-conjugation, reduction of the lowest electronic 
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transition energy, and amplification of the oscillator strength of this absorption, all serve 

to increase the magnitude of first hyperpolarizability, as expected from Eq. 2.5. Our 

computations examine the influence that diethynyl (E-E), E-PC-E, E-BTD-E, and E-

TDQ-E units have upon the nature of bridge conjugation and the magnitude of the first 

hyperpolarizability in D-PZn-A-based chromophores. Taking D-PZn-E-PZn-A and the 

analogous chromophore that utilizes an E-E bridge [15-((4'-

(dimethylamino)phenyl)ethynyl)-15’-((4''-nitrophenyl)ethynyl)-bis[(5,5',-10,20-

di(aryl)porphinato)zinc(II)]butadiyne, D-PZn-E-E-PZn-A] as benchmarks, we 

interrogated the extent to which proquinoidal E-PC-E, E-BTD-E, and E-TDQ-E π-

conjugative components increase the cumulenic resonance contribution to the ground 

and electronically excited singlet states, augment the electronic communication among 

the component PZnE units, and enhance the computed first hyperpolarizablity in these 

structures (Figure 6). 
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Figure 6: Structures of D-PZn-A-based chromophores that feature augmented 
proquinoidal character along with that of the D-PZn-E-E-PZn-A benchmark. 

The calculated HOMO and LUMO energies and energy gaps of these D-PZn-Sp-

PZn-A complexes appear in Table 1. In these structures, the computed HOMO energy 

levels increase in the order D-PZn-E-BTD-E-PZn-A < D-PZn-E-E-PZn-A < D-PZn-E-

TDQ-E-PZn-A < D-PZn-E-PC-E-PZn-A. In contrast, the calculated LUMO energy levels 

decrease with increasing bridge proquinoidal character: D-PZn-E-E-PZn-A > D-PZn-E-

BTD-E-PZn-A > D-PZn-E-PC-E-PZn-A > D-PZn-E-TDQ-E-PZn-A. These trends of 
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HOMO and LOMO energies are the same as those found in experimental investigations 

of PZn-Sp-PZn compounds.26 Indeed, the proquinoidal spacer moiety decreases the 

HOMO-LUMO gaps compared to D-PZn-E-PZn-A.The computed HOMO-LUMO gaps 

for these D-PZn-Sp-PZn-A chromophores relative to the D-PZn-E-PZn-A benchmark 

(5.464 eV) are highlighted in Table 2.2. Compared with D-PZn-E-PZn-E-PZn-A, in 

which the central E-PZn-E can be considered as a spacer, the HOMO-LUMO gaps for D-

PZn-E-TDQ-E-PZn-A and D-PZn-E-PC-E-PZn-A are much lower; this result is 

congruent with earlier experiments26 that show that proquinoidal Sp electronic structure, 

in contrast to Sp π-aromatic size, can be the more important determinant of the extent of 

π -conjugation. 

The transition dipole moments and the hyperpolarizability densities of these D-

PZn-Sp-PZn-A complexes are listed in Table 2; the magnitudes of these values correlate 

with the established trends in the extent of the proquinoidal resonance contribution 

observed in experimental linear absorption spectra for PZn-Sp-PZn compounds26 D-

PZn-E-TDQ-E-PZn-A > D-PZn-E-PC-E-PZn-A > D-PZn-E-BTD-E-PZn-A > D-PZn-E-E-

PZn-A. Note, as well, that the reported first excitation energies26 of the corresponding 

PZn-Sp-PZn compounds species have the same ordering as the HOMO-LUMO gaps 

computed for these D-PZn-Sp-PZn-A species: D-PZn-E-E-PZn-A > D-PZn-E-BTD-E-

PZn-A > D-PZn-E-TDQ-E-PZn-A > D-PZn-E-PC-E-PZn-A. The trends in µ ∆2 2/ge geE
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calculated within the context of the two-state model track as expected with the 

magnitudes of the computed hyperpolarizabilities.  

Table 2: HOMO and LUMO energies and gaps for D-PZn-A-based 
chromophores that feature augmented proquinoidal character and appropriate 
reference compounds.a 

Chromophore eVHOMOE  eVLUMOE  ∆ eVE  
D-PZn-A -6.174 -0.276 5.898 

D-PZn-E-PZn-A -6.024 -0.560 5.464 
D-PZn-E-PZn-E-PZn-A -5.809 -0.688 5.124 

D-PZn-E-E-PZn-A -6.023 -0.560 5.462 
D-PZn-E-PC-E-PZn-A -5.485 -0.729 4.755 

D-PZn-E-BTD-E-PZn-A -6.032 -0.594 5.438 
D-PZn-E-TDQ-E-PZn-A -5.892 -0.984 4.908 

aAll calculations were performed at using HF/6-31g(d) in gas phase. 

2.3.3 Alternative donors and acceptors 
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N

N
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Figure 7: Structures of donor-(porphinato)zinc(II)-acceptor. 

The first hyperpolarizability β0
total generally increases with the donor and acceptor 

strengths until an optimal asymmetry is achieved.63 Based on the structure of the donor-

(porphinato)zinc(II)-acceptor motif shown in Figure 7, four additional acceptors and five 

additional donors were selected for further analysis. The computed dipole moments and 

static first hyperpolarizabilities of these compounds are shown in Table 3. 
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The nitrophenyl acceptor was retained in the compounds, and the 

hyperpolarizabilities of six species with different donors were analyzed. The 

dimethylaminophenyl group is the strongest donor that generates the largest 

hyperpolarizability among the compounds: phenyl-N(CH3)2 > phenyl-NH2> phenyl-OH, 

phenyl-SH> phenyl-Cl, phenyl-H. Similarly, when dimethylaminophenyl is chosen as 

the donor, nitrophenyl is the strongest acceptor among the four phenyl-based acceptors: 

phenyl-NO2 > phenyl-COH, phenyl-COOH> phenyl-CF3.  

Table 3: The computed ground state dipole moment ( µ ) and the static first 
hyperpolarizability ( β0 ) for different donors and acceptors in the framework of 
Donor-(Porphinato)zinc(II)-Acceptor. ab 

Donor Acceptor µ / Debye β0 / 10-30esu 
a(CH3)2N-φ- -φ-NO2 12.48 233 
a H2N-φ- -φ-NO2 12.55 193 
a φ- -φ-NO2 8.87 101 
a HO-φ- -φ-NO2 9.26 132 
a HS-φ- -φ-NO2 8.28 137 
a Cl-φ- -φ-NO2 5.45 102 
a (CH3)2N-φ- -φ-CHO 9.34 181 
a (CH3)2N-φ- -φ-CF3 8.64 151 
a (CH3)2N-φ- -φ-COOH 7.61 182 
b H- -[Ru(tpy)2]2+ 32.69 547 
b (CH3)2N-φ- -[Ru(tpy)2]2+ 43.47 1918 

aCalculations were performed at using HF/6-31g(d) in gas phase. 
               bCalculations were performed at using HF/LAN2DZ 

2.3.4 Ru-PZn-based chromophores that feature augmented 
proquinoidal character 

The experimental β1300 value for Ru-PZn determined by hyper-Rayleigh light 

scattering (HRS) measurements is 5100 x 10-30 esu.13 The β0 value for Ru-PZn is 
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calculated as −× 30547 10 esu based on coupled-perturbed Hartree-Fock methods in the 

gas phase, twice the computed value of D-PZn-A ( −× 30233 10 esu); these values compare 

favorable with those derived from a more sophisticated computational approach that 

relies on Thomas-Kuhn sum rules, chromophore electronic absorption properties, and 

experimental hyperpolarizability to compute the frequency-dependent 

hyperpolarizability spectrum.37 Figure 8 considers Ru-PZn-based chromophoric 

structures that feature TDQ spacer components and 4-nitrophenyl electron acceptors. 
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Figure 8: Structures of Ru-PZn-based chromophores that feature augmented 
proquinoidal character. 
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The computed dipole moments (Table 1) of these Ru-PZn-E-TDQ-E-PZn, Ru-E-

TDQ-E-PZn-E-TDQ-E-PZn, Ru-PZn-E-TDQ-E-PZn-A, and Ru-E-TDQ-E-PZn-E-TDQ-

E-PZn-A chromophores are large, almost one order of magnitude larger than the value 

determined for D-PZn-A (12.5 debye). The calculated static first hyperpolarizability 

densities are 3.2 x 10-30, 7.3 x 10-30, and 13.2 x 10-30 esu for Ru-PZn-E-TDQ-E-PZn, Ru-E-

TDQ-E-PZn-E-TDQ-E-PZn, Ru-PZn-E-TDQ-E-PZn-A and Ru-E-TDQ-E-PZn-E-TDQ-

E-PZn-A respectively. RuE-TDQ-EPZnE-TDQ-EPZn-A has the largest 

hyperpolarizability among them: 40 times larger than the Ru-PZn benchmark and two 

orders of magnitude greater than that computed for D-PZn-A. These Ru-PZn-based 

chromophores having proquinoidal conjugation motifs possess stronger transition-

dipole moments and slightly lower transition energies relative to D-PZn-A and D-PZn-

E-TDQ-E-PZn-A (Tables 1). The µ ∆2 2
ge geE  values of the two-state model predicts key 

hyperpolarizability trends: taking the B-band transition of Ru-E-TDQ-E-PZn-E-TDQ-E-

PZn-A as an example, the transition dipole moment is a factor of five larger than that of 

D-PZn-A, and the transition energy is 0.7 times smaller than computed for D-PZn-A. 

These spectroscopic differences result in a 40-fold difference in µ ∆2 2
ge geE  for the two 

compounds, which is almost identical to the computed Ru-E-TDQ-E-PZn-E-TDQ-E-

PZn-A-to-Ru-PZn hyperpolarizability ratio (40). 

      The frontier orbitals for D-PZn-A, D-PZn-E-TDQ-E-PZn-A, Ru-PZn-A, Ru-

PZn-E-TDQ-E-PZn-A, and Ru-E-TDQ-E-PZn-E-TDQ-E-PZn-A were studied based 
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upon gas phase calculations. For D-PZn-A and D-PZn-E-TDQ-E-PZn-A, the electron 

density is located mainly on the electron donor ((dimethylamino)phenyl group) in the 

HOMO and nearby occupied molecular orbitals, while the electron density on the 

LUMO and nearby unoccupied molecular orbitals is mainly localized on the electron 

acceptor (nitrophenyl group). However, it turns out that the gas phase calculations do 

not provide the expected orbital localization descriptions for the [Ru(tpy)2]2+ containing 

compounds. As shown in Figure 5, the electron density on the LUMO computed in the 

gas-phase without couter-ions is mainly localized on the expected donor 

((polypyridyl)ruthenium(II) group) in Ru-PZn-A, Ru-PZn-E-TDQ-E-PZn-A and Ru-E-

TDQ-E-PZn-E-TDQ-E-PZn-A). In order to provide a more realistic description, further 

calculations are needed and they are described in detail in the following section. 

The computed dipole moments (Table 1) of these Ru-PZn-E-TDQ-E-PZn, Ru-E-

TDQ-E-PZn-E-TDQ-E-PZn, Ru-PZn-E-TDQ-E-PZn-A, and Ru-E-TDQ-E-PZn-E-TDQ-E-

PZn-A chromophores are large, almost one order of magnitude larger than that 

determined for D-PZn-A (12.5 debye). The calculated static first hyperpolarizability 

densities are 3.2 x 10-30, 7.3 x 10-30, and 13.2 x 10-30 esu for Ru-PZn-E-TDQ-E-PZn, Ru-E-

TDQ-E-PZn-E-TDQ-E-PZn, Ru-PZn-E-TDQ-E-PZn-A and Ru-E-TDQ-E-PZn-E-TDQ-E-

PZn-A respectively. RuE-TDQ-E-PZnE-TDQ-E-PZn-A has the largest 

hyperpolarizability among them: 40 times larger than the Ru-PZn benchmark and two 

orders of magnitude greater than that computed for D-PZn-A. These Ru-PZn-based 
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chromophores having proquinoidal conjugation motifs possess stronger transition-

dipole moments and slightly lower transition energies relative to D-PZn-A and D-PZn-

E-TDQ-E-PZn-A (Tables 1). The quotient µ ∆2 2
ge geE  derived from two-state model 

predicts key hyperpolarizability trends: taking the B-band transition of Ru-E-TDQ-E-

PZn-E-TDQ-E-PZn-A as an example, the transition dipole moment is a factor of five 

larger with the transition energy is 0.7 times smaller than computed for D-PZn-A. These 

spectroscopic differences result in a 40-fold difference in µ ∆2 2
ge geE  for the two 

compounds, which is almost identical to the computed Ru-E-TDQ-E-PZn-E-TDQ-E-PZn-

A-to-Ru-PZn hyperpolarizability ratio (40). 

      The frontier orbitals for D-PZn-A, D-PZn-E-TDQ-E-PZn-A, Ru-PZn-A, Ru-

PZn-E-TDQ-E-PZn-A, and Ru-E-TDQ-E-PZn-E-TDQ-E-PZn-A are studied with gas 

phase calculations. In general, the electron density is located mainly on the electron 

donor side ((dimethylamino)phenyl group) in the HOMO and nearby occupied 

molecular orbitals, while the electron density on the LUMO and nearby unoccupied 

molecular orbitals is mainly localized on the electron acceptor side (nitrophenyl group in 

D-PZn-A and D-PZn-E-TDQ-E-PZn-A). However, it turns out that the gas phase 

calculations cannot provide the correct orbital descriptions to the [Ru(tpy)2]2+ containing 

compounds. As shown in Figure 9, the electron density on the LUMO is mainly localized 

on the donor side ((polypyridyl)ruthenium(II) group) in Ru-PZn-A, Ru-PZn-E-TDQ-E-
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PZn-A and Ru-E-TDQ-E-PZn-E-TDQ-E-PZn-A). In order to get the correct energetic 

description, more calculations are discussed in detail in the following section. 

 

Figure 9: HOMO and LUMO for Ru-PZn-A. 

2.3.5 Basis set effect and solvent effect 

The counter-intuitive localization characteristics described above for the Ru 

species may result from the absence of solvent and counter ions in the calculations, as 

well as from an insufficient basis set. The influence of solvent and basis set chosen for 

Ru-PZn-E-TDQ-E-PZn on the frontier orbitals and computed linear absorption 

spectrum was examined. In summary, with a PCM for acetonitrile, the Lanl2dz basis set 

and the corresponding ECP for Ru, and a 6-31G(d) basis set for all of the other atoms in 

the molecule, we find a linear absorption spectrum (Figure 10) in reasonable agreement 

with experiment and with the expected frontier orbital descriptions (Figure 11). The 

hyperpolarizabilities for all of the structures listed in Table 1 are calculated with this 

approach (Table 4), and the relevant occupied and unoccupied molecule orbitals for 

representative compounds are shown in Figure 11. The hyperpolarizability of Ru-E-
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TDQ-E-PZn-E-TDQ-E-PZn-A is 11,272 x 10-30 esu, which is 20-fold larger than that of D-

PZn-A and 30 fold larger than that of Ru-PZn based on the PCM acetonitrile analysis. 

The gas phase calculations predict that the hyperpolarizability of Ru-E-TDQ-E-PZn-E-

TDQ-E-PZn-A is 2 orders of magnitude larger than that of D-PZn-A and about 40 times 

larger than that of Ru-PZn. The gas phase calculations provide qualitatively correct 

hyperpolarizability trends but localization characteristics inconsistent with prior 

experimental evidence26 The electron density in the HOMO and nearby occupied 

orbitals based on the PCM analysis, are located mainly on the electron donor 

((dimethylamino)phenyl group in D-PZn-A and D-PZn-E-TDQ-E-PZn-A, and on the 

(polypyridyl)ruthenium(II) group in Ru-PZn-A, Ru-PZn-E-TDQ-E-PZn-A and Ru-E-

TDQ-E-PZn-E-TDQ-E-PZn-A), while the electron density on the LUMO and nearby 

unoccupied molecular orbitals is mainly localized on the electron acceptor (nitrophenyl 

group and proquinoidal spacer TDQ group). Electron flow from the donor to the 

acceptor generates a dipole moments difference µ∆ ge , which enhances the 

hyperpolarizability in the two-state model.  
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Figure 10: Linear absorption spectra of Ru-PZn-E-TDQ-E-PZn. a) Experimental 
linear spectra b) Calculated linear spectra with the PCM in acetonitrile, the Lanl2dz 
basis set and the corresponding ECP for Ru and the 6-31G(d) basis set for all the other 
atoms. 
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N

N

N

N
N

N
Ru

N

N

N

N

Zn

2+

NO2

 

 

(d) Ru-PZn-E-TDQ-E-PZn-A 

N

N

N

N
N

N
Ru

N

N

N

N

Zn

N

N

N

N

Zn

N
S

N

N N

2+

NO2

 

Figure 11 (continued) 
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(e) Ru-E-TDQ-E-PZn-E-TDQ-E-PZn-A. 
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Figure 11 (continued): The orbitals associated with the optical transitions for 
D-PZn-A, D-PZn-E-TDQ-E-PZn-A, Ru-PZn-A, Ru-PZn-E-TDQ-E-PZn-A and Ru-E-
TDQ-E-PZn-E-TDQ-E-PZn-A. 
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Table 4: The ground state dipole moment µ  , the first hyperpolarizability β , 
and the hyperpolarizability density βρ  for D-PZn-A-based chromophores that feature 
multiple PZn units, augmented proquinoidal character and the D-PZn-E-E-PZn-A 
reference, Ru-PZn-based chromophores that feature augmented proquinoidal 
character along with appropriate reference compoundsa 

 µ  β  βρ  

D-PZn-A 13.7 513 513 
D-PZn-E-PZn-A 14.5 715 357 
D-PZn-E-PZn-E-PZn-A 14.8 714 238 
D-PZn-E-E-PZn-A 14.2 692 346 
D-PZn-E-PC-E-PZn-A 15.3 849 425 
D-PZn-E-BTD-E-PZn-A 14.4 694 347 
D-PZn-E-TDQ-E-PZn-A 15.6 1268 634 
Ru-PZn 41.9 351 175 
Ru-PZn-A 57.9 920 460 
Ru-PZn-E-TDQ-E-PZn 115.6 1774 887 
Ru-E-TDQ-E-PZn-E-TDQ-E-PZn 137.4 8044 4022 
Ru-PZn-E-TDQ-E-PZn-A 131.9 3394 1697 
Ru-E-TDQ-E-PZn-E-TDQ-E-PZn-A 152.5 11272 6607 

a The hyperpolarizability was calculated using CPHF. For non-Ru compound, the 
calculations were done with 6-31G(d) basis set. For Ru containing compounds, the 
calculations were performed using Lanl2dz basis set and the corresponding ECP for Ru 
and the 6-31G(d) basis set for all the other atoms with PCM in acetonitrile.  

 

To better understand the NLO enhancements in these push-pull chromophores, 

we examined the frontier orbitals and key electronic transitions for D-PZn-A, D-PZn-E-

TDQ-E-PZn-A, Ru-PZn-A, Ru-PZn-E-TDQ-E-PZn-A, and Ru-E-TDQ-E-PZn-E-TDQ-E-

PZn-A. The energies of the ten highest occupied orbitals and ten lowest unoccupied 

orbitals of the five compounds are shown in Figure 12. For D-PZn-A, the HOMO and 

LUMO energies and the HOMO-LUMO gap are -6.27 eV, -0.38 eV, and 5.9 eV, 

respectively. The D-PZn-E-TDQ-E-PZn-A HOMO (-6.03 eV) is destabilized by 0.24 eV 
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while its LUMO (-1.07 eV) is stabilized by 0.69 eV relative to the analogous D-PZn-A 

orbitals, producing a lower HOMO-LUMO gap (4.96 eV). The HOMO-LUMO gaps of 

Ru-PZn-A, Ru-PZn-E-TDQ-E-PZn-A and Ru-E-TDQ-E-PZn-E-TDQ-E-PZn-A are 5.76 

eV, 4.59 eV and 4.32 eV, respectively, further underscoring the impact of augmented 

proquinoidal character upon the frontier orbital (FO) energy levels of these PZn-based 

chromophores. Comparing Ru-E-TDQ-E-PZn-E-TDQ-E-PZn-A with Ru-PZn-E-TDQ-E-

PZn-A highlights that extensive LUMO stabilization is the dominant factor that 

modulates the HOMO-LUMO gap. The energy gap ordering is D-PZn-A > D-PZn-E-

TDQ-E-PZn-A; Ru-PZn-A > Ru-PZn-E-TDQ-E-PZn-A > Ru-E-TDQ-E-PZn-E-TDQ-E-

PZn-A, which is opposite the order of transition dipole moments and 

hyperpolarizabilities, consistent with the two-state model. 
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Figure 12: A molecular orbital energy diagram summarizing frontier orbital 
energies computed using HF/6-31G(d) with PCM of acetonitrile for D-PZn-A and D-
PZn-E-TDQ-E-PZn-A, and Lanl2dz basis set and the corresponding ECP for Ru, the 6-
31G(d) basis set for all the other atoms, and PCM of acetonitrile for Ru-PZn-A, Ru-
PZn-E-TDQ-E-PZn-A and Ru-E-TDQ-E-PZn-E-TDQ-E-PZn-A. 

2.4 Conclusions 

A new series of (polypyridyl)ruthenium(II)-proquinoidal spacer-

(porphinato)zinc(II) chromophores was designed by theory. The molecular geometries 

were optimized using density functional theory, and the static first hyperpolarizabilities 

were calculated using coupled-perturbed Hartree-Fock methods. The 

hyperpolarizability was calculated utilizing the PCM of acetonitrile, the LANL2DZ basis 
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set and the corresponding ECP for Ru and the 6-31G(d) basis set for all the other atoms 

and in gas phase.  

The hyperpolarizability density is not predicted to increase by expanding the 

conjugation length by simply increasing the number of porphyrin units between donor 

and acceptor. Proquinoidal spacers, in contrast, decrease both the HOMO-LUMO energy 

gaps and the first excitation energy relative to values computed for benchmark D-PZn-A 

and RuPZn structures. As such, the proquinoidal units are predicted to increase the first 

hyperpolarizability density, with D-PZn-E-TDQ-E-PZn-A having the largest computed 

hyperpolarizability of proquinoidal chromophores based on the D-PZn-A motif 

considered in this study. The acceptor and donor units that produce the largest 

hyperpolarizability densities are the nitrophenyl and bis(terpyridyl)ruthenium(II) 

groups, respectively.  

The supermolecular chromophore Ru-E-TDQ-E-PZn-E-TDQ-E-PZn-A, which 

exploits the proquinoidal diethynylthiadiazoloquinoxaline moiety, a 

bis(terpyridyl)ruthenium(II) donor, and a nitrophenyl acceptor, is computed to possess 

an extraordinarily large predicated static first hyperpolarizability ( β0 ) of 11,272×10-30 

esu, 20 times larger than that calculated for the benchmark D-PZn-A (512×10-30esu) 

benchmark.  For the species computed to possess enhanced hyperpolarizabilities, these 

studies underscore that augmented transition dipole moments and lower transition 

energies relative to key benchmark chromophores play prominent roles in performance 
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enhancement. Importantly, these studies suggest that the combination of the TDQ 

spacer and [Ru(tpy)2]2+-based donor moieties constitute particularly effective building 

blocks for the elaboration of high performance NLO materials that exploit 

(porphinato)metal chromophores. 
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3.  Hopping charge recombination in cytochrome c-
cytochrome c peroxidase electron transfer 

3.1 Introduction 

Electron-transfer (ET) reactions across protein–protein interfaces are less well 

understood than their unimolecular ET counterparts.123-128 Protein-protein recognition 

and ET both are strongly influenced by structural mutations. Cytochrome c peroxidase 

(CcP) is a water-soluble heme-containing enzyme of the peroxidase family that catalyzes 

the two-electron reduction of hydrogen peroxide to water. Ferrocytochrome c is an 

electron acceptor component of the electron transport chain in mitochondria. The ferric 

heme of CcP reduces hydrogen peroxide to water129 and ferrocytochrome c reduces this 

oxidized state CcP back to ferric state. 

The natural redox partners cytochrome c peroxidase (CcP) - yeast cytochrome c 

(yCc) couple (i.e., wild type (WT) CcP:yCc or CcP:Cc, shown in Figure 13) continues to 

be a test bed for  inter-protein electron transfer (ET) theory because the crystal structure 

of CcP:Cc complex was first revealed in 1992130 and later as a covalent complex131.  WT 

CcP:Cc is widely used to explore how changes to the inter-protein interface influence ET 

rates.130 Hoffman and coworkers have studied the photo-initiated ET cycle shown in 

Figure 14 for Zn-porphyrin (ZnP) substituted CcP (ZnCcP). ZnP is photo-excited and 

relaxes to its triplet excited state (3ZnP) on the ms time scale and ET occurs from 3ZnP to 

Cc. The charge-separated species produced, [Zn(II)CcP ·+, Fe(II)Cc], returns to the ground 

state by back ET, i.e., → •+Fe(II)Cc Zn(II)CcP . Experimental studies132-134 indicate that the 

http://en.wikipedia.org/wiki/Heme�
http://en.wikipedia.org/wiki/Enzyme�
http://en.wikipedia.org/wiki/Peroxidase�
http://en.wikipedia.org/wiki/Electron_transport_chain�
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back ET rate from yeast Cc to CcP is insensitive to conformational and distance changes 

that are caused by single-residue mutations in Cc (i.e., in F82W, F82S, F82Y, and F82I). 

This theoretical study examines the molecular mechanism of the charge recombination 

in all five protein-protein complexes and probes the origins of the similarity in the 

recombination rates of WT, F82S(W), and F82Y(I) (note that Cc and CcP are dropped 

here for brevity). 

      The crystal structures of Crane and coworkers133 indicate that the F82S(W) 

mutants maintain the same relative conformations between the CcP and the Cc as in the 

WT CcP:Cc complex. As shown in Figures 13 and 15, after aligning the CcP units of all 

five protein complexes, the F82S(W) complexes do not show significant structural 

changes compared to the WT CcP:Cc structure. In contrast, the Cc units of F82Y(I) are 

rotated by 90 degrees with respect to the aligned CcP unit (see Figure 15). The change in 

the protein-protein interfaces increases the donor (D) to acceptor (A) distance ( DAR ) 

measured either edge-to-edge or metal-to-metal for F82Y(I) by 3-5 Å compared to WT 

CcP:Cc and to F82S(W) (see Figure 16). Consequently, F82Y(I) mutants are expected to 

have ET rates two orders of magnitude slower than in the WT CcP:Cc and F82S(W) 

complexes based on square barrier tunneling models55,135,136 with β∝ −exp[ ]ET DAK R and β 

= 1.1 Å-1. Surprisingly, all of the measured back ET rate constants for the WT CcP:Cc 

complex and for the four mutant complexes, studied both in crystals and in solution, 

have rates that are the same order of magnitude132-134 ( 6,000 s-1 for WT, 5,800 s-1 for F82W, 
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2,000 s-1 for F82S, 2,100 s-1 for F82I, and 4,000 s-1 for F82Y in the crystals, see Table 6 for 

experimental rates measured both in crystals by Crane133,137 and in solution by 

Hoffman134). Here, we aim to understand why the increased donor-acceptor distances 

associated with Cc rotation by 90 degrees in the F82Y(I) complexes do not slow down 

the ET recombination rates dramatically compared with rates in the WT CcP:Cc and 

F82S(W) complexes. These studies were carried out in collaboration with Aleksey 

Kuznetsov, Brian M. Hoffman, Brian R. Crane, Xiangqian Hu, and David N. Beratan, 

and will be submitted for publication in Journal of the American Chemical Society. 

         

(a) WT                                                       (b)  F82Y     

Figure 13 
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Figure 13 (continued): Crystal structures of ZnCcP:Cc for WT (PDB ID: 1U74133) 
and F82Y (PDB ID: 2B12133). Heme is in Cc and ZnP is in CcP. Both are shown in the 
ball-stick style. Residue 82 is the mutation position in Cc, as labeled as W82 in WT 
and Y82 in F82Y. See all the crystal structures in Figure 3. C: cyan; O: red; H: white; N: 
blue; Fe: green; Zn: silver. Same color notation is used in all the figures. 

Experimental studies indicate that multistep electron recombination via an 

aromatic amino acid (such as tryptophan) is possible under some circumstances.132-134,137-

140,141-143 Indeed, in metal-modified proteins, Gray and coworkers showed that tryptophan 

centered ET intermediates can enhance ET rates between distant Cu and Re species in 

Pseudomonas aeruginosa azurin by two orders of magnitude compared to the single-step 

mechanism.141,142,144 Crane et al. suggested that the back ET in CcP:Cc may involve rapid 

equilibrium between the Zn-porphyrin radical cation and an adjacent tryptophan radical 

cation, W191+∙ (Figure 14),139,143 which is 3.6 Å away (edge-to-edge) from ZnP, as shown in 

Figure 16. As such, the back ET rates may be enhanced by hopping through Trp191 in 

the WT CcP:Cc and in the mutant complexes. Here, we explore the proposed CcP:Cc 

hopping mechanism in detail, and we ask whether or not hopping through W191 can 

account for kinetic data reported for the native and mutant CcP:Cc complexes.  
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Figure 14: The kinetic scheme for ZnCcP:Cc ET. The back ET rate constant ebk  
studied in this work is insensitive to mutations that change the protein-protein 
interfaces and the donor-acceptor distances. 

 

(a)  (b) 
Figure 15: Aligned conformations of two CcP:Cc complexes(WT and F82I). For 

the WT CcP:Cc complex, Cc is in red and CcP is in green while Cc is in yellow and 
CcP is in mauve for the F82I mutants. a) Side view of the aligned conformations b): 
Top view of the aligned conformations. (PDB ID: 1U74 and 2B0Z for WT CcP:Cc 
complex and F82I mutant, respectively.) 

The high-temperature non-adiabatic ET rate123 is  
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where < >2
DAH  is the ensemble averaged square of the protein-mediated donor-acceptor 

electronic coupling, λ  is the reorganization energy, ∆G  is the reaction free energy, Bk is 

Boltzmann’s constant, and T is the temperature (298 K). Inter-protein electronic 

couplings can be determined using semiempirical electronic structure theory on protein 

geometries sampled with classical molecular dynamics (MD). These schemes were 

applied in the past to small organic molecules, proteins, and nucleic acids.49,54,62,145-165 In 

this study, the mean-squared coupling 2
DAH was first computed using PATHWAY 

analysis of MD snapshots to examine relative couplings.56 The key residues that mediate 

electron tunneling are readily identified in the PATHWAY analysis. Subsequently, 

semiempirical quantum mechanical analyses (i.e., INDO/S166), in combination with two-

state generalized Mulliken-Hush calculations of couplings167,168 (i.e., INDO/S-GMH), 

were used to characterize the molecular orbitals involved in the ET recombination. Our 

studies suggest that a two-step hopping recombination mechanism through Trp191 (10% 

of snapshots for WT and F82S(W) and less than 1% of snapshots for F82Y(I) based on 

DAH  analysis indicate the hopping via Trp191) for all five protein complexes contributes 

to the ET recombination rates, in addition to the heme-ZnP direct tunneling.143 To 

interpret the unusually weak distance dependence for the back ET rate, we also 

computed the reorganization energies for the WT CcP:Cc complex and the four mutants, 
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using the Marcus two-sphere model and the Poisson-Boltzmann method.169-172 As 

expected, we found that the reorganization energy grows with the D-A distance and that 

this dependence compensates rate slowing caused by the smaller electronic couplings in 

the F82Y(I) mutants. Since the charge recombination ET is “inverted” in these proteins, 

the recombination rate accelerates as λ  grows. Taken together, the coupling and λ  

analysis explain the similar back ET rate constants observed in the WT protein-protein 

complex and the four mutants, despite the fact that the heme-ZnP distance differs by 3-5 

Å among the complexes. 

 

Figure 16 
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Figure 16 (continued): The key distances in the WT CcP:Cc complex are shown 
in green, F82S in yellow, F82W in purple, F82Y in mauve, and F82I  in cyan. The Fe-
ZnP distances are 21.4 Å in WT and F82S(W) and 27.6 Å in F82Y(I). The distance of 
heme to Trp-191 (14.5 Å in WT and F82S(W) and 20.3 Å in F82Y(I)) is measured as the 
distance of Fe atom in heme to the edge of the aromatic ring in Trp191. The crystal 
structures are realigned on CcP using VMD173 and only the porphyrin rings and 
Trp191 are shown. 

3.2 Methodology 

3.2.1 MD simulation 

The initial structures of the WT ZnCcP:Cc complex and its four mutants were 

taken from the crystal structures of the CcP:Cc complexes (PDB IDs are 1U74137, 2B10133, 

2B11133, 2B0Z133, and 2B12133, respectively). Hydrogen atoms were added using VMD.173 

In all MD simulations, the NAMD 2.6b1 program174 was used with  the CHARMM27 

force field.175-177 Constant pressure MD simulations were performed (NPT ensemble, 1 

atm, 298 K) with a Langevin thermostat, periodic boundary conditions, and particle 

mesh Ewald electrostatics to take the long-range electrostatic interactions into account. 

Since the measured back ET rate constants in solution are similar to those found in the 

CcP:Cc crystals, we carried out MD simulations in aqueous solution using the docked 

crystal structures.133 For WT CcP:Cc, the structure was solvated in a TIP3P water box of 

× ×105 90 75 Å3 with 20,940 water molecules, including 183 crystallographic water 

molecules. The total number of atoms in the WT CcP:Cc structure was 69,287. After an 

initial 5,000 step energy minimization, a 300 ps MD simulation was carried out at 298 K 

while constraining the entire protein geometry but allowing waters to move. Then, an 

unconstrained 500 ps MD simulation was performed at 298 K to equilibrate the system. 



 

 

50 

Finally, a 10 ns MD simulation was carried out, and conformations were saved every 2 

ps.  This procedure was used to prepare the starting structures for the other four protein 

complexes. Overall, 5,000 snapshots were saved for each protein complex over 10 ns of 

simulation, and the last 2,000 snapshots were used to compute the coupling elements. 

3.2.2 PATHWAY model 

The pathways plugin for VMD56,160 was used to compute the relative couplings 

for each MD snapshot. The PATHWAY model56 is  

                           ε ε ε∝ ∏ ∏ ∏C H S
DA i j k

i j k
H                                       (3.2) 

where ∏ represents a product. The penalty for tunneling through a covalent bond is 

ε = 0.6c and the penalty for a through-space jump is ( )ε ε  = − − exp 1.7 1.4S C SR , where 

SR  is the through-space distance in Å, and the penalty for a hydrogen bond-mediated 

step is ( )ε ε  = − − exp 1.7 2.8H C HR , where HR  is the hydrogen bond length (heavy atom 

to heavy atom) in Å. The mean-squared donor-acceptor electronic coupling 2
DAH enters 

the ET rate constants178 as ∝ 2
ET DAk H .  (We also used an exponent of 1.1 Å-1 instead of 

1.7 Å-1 to compute ε s  and ε H  terms152 and calculate ET couplings. We found similar 

trends leading to the same conclusions). In the PATHWAY analysis, Zn and all heavy 

atoms on the aromatic porphyrin ring were defined as members of the acceptor group in 

CcP, while only the Fe atom in the Cc heme was chosen as the donor.179 
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3.2.3 Electronic couplings calculation with INDO/S-GMH 

3.2.3.1 Defining QM region  

Semiempirical quantum mechanics (QM), i.e., INDO/S with two-state GMH 

analysis of couplings, was used to calculate 2
DAH for protein-protein snapshots and to 

characterize electron mediation by the proteins. The key residues included in the 

INDO/S calculations were identified using PATHWAY analysis for each MD snapshot. 

Among the 2,000 snapshots for each protein complex, the frequency of residues 

appearing in the strongest ET pathways was first determined. Residues that appeared 

more than 500 times (as well as water molecules within a 5 Å cutoff radius around 

Ala194 of CcP) were included in the INDO/S calculations. (Since only the residues near 

Ala194 of CcP are exposed to bulk water, we studied the dependence of 2
DAH on the 

cutoff radius for water molecules included in the QM calculations. The 2
DAH  values 

changed by less than 5% as the radius grew from 5 Å to 10 Å around Ala194 of CcP.) For 

example, the residues included in the INDO/S calculations of the WT CcP:Cc complex 

are labeled in Figure 17. The amino acids and functional groups included in the INDO/S 

computations for the WT Cc:CcP complex and for the mutants are shown in Table 5. 

Typically, the INDO/S calculations contained 320-370 atoms from protein and solvent. 
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Table 5: Amino acids and functional groups included in the QM regions for 
WT CcP:Cc complex and mutants in INDO/S calculations. 

 
amino acids 

from CcP site 
amino acids 
from Cc site 

Donor Acceptor Water 

WT 
CcP:Cc 

His175, Ala176, Trp191, 
Gly192,Ala193,Ala194, 
Asn195, Glu201 

His23, Met80, 
Phe87 

Heme  ZnP 
within 5 Å 
of Ala194 
of CcP 

F82S 
His175, Ala176, Trp191, 
Gly192,Ala193,Ala194, 
Asn195, Glu201 

His23, Met80, 
Ser87 

Heme  ZnP 
within 5 Å 
of Ala194 
of CcP 

F82W 
His175, Ala176, Trp191, 
Gly192,Ala193,Ala194, 
Asn195, Glu201 

His23, Met80, 
Trp87 

Heme  ZnP 
within 5 Å 
of Ala194 
of CcP 

F82Y 
His175, Ala176, Trp191, 
Gly192,Ala193,Ala194, 
Asn195, Glu201 

His23, Lys77, 
Lys84, Met85, 
Tyr87 

Heme  ZnP 
within 5 Å 
of Ala194 
of CcP 

F82I 
His175, Ala176, Trp191, 
Gly192,Ala193,Ala194, 
Asn195, Glu201 

His23, Lys77, 
Lys84, Met85, 
Ile87 

Heme  ZnP 
within 5 Å 
of Ala194 
of CcP 

W191F 
His175, Ala176, Phe191, 
Gly192,Ala193,Ala194, 
Asn195, Glu201 

His23, Met80, 
Trp87 

Heme  ZnP 
within 5 Å 
of Ala194 
of CcP 
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Figure 17: Crystal structure of the WT CcP:Cc complex (PDB ID: 1U74133). The 
strongest electron-transfer pathway between Cc and CcP using the PATHWAY model 
is shown with the red dotted line. All of the labeled residues are included in the 
INDO/S calculations for WT CcP:Cc. 

3.2.3.2 Selecting molecular orbitals with the INDO/S method  

 On the porphyrin rings, Fe has five valence d orbitals and Zn has three valence p 

orbitals. If Trp191 is an ET intermediate, its high lying filled frontier orbitals would 

participate in recombination ET. Therefore, the frontier molecular orbitals (MOs) from 

HOMO to HOMO-10 were computed with the INDO/S method for each of the 2,000 

protein snapshots for the five protein complexes. These orbitals were identified as donor 

and acceptor orbital pairs for the → •+Fe(II)Cc Zn(II)CcP ET reaction.62,147,180 Ten frontier 

occupied molecular orbitals were divided into two sets based on their localization 
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characteristics on either the donor or acceptor groups. We define iL in eq. 3 as the sum of 

the squared coefficients ( µiC ) of atomic orbitals µχ AO for molecular orbital i (ψ MO
i ) to 

identify whether MO i  is localized on the donor or acceptor, 

              µ µ
µ

ψ χ= ∑MO AO
i iC , µ

µ∈

= ∑ 2D
i i

D
L C , and µ

µ∈

= ∑ 2A
i i

A
L C  (3.3) 

When  D
iL  on the Fe heme is larger than 0.3, MO i  is identified as being localized 

on the donor. If A
iL  on ZnP+∙Trp191 is larger than 0.3, MO i  is localized on the acceptor. 

(Note that Trp191 is taken as part of the acceptor. See the detailed scheme in Figure 18.) 

We also examined other threshold values larger or smaller than 0.3 and found that 

threshold values around 0.3 produce stable values of 2
DAH

 
with respect to different 

localization thresholds. 
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(a)                                                                 (b)          

Figure 18: Schematic diagram for the two state GMH approach. (a) Orbitals are 
divided into two sets. The red lines represent the occupied orbitals localized on the 
donor site (heme). The blue lines are the occupied orbitals localized on the acceptor 
site (ZnP and Trp191) (b) For each orbital pair between donor and acceptor, the two 
state generalized Mulliken-Hush approach is employed to compute ijH in eq (3.5). 

3.2.3.3 Generalized Mulliken-Hush (GMH) approach  

For each pair of donor and acceptor molecular orbitals (e.g., ∈i D  and ∈j A ), the 

two-state generalized Mulliken-Hush (GMH) ijH  value is computed by 

                                  ( )
µ

µ µ µ

∆
=

− +
2 24

ij ij
ij

i j ij

E
H        (3.4) 

here, ∆ ijE  is the transition energy between donor and acceptor MOs, µi  and µ j are the 

corresponding dipole moments, and µij  is the transition dipole moment between donor 

and acceptor. (Note that the molecule must be rotated along its dipole moments to apply 

eq. 3.4, since the dipole is a vector.) Due to similar energy eigenvalues for frontier MOs 
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of the donor/acceptor, the frontier MOs localized on heme or ZnP exchange rapidly as 

the structural fluctuations along the MD trajectory (see Tables 6 and 7 for the 

eigenvalues of frontier MOs of selected MD snapshots). The DAH  value for one MD 

snapshot is computed by summing over all donor-acceptor MO pairs,     

 
∈ ∈

= ∑∑DA ij
i D j A

H H .  (3.5) 

where, ijH  is the electronic coupling between one donor molecular orbital and one 

acceptor molecular orbital. DN  is the number of frontier molecular orbitals localized on 

the heme donor and DN is the number of frontier molecular orbitals localized on the 

ZnP+∙Trp191 acceptor. We computed the mean-squared averaged 2
DAH  using the last 

2,000 snapshots from the MD simulations of the five CcP:Cc complexes by eqs. 3.4 and 

3.5. 

Table 6: Eigenvalues (eV) of frontier orbitals localized on donor (heme) and 
acceptor (ZnP or Trp191) sites within the 10 highest occupied orbitals for both 
positively charged system and neutralized system for F82Y mutant (frame142), and for 
WT complex (frame730). 

F82Y 
Lys positive charged 

F82Y 
Lys neutralized 

WT 

Orbital 

 

Orbital  

 

Orbital 

 

Orbital 

 

Orbital 

 

Orbital 

 
-6.178 ZnP -4.797 Heme -4.175 Heme 
-6.760 ZnP -4.805 ZnP -4.849 Heme 
-7.709 Heme -5.198 Heme -4.896 ZnP 
-7.997 Trp191 -5.380 ZnP -5.459 Heme 
-8.150 Heme -6.183 Trp191 -5.639 Heme 
-8.239 ZnP -6.208 Heme -5.691 Heme 
-8.375 ZnP -6.333 Heme -6.187 Trp191 
-8.756 ZnP   -6.190 Trp191 
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Table 7: Energies of orbitals localized on donor and acceptor within the 10 
highest occupied orbitals for both positive charged system and neutralized system for 
F82Y mutant. 

 Lys positive charged Lys neutralized 
Orbital 

 

Orbital 

 

Orbital 

 

Orbital 

 

frame142 

-6.178 ZnP -4.797 Heme 
-6.760 ZnP -4.805 ZnP 
-7.709 Heme -5.198 Heme 
-7.997 Trp191 -5.380 ZnP 
-8.150 Heme -6.183 Trp191 
-8.239 ZnP -6.208 Heme 
-8.375 ZnP -6.333 Heme 
-8.756 ZnP   

frame1022 

-6.137 ZnP -4.754 Heme 
-6.707 ZnP -4.770 ZnP 
-7.603 Heme -5.311 Heme 
-7.689 Trp191 -5.332 ZnP 
-8.113 Heme -5.824 Trp191 
-8.115 ZnP -6.228 Heme 
-8.239 ZnP -6.265 Heme 
-8.486 ZnP   

frame320 

-6.105 ZnP -4.766 ZnP 
-6.719 ZnP -4.776 Heme 
-7.467 Trp191 -5.201 Heme 
-7.554 Heme -5.264 ZnP 
-8.070 ZnP -6.057 Heme 
-8.137 Heme -6.116 Heme 
-8.288 ZnP -6.129 Trp191 
-8.326 ZnP   

frame1893 

-6.205 ZnP -4.770 ZnP 
-6.672 ZnP -4.802 Heme 
-7.650 Trp191 -5.231 Heme 
-7.664 Heme -5.242 ZnP 
-8.020 ZnP -5.946 Trp191 
-8.129 Heme -6.211 Heme 
-8.195 ZnP   
-8.300 ZnP   
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3.2.4 Mean-squared electronic coupling over the MD trajectory 

The ET coupling, DAH , was calculated for each MD snapshot using PATHWAY 

analysis and INDO/S-GMH approach. The mean-squared coupling 2
DAH for each MD 

run was given by 

                      
=

= ∑2 2
,

1

1 N

DA DA i
i

H H
N

                                                           (3.6) 

where i is the number of snapshot. ,DA iH  is the electronic coupling of ith snapshot. 

3.2.5 ESP charge fitting analysis using ab initio methods 

           We used the Gaussian 03 program181 with the B3LYP/6-31G* approach182-195 to 

compute the ESP charges on the ZnP including W191. Ten representative geometries of 

ZnP were taken from the MD simulations: five with larger DAH  values (~10-5 eV) and 

five with smaller DAH  values (~10-8 eV). ESP charges were fitted for the neutral singlet 

spin states of ZnP and also for the doublet cation radicals of ZnP. ESP charge differences 

between the two states are shown in Table 10. These charges were used to characterize 

the localization of the holes on W191. 

3.2.6 Calculations of reorganization energies 

Reorganization energies were computed using the finite difference Poisson-

Boltzmann (FDPB) method169-172 implemented in the DelPhi software package.171,196-198 A 

161×161×161 grid is sufficient to obtain converged λ  values. The linearized PB equation 

with Debye-Hückel boundary conditions was solved to obtain δφ *d d
i and δφ ad

i in eq. 3.7. 
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The convergence criterion is −× 41 10  kT/e total residual error in the potential. Here, δφ *d d
i

is the accompanying change in the potential due to re-equilibration of the electronic 

polarization and δφ ad
i  is the change in the potential upon electron transfer. 

The ESP charges (i.e., ad
iq  in eq. 3.7) on the donor and acceptor were calculated 

separately using Gaussian 09120 at the Hartree–Fock level with a 6–31+G(d) basis set 

using crystal structures133 of the five protein-protein complexes. A dielectric constant of 2 

(representing electronic polarizability) was assigned to the protein and solvent, and an 

ionic strength was set to zero to obtain δφ *d d
i . Static dielectric constants of 4 and 80 were 

then assigned to the protein and solvent, respectively, and the experimental ionic 

strength of 6 mM134 was used to compute δφ ad
i

172. l was calculated using eq. 3.7 by 

summing over the product of the charge and the potentials on the donor and acceptor 

group atoms, 

     ( )λ δφ δφ= −∑ *1
2

d d ad ad
i i i

i
dq                                      (3.7) 
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3.3 Results and discussion 

3.3.1 Heme-ZnP 2
DAH  value changes with protein-protein interface 

structures do not explain the nearly equal back ET rate constants for 
the F82Y(I) mutants compared to the WT CcP:Cc and the F82S(W) 
mutants. 

As shown in Figure 15, the protein-protein complex geometries of F82Y and F82I 

Cc mutants are very different from those of the WT CcP:Cc complex,133 and this causes 

the observed distance differences (see Table 8 and Figure 16). The ET distances (Fe-ZnP 

edge) are 22.4 Å for WT, 22.5 Å for F82W, 22.6 Å for F82S, 27.9 Å for F82Y, and 27.8 Å for 

F82I. Despite the fact that the two sets of distances differ ~5 Å, the experimental back ET 

rate constants in F82Y(I) are not significantly different compared to the WT CcP:Cc 

complex and to the F82S(W) mutants. To explore this surprising insensitivity to complex 

geometry and ET distance, we computed the average donor-acceptor electronic 

couplings using the PATHWAY and INDO/S-GMH methods for the complexes.  

  The relative mean-squared donor-acceptor electronic couplings from the 

Cc heme to the Ccp ZnP computed with the PATHWAY method are given in Table 8. 

The logarithm of the pathway coupling strengths for WT CcP:Cc and the four CcP:Cc 

mutants snapshots are shown in Figure 19. For each protein complex, the DAH  values 

fluctuate one order of magnitude among 2,000 MD snapshots. The computed couplings 

for the WT CcP:Cc complex and for the F82S(W) mutants reflect the fact that WT and 

F82S(W) protein complexes have similar protein-protein docking geometries and ET 

coupling pathways. Indeed, the measured back ET rate constants are similar.133 In 
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contrast, F82I and F82Y (with significantly different docking conformations compared to 

the WT CcP:Cc complex and F82S(W) mutants) have PATHWAY computed mean-

squared heme-ZnP couplings that are two orders of magnitude smaller. Such 2
DAH  

differences are consistent with the D-A distance differences among the crystal structures.  

The metal-to-metal (Fe-Zn) distances for the WT CcP:Cc complex and F82S(W) 

based on crystal structure are 26.5 Å, 26.4 Å and 26.3 Å, respectively; the Fe atom to ZnP 

edge minimum distances are 22.4 Å, 22.5 Å and 22.1 Å, respectively (See Table 8 and 

Figure 16). The similar distances are indeed consistent with similar ET PATHWAY 

couplings for WT CcP:Cc and F82S(W). However, for the F82Y(I) mutants, the metal-to-

metal distances are 29.8 Å and 29.4 Å, while the Fe-ZnP edge minimum distances are 

27.9 Å and 27.8 Å, respectively (see Table 8 and Figure 16). Both the metal-to-metal and 

the metal-to-edge distances are about 3-5 Å larger in F82Y(I) than in the WT CcP:Cc and 

the F82S(W) mutants, which is expected to decrease the coupling by one to two orders of 

magnitude based on square barrier estimates and is consistent with the relative mean-

squared PATHWAY couplings.  
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Table 8: Measured back ET rate constants and donor-acceptor distances from 
crystal structures. The relative electronic couplings from the single-step tunneling 
PATHWAY model with respect to the WT values are listed in the last two columns. 

                            Crystal Data a              Solution Data b      PATHWAY 

 ebk
−1( )s  

−Zn FeR

( )Å  
−edge edgeR

( )Å  
−trp hemeR

( )Å  
ebk
−1( )s  

DA
WT

DA

H
H

 

 

2

2

DA
WT

DA

H

H

 WT CcP:Cc 

  

6,000 26.5 15.6 13.6 4,900        1         1 
F82W 5,800 26.4 15.6 14.0     -       1.1        1.0 
F82S 2,000 26.3 15.4 13.5 2,500       1.0        1.0 
F82I 2,100 29.8 22.6 19.4 1,900       0.1        0.02 
F82Y 4,000 29.4 22.8 19.6 4,300       0.1        0.003 

a All are taken from Ref. 6. b All are taken from Ref. 16. 
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Figure 19: Logarithm of PATHWAY coupling versus snapshot number for the 
WT CcP:Cc complex and the four Cc mutants. The time step between snapshots is 2 ps. 

To further analyze the protein-mediated tunneling, the INDO/S-GMH scheme 

was used to compute the electronic couplings, shown in Table 9, for the back ET (
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→ •+Fe(II)Cc Zn(II)CcP ). Couplings obtained from INDO/S-GMH also decay rapidly 

with D-A distance, as in the PATHWAY analysis. Thus, it is puzzling why all five 

protein complexes, with different D-A distances, have similar observed back ET rates. 

We conclude that additional factors, such as reorganization energies, may influence the 

relative rates because large conformational changes occur in the protein-protein 

interface (vide infra).  

One of the advantages of the INDO/S-GMH analysis is that the coupling 

coherence parameter =
2 2/DA DAC H H  can be computed readily. This parameter 

probes the importance of multiple interfering pathways for the ET coupling. As shown 

in Table 9, all five protein complexes have very small coherence values, consistent with a 

fluctuating multi-pathway coupling regime160,164. In addition, by removing Trp191 in the 

INDO/S-GMH calculations (or mutating Trp191 to Phe191 in Table 9), the coherence 

values for the five protein complexes become larger (see the last column of Table 9). This 

suggests that Trp191 contributes to multiple interfering ET coupling pathways. 

Table 9: Mean-squared ET couplings calculated with INDO/S-GMH methods. 

System 
2

DAH  2
DAH  ( )C Coherence  

−16 210 eV  −16 210 eV  −410  
WT CcP:Cc 170 470,000 6 
F82W 430 580,000 6 
F82S 400 830,000 5 
F82I 0.009 680 0.1 
F82Y 0.029 860 0.3 
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  In summary, both the PATHWAY and INDO/S-GMH analyses for WT CcP:Cc 

complex and four mutants along the MD trajectories support that ET Couplings decay 

exponentially with the D-A distance, which fail to explain why all five protein 

complexes have very similar back ET rates.  
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Figure 20: Logarithm of |HDA| versus snapshot number for the WT CcP:Cc 
complex and the five mutants from INDO/S-GMH calculations. The time step 
between snapshots is 2 ps. 
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3.3.2 A two-step hopping pathway via Trp191 mixing with the heme-
ZnP tunneling pathway is supported for the back ET in all systems  

The computed heme-to-ZnP electronic coupling trends do not explain the 

measured back ET rates. However, we found that MOs localized on Trp191 computed 

by INDO/S make large contributions to 2
DAH for all five proteins. The MD snapshots 

with large deviations from 2
DAH in the INDO/S-GMH calculations indeed have 

several Trp191 localized frontier orbitals that contribute 2
DAH . As such, eq. 5 can be 

divided into two parts, 

            − −= + 191DA heme ZnP heme TrpH H H                   (3.8) 

Therefore, in addition to the heme-ZnP tunneling pathway, the recombination 

ET reaction may also occur by incoherent sequential electron transfer via Trp191 (i.e., 

FeIICc→Trp191→ ZnP+∙). That is, even low population of Trp intermediate states may 

cause a large effect on the observed rate. Since Trp191 in CcP is ~3.6 Å (edge-to-edge) 

away from ZnP, the rate of Trp191 oxidation by ZnP+ may be fast on the time-scale of ET 

recombination because of proximity to ZnP. Hence, back ET via incoherent Trp hopping 

may accelerate charge recombination133 (see Figure 14 for the detailed kinetic scheme).  

To explore in greater detail whether or not a hole can be localized on Trp191, if 

only transiently, ESP charge analysis based on density functional theory was performed. 

We computed ESP charge differences between the neutral and radical cation states of 

ZnP and Trp191. For ZnP and Trp191, the sum of the ESP charge differences between 
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the neutral and radical cation states is shown in Table S2 for five MD snapshots with 

large DAH  values and for five MD snapshots with small computed DAH  values. The 

charge values in Table 10 for ZnP or Trp191 represent the percentage of the hole that is 

localized on ZnP or Trp191.  For the five MD snapshots with large DAH  values, we find 

that 12% of the hole is localized on Trp191. In contrast, only 2% of the hole is localized 

on Trp191 for the five MD snapshots with small DAH values. This analysis of the hole 

localization supports the viability of a hopping mechanism via Trp191 for all of the 

Cc/CcP species.  
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Table 10: Results of electrostatic charges analysis for snapshots with large and 
small 2

DAH
 
values based on the INDO/S-GMH approach. The values in the table 

indicate the percentage of the hole that is localized on ZnP or Trp191. 

Residue Frames with large 2
DAH  Frames with small 2

DAH  

 frame1097 frame46 
Trp191 0.16 0.08 
ZnP 0.85 0.92 
 frame995 frame491 
Trp191 0.11 0.07 
ZnP 0.89 0.93 
 frame96 frame1030 
Trp191 0.11 0.05 
ZnP 0.89 0.95 
 frame1514 frame1322 
Trp191 0.01 0.03 
ZnP 0.99 0.97 
 frame636 frame378 
Trp191 0.19 0.02 
ZnP 0.81 0.98 
 Average by five frames Average by five frames 
Trp191 0.12 0.02 
ZnP 0.88 0.98 
 

To explore whether or not hopping via Trp191 is essential in determining 2
DAH  

for recombination ET, we removed all of the MOs localized on Trp191 from the INDO/S-

GMH calculations of 2
DAH  (i.e., set − =191 0heme TrpH   in eq. 3.8). As shown in Table 11, the 

resulting 2
DAH

 
values for the WT CcP:Cc and for the F82S(W) mutants decreased by 

about three orders of magnitude compared to the values calculated with Trp191 present. 

The decrease in the ET rate upon removing the Trp191 in our calculations supports a 
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two-step hopping mechanism through Trp191 for WT CcP:Cc and F82S(W) dominating 

the back ET reaction. In contrast, for the F82Y(I) mutants, the 2
DAH

 
values are 

decreased around one order of magnitude by removing the Trp191.  

Table 11: Calculated mean-squared ET couplings using INDO/S-GMH for six 
protein complexes with and without Trp191 as the acceptor. 

 −2 14 2/ 10

  With Trp191
DAH eV

 
−2 14 2/ 10

Without Trp191
DAH eV

   

WT CcP:Cc 4,700 7.7   
F82S 5,800 0.41   
F82W 8,300 11   
F82I 6.8 0.15   
F82Y  8.6 6.2   
W191F  -- 3.9   

 

Hoffman and coworkers have shown that the W191F CcP single mutant has a 

much slower back ET rate ( −= 174ebk s )143 than does the WT CcP:Cc ( −≈ 16,000sebk ) in 

solution. To further explore the role of Trp191 in the coupling and back ET, we modeled 

the system studied by Hoffman and coworkers143 by building the W191F mutant based 

on the WT crystal structure of CcP:Cc. We mutated Trp191 of CcP to Phe191 using the 

VMD program.173 Phe cannot be oxidized by ZnP+∙.133,143,199 The QM region for the 

INDO/S analysis in this mutant was based on PATHWAY screening (shown in Table 5). 

No orbitals among the ten occupied molecular orbitals below the HOMO were found to 

be localized on Phe191 in the INDO/S analysis. Back ET for W191F is likely to occur in 

one-step: 
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→+ 2+ 3+ZnP CcP:Fe Cc ZnPCcP:Fe Ccbk
                                 (3.9) 

The INDO/S-GMH analysis shows that the mean-squared coupling
 
of the WT 

CcP:Cc complex is about 500 times larger than that of the W191F mutant, in agreement 

with the experimental observation that the measured back ET rate of W191F drops 200-

fold compared to the WT CcP:Cc complex.143 This further supports a two-step hopping 

pathway through Trp191 in the WT CcP:Cc and F82S(W) complexes determining the 

back ET mechanism and rate. 

In summary, INDO/S-GMH and ESP charge analyses of the five protein 

complexes and of the mutant (W191F) indicate a crucial role for Trp191 in back ET. A 

multi-step hopping mechanism via Trp191 is present in the five CcP:Cc complexes. 

3.3.3 Trp191 plays a larger role in the WT complex and F82S(W) 
mutants than in F82Y(I) based on INDO/S-GMH analysis 

Why does Trp191 have a less important role in determining 2
DAH  in F82Y(I) 

than in the WT CcP:Cc and F82S(W), as shown in Table 11? To address this question, we 

chose three MD snapshots randomly with large DAH values and three MD snapshots 

with small DAH values for each of the five protein complexes. The frontier molecular 

orbitals with the largest contribution to 2
DAH

 
are plotted in Figure 21. Large DAH

snapshots always have strong heme-Trp191 mixing (hopping recombination) while MD 

snapshots with small DAH values always have weaker heme-ZnP mixing (singlet step 

tunneling recombination). As shown in Figure 22 and Table 12, strong coupling between 
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heme and Trp191 occurs in fewer than 1% of the 2,000 snapshots for the F82Y(I) mutants. 

In contrast, strong coupling between heme and Trp191 occurs for more than 10% of 

2,000 snapshots in the WT CcP:Cc and F82S(W) complexes and makes significant 

contributions to the total 2
DAH  values. Note that since the heme-Trp191 distances in the 

five protein complexes are about 7 Å shorter than the heme-to-ZnP distances (Figure 16), 

the heme-to-Trp191 coupling is always about three orders of magnitude larger than the 

heme-to-ZnP coupling based on an average exponential distance decay model. 

Nevertheless, taking F82Y as an example, only 0.7% (Table 12) of the snapshots have 

Trp191 localized frontier orbitals as acceptor and the heme-to-Trp191 coupling accounts 

for about 87.5% of the total coupling. However, for F82W, 11.6% (Table 12) of the 

snapshots have strong heme-to-Trp191 coupling that accounts for about 99.9% of the 

total coupling. Therefore, eliminating Trp191 in F82Y(I) would result in an averaged 

squared ET coupling about one order of magnitude smaller; eliminating Trp191 in 

F82S(W) would cause two orders of magnitude decrease in an averaged squared ET 

coupling. 
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Table 12: Frequency counts of logarithm of electronic coupling of snapshots 
localized on Trp for WT CcP:Cc complex and four CcP:Cc mutants. TrpN  is the number 

of snapshots in which the frontier molecular orbitals were localized on Trp191 and 

totN (i.e., 2000) is the total number of the snapshots from MD simulations. 

 Log|HDA| counts ×/ 100%Trp totN N  
WT CcP:Cc > -6 225 13.1% 

F82W > -6 

 

222 11.6% 
F82S > -6 396 14.5% 
F82I > -7 6 0.3% 
F82Y > -7 18 0.7% 
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a) Snapshot 88  

   
   b) Snapshot 730  

  
  c) Snapshot 1209  

 
Figure 21-1.  Orbitals with the largest ET couplings for a snapshot randomly selected 
with a large DAH value for the WT complex 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21 
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a) Snapshot 3 

 
b) Snapshot 788 

 
 
 
  c) Snapshot 1496  

 
Figure 21-2.  Orbitals with the largest ET couplings for a snapshot randomly selected 
with a small DAH value for the WT complex 
 
 
 
 
 
 
 
 
 
 
 
Figure 21 (continued) 
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a) Snapshot 370  

 
  b) Snapshot 889 

  
   c) Snapshot 1005 

 
Figure 21-3.  Orbitals with the largest ET couplings for a snapshot randomly selected 
with a large DAH value for the F82S mutant. 
 
 
 
 
 
 
 
 
 
 
Figure 21 (continued) 
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 a) Snapshot 1023 

 
 b) Snapshot 1138 

 
 c) Snapshot 2072 

 
Figure 21-4.  Orbitals with the largest ET couplings for a snapshot randomly selected 
with a small DAH value for the F82S mutant. 
 
 
 
 
 
 
 
 
Figure 21 (continued) 
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a) Snapshot 1200 for F82W 

 
 b) Snapshot 1616 for F82W 

 
  
c) Snapshot 1919 for F82W  

 
Figure 21-5.  Orbitals with the largest ET couplings for a snapshot randomly selected 
with a large DAH value for the F82W mutant. 
 
 
 
 
 
 
 
 
Figure 21 (continued) 
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a) Snapshot 351 for F82W 

 
  b) Snapshot 1011 for F82W 

 
   c) Snapshot 1200 for F82W 

 
Figure 21-6.  Orbitals with the largest ET couplings for a snapshot randomly selected 
with a small DAH value for the F82W mutant. 
 
 
 
 
 
 
 
 
 
 
 
Figure 21 (continued) 
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 a) Snapshot  1417 for F82I 

 
 b) Snapshot 1518 for F82I 

 
  c) Snapshot 1900 for F82I 

 
Figure 21-7.  Orbitals with the largest ET couplings for a snapshot randomly selected 
with a large DAH value for the F82I mutant. 
 
 
 
 
 
 
 
Figure 21 (continued) 
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a) Snapshot  1194 for F82I 

 
 b) Snapshot 1885 for F82I 

 
c) Snapshot 2512 for F82I 

 
Figure 21-8.  Orbitals with the largest ET couplings for a snapshot randomly selected 
with a small DAH value for the F82I mutant. 
 
 
 
 
 
 
 
 
 
 
Figure 21 (continued) 
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a) Snapshot 162 for F82Y 

 
   b) Snapshot 1541 for F82Y 

 
c) Snapshot 1794 for F82Y 

 
Figure 21-9.  Orbitals with the largest ET couplings for a snapshot randomly selected 
with a large DAH value for the F82Y mutant. 
 
 
 
 
 
Figure 21 (continued) 
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a) Snapshot  302 for F82Y 

 
  b) Snapshot 1300 for F82Y 

 
   c) Snapshot 1893 for F82Y 

 
Figure 21-10.  Orbitals with the largest ET couplings for a snapshot randomly selected 
with a small DAH value for the F82Y mutant. 
 

Figure 21 (continued): Orbitals with the largest ET coupling component for 
snapshots randomly selected for each protein complex. The electron localized on 
donor side is shown on left side and the electron localized on acceptor side is shown 
on right side. 
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Figure 22: Distributions of the logarithm of the electronic coupling magnitude 
for the WT CcP:Cc complex and the four CcP:Cc mutants. 
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Why are the percentages of snapshots with the Trp191 localized frontier orbitals 

so different between the WT complex (or the F82S(W) mutants) and the F82Y(I) mutants? 

Mutations at the protein-protein interface cause large conformational changes in F82Y(I), 

positioning the positively charged Lys 77 and Lys 84 residues of Cc at the interface to 

enter the ET coupling pathways, which is not the case in the WT and F82S(W) species. 

The electrostatic interactions of the two positively charged Lys residues in the ET 

pathway of the F82Y(I) mutants perturb the energy ordering of the frontier molecular 

orbitals. Indeed, we analyzed the energy eigenvalues of the ten frontier orbitals of the 

F82Y and WT complexes (frame 142 in F82Y and frame 730 in WT as two examples). As 

shown in Table 6, frame 142 in F82Y (Lys positively charged) has much lower energy 

eigenvalues of frontier orbitals compared with frame 730 in WT. In particular, several 

orbitals localized on ZnP are shifted into the set of the ten highest energy occupied 

orbitals. To test our hypothesis that the positively charged Lys residues can influence the 

energy ordering of the frontier orbitals, we neutralized the two Lys residues in Cc and 

analyzed these model systems using INDO/S. We found that the frontier orbitals in 

F82Y(I) with neutralized Lys 77 and Lys 84 are very similar to those in the WT complex 

as shown in Tables 6 and 7. This indicates that the charges of residues on or near the 

tunneling pathways influence the coupling strengths very strongly. Neutralizing the two 

positively charged Lys residues in F82Y can shift the energies of some of molecular 

orbitals localized on the heme up into the set of the frontier orbitals. Therefore, 
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mutations at the protein-protein interface not only change the interface conformation 

(and thus increase the back ET distance in F82Y(I)), but also change the ET pathways 

that involve different residues and make heme-to-Trp191 couplings weaker than for WT 

and F82S(W).  

In summary, ~10% of the sampled WT and F82S(W) ensemble supports Trp-

mediated ET recombination, while only ~1% of the F82Y(I) ensemble supports Trp-

mediated recombination.  We predict that further mutation of Trp191 in F82Y(I) to 

residues such as Phe will lower the ET rates 10 fold because of the relatively low 

percentage of snapshots with strong heme-to-Trp191 ET pathways in F82Y(I).  In 

contrast, we predict that back ET rates in the double mutants W191F CcP:F82S(W) Cc 

will be two to three orders of magnitude slower compared to the rates of the WT CcP:Cc 

complex. More interestingly, if Lys77 and Lys84 of Cc were mutated to neutral residues, 

the back ET rates of F82Y(I) would be predicted to increase about 100 fold (assuming the 

F82Y(I) structure is conserved). 

3.3.4 Increased reorganization energies in F82Y(I) accelerate back ET 
rates despite weaker 2

DAH values. 

Above, we calculated 2
DAH

 
values for the F82Y(I) mutants 2-3 orders of 

magnitude smaller than 2
DAH

 
values for the WT CcP:Cc complex and for the F82S(W) 

mutants. This can be explained by the longer D-A distance in the F82Y(I) mutants, and 

this is always the case even for  hopping through Trp191. The computed 2
DAH

 
trends 
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therefore do not explain the experimental observation that the rates in the F82Y(I) 

mutants are unchanged as the D-A distance increases by 6 Å. Since the F82Y(I) mutants 

have large conformational changes in the protein-protein interface (compared to the WT 

CcP:Cc complex and F82S(W)), we suggest that the (distance-dependent) reorganization 

energies for these two mutants account for the ET rate similarity among the five protein 

complexes. Similar distance dependent λ  effects were demonstrated in other chemical 

and biochemical systems.200 

The Marcus two-sphere model45,64,200 predicts: 

            ( )λ
ε ε

   
= ∆ − + −   

    

2

1 2

1 1 1 1 1
2 2op s

e
a a r

                               (3.10) 

where ∆e  is the charge transferred from the donor to the acceptor, 1a and 2a  are the 

radii of the donor and acceptor, and r  is the donor-acceptor distance. ε op  and ε s are the 

optical and static dielectric constants of the medium, respectively. Here, ∆ = 1e , =1 2.75a

Å and =2 6.75a Å, which are the typical D and A radii (since we chose Fe as the donor 

and ZnP as the acceptor). We use ε = 2op  andε = 4s . The Marcus model and edge-edge 

distances133 in Table 8 give the computed λ values for the five proteins shown in Table 

13. Since the edge-edge distance for F82Y(I) increases by about 6 Å,  increases by 

about 0.1 eV compared to WT CcP:Cc. (Note that the reorganization energy trends for all 

five proteins are not changed by the values of 1a  and 2a .) 

λ
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Finite difference Poisson-Boltzmann (FDPB) analysis was also used to calculate 

the ET reorganization energies (see Table 13). The FDPB model calculations provide the 

same trends in  as was found with the Marcus two-sphere model. As the metal-to-

metal distance increases by 3 Å and the Fe-ZnP edge distance increases by about 5 Å, the 

computed reorganization energy increases by about 0.4 eV in the F82Y(I) mutants 

compared to the WT CcP:Cc complex. Using the mean-squared ET couplings calculation 

(from the INDO/S-GMH analysis), the measured redox potentials and the ET rate 

constants can be computed using eq. 3.1. As shown in Table 13, despite the electronic 

couplings in F82Y(I) being three orders of magnitude smaller than in WT complex, the 

rate constants are computed to be only 10 times smaller than the WT CcP:Cc complex 

and the F82S(W) mutant rate constants. Although the ET rate constants do not agree 

exactly with the measured ones, Table 3 shows that the reorganization energy changes 

in the F82Y(I) mutants indeed compensate the weaker electronic couplings. This is 

because increasing λ  accelerates ET in the inverted regime, which is the expected 

regime for charge recombination201 in these system. Therefore, compensation effects 

arising from the reorganization energy are likely to contribute to the observed back ET 

rate constants in the F82Y(I) mutants compared to the WT complex. 

λ
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Table 13: Computed reorganization energies and back ET rate constants for the 
WT CcP : Cc complex and four mutants. The rate constants were computed using the 
experimental ∆G  values 202 and λ  values from FDPB calculations. (ε = 2op , ε = 4protein

s

and ε = 80solvent
s ) 

 2
DAH  

−14 210 eV  

( )λ Marcus  
eV  

( )λ FDPB  
eV  

∆a G  
eV  

calc
bk  
−1s  

expa
bk  
−1s  

WT 4,700 0.74 0.60 
 

-1.17 5,236 6,000 
F82W 5,800 0.74 0.64 -1.20 10,328 5,800 
F82S 8,300 0.73 0.50 -1.00 15,170 2,000 
F82Y 6.8 0.83 1.07 -1.03 1,100 4,000 
F82I 8.6 0.83 1.05 -1.03 1,111 2,100 

       a All are taken from Refs. 6 and 88. 

3.4 Conclusions 

We used electronic coupling and reorganization energy analysis to explore the 

mechanisms of charge recombination in WT and mutant CcP:Cc protein complexes. Our 

analysis suggests that the charge recombination involves a mixed tunneling-hopping 

mechanism in all five protein complexes, consistent with earlier suggestions.133 

Interestingly, Lys interactions weaken the prevalence of hole hopping in F82Y(I) 

mutants by 10 fold compared to the WT and F82S(W) mutants. Hole hopping via Trp191 

accelerates the recombination kinetics by shortening the tunneling distance. To explain 

why similar recombination rate constants are found for all five protein complexes, 

despite the very large distance and conformational differences in the F82Y(I) species 

compared to the WT CcP:Cc complex and F82S(W) mutants, we suggest that the 

increased reorganization energy by about 0.4 eV in the F82Y(I) mutants accelerates the 
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inverted regime rates. The λ  change compensates the lower population of hopping 

pathways and the longer D-A distance in the F82Y(I) mutants. This balance of λ  , 

distance, and hopping pathway population explains the similarity of rate constants 

observed for all five protein-protein complexes. The mean squared coupling of F82Y(I) 

mutants decrease about three orders of magnitude as Fe-ZnP edge distances decreased 

by about 6 Å compared with those of WT and F82W(S) mutants. With such a large 

distance increase, the reorganization energy increased by about 0.4 eV in the F82Y(I) 

mutants. The 0.4 eV increase in reorganization energy has compensated about two 

orders of magnitude in the ET rates. 

 Based on the two-step hopping mechanism via Trp191 proposed in all five 

species, the hopping poses in WT and F82S(W) are more highly populated than in 

F82Y(I) (10% vs 1%). The electronic couplings from the Cc heme to the CcP Trp191 are 

three orders of magnitude larger than from heme to ZnP (based on an exponential 

distance decay model (Figure 16)). As such, we propose that the double mutant W191F 

CcP: F82Y(I) Cc complex will have an ET rate one order of magnitude smaller than that 

found in the F82Y(I) single mutants because only ~1% of the snapshots have frontier 

orbitals localized on Trp191 (Table 12).  

Our calculations of electronic couplings suggest that the double mutant W191F 

CcP:F82S(W) Cc complexes are expected to have rates slower by two orders of 

magnitude compared with rates of the F82S(W) mutants because ~10% of the snapshots 
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have frontier orbital localized on Trp191 (Table 12). Because of the similarity between 

Phe and Tyr, the W191Y mutant would have very similar back ET rates compared to the 

mutant W191F.142 Since Lys77 and Lys84 of Cc in F82Y(I) influence the weighting of 

Trp191 hopping pathway, the back ET rates are predicted to increase about 100 fold if 

both Lys residues are mutated to neutral residues. These proposed mutations studies 

offer an opportunity to test the notion that hole hopping dominates the inter-protein 

charge recombination mechanism in some CcP:Cc derivatives.  
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4. Ultrafast ET pathway in Arabidopsis thaliana 
cryptochrome 

4.1 Introduction  

Cryptochromes are flavin-containing blue-light photoreceptor proteins involved 

in the regulation of developmental responses to light in plants and circadian rhythms in 

humans and animals.203-209 In mammals cryptochromes are located in the inner retina 

and they transmit their photo-induced signal to the mid brain. The role of 

cryptochromes in circadian rhythms has led to their suggested relevance to cancer 

therapy.208-210 Recently, the avian cryptochrome is proposed to be involved in avian 

magnetic sensing during bird migration.207,211-213 There is the crystal structure of a plant 

cryptochrome, Arabidopsis thaliana (PDB ID: 1U3C)214, which is very similar to the 

structure of avian cryptochrome. Magnetic field intensity-dependent affects 

on cryptochrome Arabidopsis thaliana13,14 have been reported.  

The mechanism of light-dependent signal in cryptochromes is largely unknown. 

Cryptochromes function by regulating gene expression in response to photo-activation, 

and it is believed that the initial regulatory steps involve autophosphorylation and 

association of cryptochrome with signalling partners. Flavin adenine dinucleotide (FAD) 

is a non-covalently bound chromophore in cryptochromes. FAD is located at the end of a 

deep protein cavity that connects to the protein surface.  FAD in the cavity is U-shaped, 

with its adenine and isoalloxazine moieties facing each other (Figure 23).  
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Figure 23: Structures of flavin adenine dinucleotide (FAD). (N atoms in blue, 
O atoms in red, H atoms in white, C atoms in gray and P atoms in yellow) 

The structural similarities between cryptochromes and DNA photolyases led to 

the suggestion that the first signalling step in cryptochrome function involves photo-

excitation of FAD followed by FAD-related ET203,204. Experiments in plant Arabidopsis 

cryptochrome-1215 indicate that photo-excitation of FAD with blue light causes the 

transfer of an electron from a surface Trp residue through a pair of intermediate Trp 

residues to FAD214,216. The overall photo-induced reaction observed in these studies is 

Trp324-Trp377-Trp400-FAD* −→e  (Trp324●)+ -Trp377-Trp400-FADH●. Trp324 is 

located on the protein surface and Trp400 is adjacent to the isoalloxazine ring of FAD. 

Photo-induced electron transfer is the first step in the signalling pathway of Arabidopsis 

cryptochrome-1. The Trp-to-flavin ET reactions in the proteins cryptochrome and 

photolyase are examples of directed molecular ET controlled by light. ET reactions are 

ubiquitous in fundamental biological energy conversion processes such as 

photosynthesis and oxidative phosphorylation, and are involved in biological 
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signalling pathways and in the prevention of oxidative damage and disease. (e.g., 

repair of UV-damaged DNA) 

The primary electron donor in the cryptochrome photo-induced reaction is 

presumably Trp400, which donates an electron to FAD upon photo-excitation of FAD. 

The rate of Trp-to-flavin ET was recently measured be of the order of ps-1 217,218. The FAD 

is reduced by blue light in about 1 ps through charge transfer with a neighboring 

tryptophan. The high-temperature non-adiabatic ET Marcus equation assumes 

thermalization of the vibrational degrees of freedom in the D diabatic surface prior to 

ET. For this ultrafast ET reaction, thermalization is not complete and the high-

temperature non-adiabatic ET Marcus equation cannot be applied here to get the 

ultrafast ET rate of Trp400-to-flavin. One strategy to describe ultrafast Et is to use a 

Redfield theory approach219,220. Here, we parameterized the classical force field of FAD, 

studied the electronic absorption of FAD, and calculated the electronic coupling of 

Trp400-to-FAD as a first step toward describing the ET kinetics.  

4.2 Computational details 

4.2.1 MD simulation 

The ET couplings and the electronic state energies of the ET system fluctuate 

with changes in molecular structure due to thermal motion, i.e., from a modeling point 

of view they fluctuate along MD trajectories161,164,221. It is necessary to take into account 

such structural fluctuation effects (on the ET coupling and on the energy gaps between 
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the electronic states involved in ET) in order to describe accurately an ET reaction. MD 

simulations were run on Arabidopsis thaliana cryptochrome (Protein Data Bank structure 

1U3C214) using the NAMD 2.6 b1 program174 with  the AMBER force field222.  The 

cryptochrome structure was solvated with a TIP3P water box of dimensions 95x75x75A 

and five +Na  ions were added by Amber223,224 to neutralize the system. After an initial 

10,000 step energy minimization, a 500 ps MD simulation with harmonic constraints 

imposed on the protein backbone and on the FAD heavy atoms (protein side chains, ions 

and water molecules are free to move) was carried out at 298 K. Then, a 500 ps MD 

simulation at 298 K was performed to equilibrate the system without constraints.  

Finally, a 1 ns MD simulation was carried out, and conformations were saved every 1 

ps161,163,164,225.  Constant pressure MD simulations were performed (NPT ensemble, 1 atm, 

298 K) with a Langevin thermostat, periodic boundary conditions, and particle mesh 

Ewald electrostatics to take the long range electrostatic interactions into account 226. 

4.2.2 Excited state electronic structure calculations 

Semiempirical CIS calculations of FAD for 1,000 MD snapshots (separated by 1 

ps) were performed using INDO/S Hamiltonian227 . The CIS calculations were used to 

predict the linear absorption spectra of FAD. The computed linear absorption spectrum 

(averaged over MD snapshots) was compared to the experimental linear absorption 

spectrum to test the FAD parameterization and also as a way to determine the electronic 

states formed by photoexcitation that are the initial states of the ET reaction.  Each 
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calculation was performed both in vacuum and in the solvation environment of the 

protein’s active site (represented by Amber force-field atomic charges). The QM region 

in the INDO/S calculations included FAD and residue 498( +2Mg ) to neutralize the 

system. Residues Tyr235, Thr247 and Ser248 of cryptochrome (which were located near 

the phosphate in FAD and which formed hydrogen bonds with the oxygen of the 

phosphate group) were included as QM region, as well as  water molecules within a 

radius of 5 Å of FAD. The solvation environment included point charges of all atoms at 

the active site residues Phe249, Leu250, Ser251, Pro252, Phe290, Trp356, Arg360, Arg362, 

Asp390, Asp392, Asp396, Trp324, Trp377 and Trp400 of cryptochrome, as well as +Na

and −Cl  ions within a radius of 40 Å of FAD. The total charge of point charges of the 

solvation environment described above is zero and the total charge of the QM region is 

also zero. 

The linear absorption spectra of FAD were calculated by TD-DFT on 5 snapshots 

(frame400, frame500, frame600, frame700 and frame800) by BHandHLYP/6-

31g+(d)(BHandHLYP is the mixed functional using 1:1 mixture of DFT and HF exact 

exchange energies, which is reported to be the best among HF and the DFT methods in 

predicting the linear absorption spectrum and energies228-230). The QM region in TD-DFT 

calculations includes FAD and residue 498( +2Mg ) to neutralize the system. The 

solvation environment includes point charges of all atoms at the active site residues 

Tyr235, Thr247, Ser248, Phe249, Leu250, Ser251, Pro252, Phe290, Trp356, Arg360, 
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Arg362, Asp390, Asp392, Asp396, Trp324, Trp377 and Trp400 of cryptochrome, water 

molecules within a radius of 5 Å of FAD, as well as +Na and −Cl  ions within radius of 40 

Å of FAD. The total charge of point charges in the solvation environment described 

above is zero and the total charge of the QM region is also zero. The peak of the linear 

spectrum calculated with BHandHLYP/6-31+G(d) is 418 nm in the computations that 

included the solvation environment.     

4.2.3 Electronic coupling calculations 

The semiempirical INDO/S Hamiltonian, with a two-state GMH analysis of 

couplings, was used to calculate < >2
DAH

 
(the mean squared electronic coupling 

involves an average over 1,000 MD snapshots) and to characterize the electronic 

structure of the FAD-Trp400 system. The QM region in the INDO/S calculations 

included FAD and Trp400, as well as residue 498( +2Mg ) to neutralize the system. 

Residues Tyr235, Thr247 and Ser248 of cryptochrome (which are located near the 

phosphate in FAD and have hydrogen bonds with the oxygen of phosphate) were also 

included in the QM region, as well as water molecules within a radius of 5 Å of FAD. 

The solvation environment included the point charges of active site residues Phe249, 

Leu250, Ser251, Pro252, Phe290, Trp356, Arg360, Arg362, Asp390, Asp392, Asp396, 

Trp324 and Trp377 of cryptochrome, and +Na and −Cl  ions within a 40 Å radius of FAD. 

Typically, the INDO/S calculations contained 215 atoms from the protein and the 

solvent. 
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4.3 FAD parameterization 

The FAD partial charges were calculated at the Hartree-Fock level using the 

program Gaussian 09120 and a 6-31G(d) basis set. The partial charges were fitted using 

the RESP231-233 procedure.  

4.3.1 Amber force field 

The AMBER force-field223,234,235 relies on simple potential energy functions, which 

reproduce the basic features of the protein energy landscape at an atomic level of detail.  
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The first three sums are over bond lengths, bond angles, and torsion angles, 

respectively. The final sum (over pairs of atoms i and j) describes electrostatic 

interactions between partial charges iq  placed on each atom. The combination of 

dispersion and exchange repulsion forces is represented by a Lennard-Jones 6–12 

potential; this is often called the ‘‘van der Waals’’ term. 

4.3.2 Parameterization of the flavin ring in FAD 

The structure of the flavin ring in cryptochrome was truncated from the FAD 

structure in 1U3C214 and neutralized by a hydrogen atom (HN atom connected with NA 

in Figure 24) . The geometry optimization and ESP charge calculation were performed at 

the Hartree-Fock level using the program Gaussian 09120 and a 6-31G(d) basis set. The 
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partial charges were fitted using the RESP231-233 procedure with Antechamber235. 

Parameters for bonds, bond angles, dihedral angles, improper torsion angles and van 

der Waals interactions for atom types that were not in the standard force field files, were 

taken from the general AMBER force field (GAFF)234 file for non-standard molecules. 

4.3.2.1 Parameters for flavin ring of FAD 

A set of parameters for bonds, angles, dihedral angles, improper torsion angles 

and van der Waals interactions in flavin were automatically generated by Antechamber. 

The geometry was minimized using these parameters in Amber, and was compared 

with the HF optimized geometry using a 6-31G(d) basis set. The structure and the atom 

types of the flavin are shown in Figure 24. Based on the differences among these two sets 

of geometries, we adjusted some of the equilibrium values and force constants for bonds 

and angles (see Figure 14. e.g. the equilibrium value for NC-CD bond changed from 

1.335 Å to 1.260 Å, the force constant of NA-HN bond increased from 406.6 kcal mol-1Å-2 

to 586.6 kcal mol-1Å-2, and the equilibrium value of NC-C-CD decrease from 111.86 ̊ to 

106.86 ̊). The final sets of parameters of flavin are shown in Table 14. Both the default 

values in GAFF and the adjusted values for bonds and angles are listed in Table 14 (the 

parameters for bonds and angles keeping the default values in GAFF are labeled as “no 

adjustment”). Because no dihedral angles, improper angles and non-bond interaction 

parameters were changed compared to the GAFF parameters, the values shown in Table 

14 for these parameters are the default GAFF parameters. 
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Figure 24: Atom types of the flavin in Amber 

 

Table 14: Bond stretching, bond angle, dihedral, improper torsional and van 
der Waals parameters of the flavin ring reported in Figure 23 

 

Bond stretching 
Default value in GAFF Adjusted value 

rk /kcal mol-1Å-2 0r /Å rk /kcal mol-1Å-2 0r /Å 
NC-C 428.30 1.378 428.30 1.398 

NC-CD 494.60 1.335 494.60 1.260 
C-O 648.00 1.214 648.00 1.189 
C-N 478.20 1.345 478.20 1.414 

C-CD 377.40 1.462 377.40 1.476 
CD-CD 418.30 1.429 418.30 1.470 
NC-CA 492.90 1.336 492.90 1.366 
CA-NA 470.30 1.350 470.30 1.375 
NA-CD 438.80 1.371 438.80 1.350 
N-HN 410.20 1.009 586.20 1.009 

CA-HA 344.30 1.080 449.30 1.080 
C3-HC 337.30 1.092 417.30 1.092 

NA-HN 406.60 1.011 586.60 1.001 
CA-C3 323.50 1.513   
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Table 14 (continued) 
 

Angle bendings 
Default value in GAFF Adjusted value 

θκ /kcal 
mol-1rad-2 0θ / ̊ θκ /kcal 

mol-1rad-2 
 0θ / ̊ 

NC-C-O 74.05 123.98 74.05 128.98 
NC-C-N 72.69 117.05 72.69 123.95 

NC-CD-CD 71.15 112.56 71.15 122.76 
NC-CD-NA 74.78 112.02 74.78 119.02 

C-N-HN 49.21 118.46 49.21 115.46 
O-C-N 75.83 122.03 75.83 127.03 

N-C-CD 70.19 111.86 70.19 106.86 
C-CD-NC 67.45 121.86 67.45 113.86 
C-CD-CD 63.72 122.69 63.72 118.69 
O-C-CD 68.91 125.71 68.91 120.31 

CD-NC-CA 72.67 104.24 72.67 119.24 
CD-CD-NA 72.21 106.80 72.21 114.80 
CA-CA-CA 70.18 123.97 67.18 119.97 
CA-CA-NA 70.21 118.34 70.21 108.34 
CA-NA-CD 68.46 113.15 68.46 123.15 
CA-NA-HN 47.63 125.59 47.63 115.59 
CD-NA-HN 47.07 125.22 47.07 115.22 

C-NC-CD 66.55 120.32   
C-N-C 65.33 127.14   

NC-CA-CA 70.14 119.72   
CA-CA-C3 63.84 121.63   
CA-C3-HC 46.96 110.15   
HC-C3-HC 39.43 108.35   
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Table 14 (continued) 
 

Regular torsions nV /2 (kcal mol-1) ϕ /  ̊ 

NC-C-N-C 2.500 180.0 
NC-C-N-HN 2.500 180.0 
NC-CD-CD-C 4.000 180.0 

NC-CD-CD-NC 4.000 180.0 
NC-CD-NA-CA 1.700 180.0 
NC-CD-NA-HN 1.700 180.0 

C-NC-CD-CD 4.750 180.0 
C-NC-CD-NA 4.750 180.0 

C-N-C-O 2.500 180.0 
C-N-C-CD 2.500 180.0 

O-C-NC-CD 4.000 180.0 
O-C-N-HN 2.500 180.0 
O-C-N-HN 2.000 0.0 

N-C-NC-CD 4.000 180.0 
N-C-CD-NC 2.875 180.0 
N-C-CD-CD 2.875 180.0 

C-CD-NC-CA 4.750 180.0 
C-CD-CD-NA 4.000 180.0 
O-C-CD-NC 2.875 180.0 
O-C-CD-CD 2.875 180.0 
CD-C-N-HN 2.500 180.0 

CD-NC-CA-CA 4.800 180.0 
CD-CD-NA-CA 1.700 180.0 
CD-CD-NA-HN 1.700 180.0 
NC-CD-CD-NA 4.000 180.0 
NC-CA-CA-CA 3.625 180.0 
NC-CA-CA-HA 3.625 180.0 
NC-CA-CA-NA 3.625 180.0 
CA-NC-CD-CD 4.750 180.0 
CA-CA-CA-C3 3.625 180.0 
CA-CA-CA-CA 3.625 180.0 
CA-CA-CA-HA 3.625 180.0 
CA-CA-NA-CD 0.300 180.0 
CA-CA-NA-HN 0.300 180.0 
CA-CA-CA-NA 3.625 180.0 
CA-CA-C3-HC 0.000 0.0 
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Table 14 (continued) 
 

C3-CA-CA-HA 3.625 180.0 
C3-CA-CA-C3 3.625 180.0 

NA-CA-CA-HA 3.625 180.0 
 
 

Improper torsions nV /2 (kcal mol-1) ϕ /  ̊ 
N-NC-C-O 10.5 180.0 
C-C-N-HN 1.1 180.0 
CD-N-C-O 10.5 180.0 

C-CD-CD-NC 1.1 180.0 
CA-CA-CA-NC 1.1 180.0 
CA-CA-CA-HA 1.1 180.0 
C3-CA-CA-CA 1.1 180.0 
CA-CA-CA-NA 1.1 180.0 
CA-CD-NA-HN 1.1 180.0 
CD-NA-CD-NC 1.1 180.0 

 

Non-bond interactions *R /Å  bε / kcal mol-1 
NC 1.8240 0.1700 
C 1.9080 0.0860 
O 1.6612 0.2100 
N 1.8240 0.1700 

CD 1.9080 0.0860 
CA 1.9080 0.0860 
C3 1.9080 0.1094 
NA 1.8240 0.1700 
HN 0.6000 0.0157 
HC 1.4870 0.0157 
HA 1.4590 0.0150 

4.3.2.2 Validation of parameters for flavin ring of FAD 

The structural parameters calculated after geometry minimization at the Amber 

MM level for the flavin ring with both the GAFF parameters and adjusted parameters 
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were compared with their QM counterparts computed at the HF level (see Table 15). The 

equilibrium values of several bonds lengths and angles (e.g. bonds C1-N2, C3-N3 and 

C12-N1; angles O2-C2-N2, C3-C2-N2, N3-C3-C2 and C4-N3-C3) were improved with the 

new parameters (adjusted value in Table 14) after reparameterization. Table 15 shows 

that the relative error (defined as − ×( / 1) 100%GAFF adjustedA A , where GAFFA  is the 

structural parameter minimized by GAFF parameters and adjustedA  is structural parameter 

minimized by adjusted parameters) for bond C1-N2 was improved from -6.8% to -1.9%, 

and that for bond C3-N3 had been improved from 8.3% to 2.0% and that for the bond 

C12-N1 was improved from 4.2% to -1.8%. The standard deviation of the relative errors 

of bonds lengths for the minimized flavin structure decreased from 2.5% to 1.3% after 

readjustment of the parameterization. Also, the relative error for the O2-C2-N2 angle 

was improved from -5.8% to -0.06%, that for the C3-C2-N2 angle was improved from 

3.3% to -0.2%, that for the angle N3-C3-C2 had been improved from 2.8% to 0.54%, that 

for the C4-N3-C3 angle was improved from -4.2% to -1.14%, and that of the H1-N4-C1 

angle was improved from 3.2% to 0.57%. The standard deviation of the relative error of 

angles for the minimized flavin structure decreased from 2.0% to 1.2% after 

reparameterization. 

The normal mode calculations at the HF level with a 6-31G(d) basis set were 

performed for flavin using  both QM and MM with GAFF parameters. The results of 

these computations showed large frequency offsets between MM and QM methods for 
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the high frequency normal modes (see Figure 25 and Table 16).  The high frequency 

normal modes for the flavin in the crystal structure are 3205 cm-1, 3212 cm-1 ,3256 cm-1, 

3266 cm-1, 3291 cm-1, 3296 cm-1, 3365 cm-1, 3394 cm-1, 3835 cm-1 and 3847 cm-1, respectively. 

The high frequency normal modes for flavin in the Amber GAFF minimized structure 

are 2859 cm-1, 2860 cm-1 , 2964 cm-1, 2966 cm-1, 2966 cm-1, 2968 cm-1, 2969 cm-1, 2971 cm-1, 

3203 cm-1 and 3219 cm-1, respectively. The averaged difference of the high frequency 

normal modes between the crystal structure and the Amber GAFF minimized structure 

(actually the difference of the mean value of the two high frequency normal mode sets) 

is 402 cm-1. To make sure that there is no change in the vibrational spectra, we adjusted 

several force constants (as shown in Table 14) and the force field was reparameterized 

by antechamber automatically based on the adjusted values of equilibrium values and 

force constants in Figure 14. The reparameterized normal mode calculation results show 

that our adjustment of the force constants improved the high frequency normal modes 

for flavin compared to the GAFF force constants. With our adjusted parameters, the high 

frequency normal modes for the Amber minimized structure are 3178 cm-1, 3180 cm-1 , 

3297 cm-1, 3298 cm-1, 3298 cm-1, 3300 cm-1, 3385 cm-1, 3388 cm-1, 3843 cm-1 and 3844 cm-1, 

respectively. The averaged difference of the high frequency normal modes between the 

crystal structure and Amber GAFF minimized structure is just 18 cm-1.  
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Table 15: Optimized bonds, angles and dihedral angels for flavin ring with 
Amber MM minimization and HF QM optimization (HF/6-31G(d)). The relative errors 
are calculated based on the HF QM values and the standard deviation of relative error 
are also calculated. The corresponding atom numbers are listed in Figure 24.  

Parameters  GAFF  Adjusted  

bond length QM  MM 
Relative 

 error 
MM 

Relative 
error 

N1-C1 1.378        1.366 -0.9% 1.383 0.3% 
C1-O1 1.189 1.205 1.4% 1.180 -0.7% 
C1-N2 1.401 1.305 -6.8% 1.374 -1.9% 
C2-N2 1.366 1.326 -3.0% 1.396 2.2% 
C2-O2 1.189 1.216 2.3% 1.192 0.3% 
C2-C3 1.496 1.477 -1.2% 1.496 0.0% 
C3-N3 1.267 1.374 8.3% 1.293 2.0% 
N3-C4 1.376 1.347 -2.0% 1.378 0.1% 
C4-C5 1.400 1.387 -0.9% 1.385 -1.1% 
C5-C6 1.372 1.396 1.8% 1.402 2.2% 
C6-C7 1.511 1.520 0.5% 1.520 0.6% 
C6-C8 1.417 1.408 -0.6% 1.416 -0.1% 
C8-C9 1.509 1.519 0.7% 1.519 0.6% 
C9-C10 1.378 1.397 1.3% 1.399 1.5% 
C4-C11 1.390 1.396 0.5% 1.390 0.0% 
C11-N4 1.376 1.358 -1.2% 1.388 0.9% 
C12-N1 1.279 1.333 4.2% 1.256 -1.8% 
N2-H1 0.999 1.010 1.1% 0.998 0.0% 
C7-H2 1.086 1.092 0.5% 1.092 0.6% 
C7-H3 1.083 1.092 0.8% 1.092 0.9% 
C7-H4 1.086 1.092 0.6% 1.092 0.6% 
C9-H5 1.082 1.092 0.9% 1.091 0.8% 
C9-H6 1.085 1.092 0.5% 1.092 0.6% 
C9-H7 1.085 1.092 0.5% 1.092 0.6% 
N4-H8 0.999 0.995 -0.4% 0.996 -0.2% 
C5-H9 1.074 1.085 1.0% 1.078 0.4% 

C10-H10 1.076 1.091 1.5% 1.084 0.8% 
SD of error  2.5%  1.3% 
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Table 15 (continued) 

Parameters  GAFF  Adjusted 

angles QM MM  
Relative 

error 
MM  

Relative 
error 

O1-C1-N1 123.31 122.89 -0.4% 122.84 -0.38% 
N2-C1-N1 117.98 118.27 0.3% 118.08 0.08% 
C2-N2-C1 128.29 128.41 0.1% 128.32 0.03% 
O2-C2-N2 123.4 116.23 -5.8% 123.33 -0.06% 
C3-C2-N2 112.34 116.03 3.3% 112.12 -0.20% 
N3-C3-C2 120.2 123.58 2.8% 120.84 0.54% 
C4-N3-C3 119.77 114.77 -4.2% 118.4 -1.14% 
C5-C4-N3 119.76 116.64 -2.6% 120.48 0.61% 
C6-C5-C4 121.56 120.64 -0.8% 120.16 -1.15% 
C7-C6-C5 120.46 118.4 -1.7% 117.99 -2.05% 
C8-C6-C5 118.61 120.06 1.2% 120.81 1.85% 
C9-C8-C6 120.31 121.66 1.1% 121.69 1.15% 
C10-C8-C6 120.24 119.59 -0.5% 119.79 -0.37% 
C11-C4-N3 120.96 119.78 -1.0% 117.37 -2.97% 
N4-C11-C4 117.69 117.51 -0.2% 118.06 0.31% 
C12-N1-C1 119.21 120.45 1.0% 119.48 0.23% 
H1-N4-C1 120.59 124.47 3.2% 121.28 0.57% 
H2-C7-C6 111.64 110.42 -1.0% 110.47 -1.05% 
H3-C7-C6 110.63 111.59 0.9% 111.64 0.92% 
H4-C7-C6 111.64 110.42 -1.1% 110.47 -1.05% 
H5-C9-C8 111.2 111.57 0.3% 111.58 0.34% 
H6-C9-C8 111.09 110.46 -0.6% 110.44 -0.59% 
H7-C9-C8 111.09 110.46 -0.6% 110.44 -0.59% 
H8-N2-C1 115.08 114.58 -0.4% 114.38 -0.61% 
H9-C5-C4 117.32 118.69 1.2% 118.7 1.17% 

H10-C10-C8 120.16 119.51 -0.5% 120.73 0.47% 
SD of error   2.0%  1.2% 
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Table 15 (continued) 

dihedral angle QM  MM  Relative error 
N2-C1-N1-O1 -180.0 -180.0 0.00% 
C2-N2-C1-N1 0.0 0.0 0.00% 
O2-C2-N2-C1 180.0 180.0 0.00% 
C3-C2-N2-C1 -0.0 0.0 0.00% 
N3-C3-C2-N2 -180.0 -180.0 0.00% 
C4-N3-C3-C2 180.0 180.0 0.00% 
C5-C4-N3-C3 -180.0 -180.0 0.00% 
C6-C5-C4-N3 180.0 180.0 0.00% 
C7-C6-C5-C4 180.0 180.0 0.00% 
C8-C6-C5-C4 0.0 0.0 0.00% 
C9-C8-C6-C5 -180.0 -180.0 0.00% 
C10-C8-C6-C5 0.0 0.0 0.00% 
C11-C4-N3-C3 0.0 0.0 0.00% 
N4-C11-C4-N3 0.0 0.0 0.00% 
C12-N1-C1-O1 180.0 180.0 0.00% 
H1-N4-C1-C4 -180.0 -180.0 0.00% 
H2-C7-C6-C5 119.9 120.0 0.07% 
H3-C7-C6-C5 0.008 0.0 0.00% 
H4-C7-C6-C5 -119.9 -120.0 0.08% 
H5-C9-C8-C6 -180.0 -180.0 0.00% 
H6-C9-C8-C6 -59.7 -60.0 0.51% 
H7-C9-C8-C6 59.7 60.0 0.51% 
H8-N2-C1-N1 180.0 180.0 0.00% 
H9-C5-C4-N3 0.0 0.0 0.00% 

H10-C10-C8-C6 -180.0 -180.0 0.00% 
SD of error  0.1% 
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Figure 25: Normal modes for flavin ring with both the QM calculation (HF/6-
31G(d) level)  by Gaussian and the MM calculation by Amber (both the GAFF and the 
adjusted parameters). 



 

 

110 

Table 16: Normal modes (cm-1) for the flavin ring with both QM (HF/6-31G(d) 
level)  calculation by Gaussian and MM calculation with Amber force field. 

 Gaussian 
AMBER with  

GAFF parameters 
AMBER with 

adjusted parameters 
1 52 58 58 
2 74 70 70 
3 134 89 89 
4 140 151 151 
5 144 155 155 
6 169 182 182 
7 188 196 196 
8 208 236 236 
9 259 263 263 

10 305 276 276 
11 321 293 293 
12 327 303 303 
13 354 351 351 
14 400 381 381 
15 440 382 382 
16 477 438 438 
17 478 446 446 
18 516 452 452 
19 529 471 471 
20 560 518 518 
21 630 528 528 
22 643 562 562 
23 673 608 608 
24 693 611 611 
25 715 642 642 
26 731 655 654 
27 745 671 671 
28 788 730 730 
29 808 730 730 
30 831 749 749 
31 861 780 780 
32 862 808 808 
33 893 810 810 
34 905 862 862 
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Table 16 (continued) 

35 957 930 930 
36 964 966 966 
37 1030 984 984 
38 1096 997 997 
39 1107 999 999 
40 1130 1010 1011 
41 1159 1050 1050 
42 1182 1059 1060 
43 1216 1105 1105 
44 1233 1164 1164 
45 1279 1243 1243 
46 1322 1321 1322 
47 1355 1356 1357 
48 1376 1364 1364 
49 1408 1414 1414 
50 1445 1448 1448 
51 1494 1467 1467 
52 1513 1467 1467 
53 1556 1467 1467 
54 1567 1478 1476 
55 1573 1481 1481 
56 1578 1520 1520 
57 1623 1552 1552 
58 1625 1586 1586 
59 1637 1606 1606 
60 1639 1639 1638 
61 1662 1681 1681 
62 1668 1708 1708 
63 1757 1748 1748 
64 1798 1785 1785 
65 1829 1795 1796 
66 1857 1809 1809 
67 2011 1898 1897 
68 2025 1913 1913 
69 3205 2859 3178 
70 3212 2860 3180 
71 3256 2964 3297 
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Table 16 (continued) 

72 3266 2966 3298 
73 3291 2966 3298 
74 3296 2968 3300 
75 3365 2969 3385 
76 3394 2971 3388 
77 3835 3203 3843 
78 3847 3219 3844 

 

4.3.3 Parameterization of FAD 

The x-ray structure of FAD structure in Arabidopsis thaliana cryptochrome (PDB 

ID:1U3C215) was used. The ESP charges were calculated at the Hartree-Fock level using 

the program Gaussian 09120 and a 6-31G(d) basis set. The partial charges of FAD were 

fitted using the RESP231-233 procedure with Antechamber235. For the flavin, we used the 

parameters of bonds, angles, dihedrals, improper torsion angles and van der Waals 

interactions for the flavin ring obtained above (see Table 14). Because the position of the 

carbon atom (atom type C3) in Figure 26 is the same as the position of the hydrogen 

atom (atom type H1) in Figure 24, we changed H1 to C3 in the flavin parameterization.  

For the FAD tail, the GAFF parameters were applied automatically. 
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Figure 26: Atom types and atom numbers of flavin in Amber. 

4.3.3.1 Parameters of FAD 

The full sets of parameters for FAD are given in Table 17. Both the default values 

in GAFF and the adjusted values for bonds and angles are listed in Table 17. (The 

parameters for bonds and angles, retaining the default values in GAFF are labeled as 

“no adjustment”). Because no dihedral angles, improper angles or non-bond interaction 

parameters were changed, the values shown in Table 17 for these parameters are the 

default GAFF parameters.  

The FAD structure was energy minimized with these parameters (Table 17), and 

the structure of the flavin ring in the FAD was twisted unexpectedly (Figure 27). The 

linear absorption spectrum of this twisted structure calculated by INDO/S has a peak at 

400 nm, which is shifted ~50 nm from the experimental linear absorption spectrum214 

(447 nm). We speculated that the difference of the spectral peak arose from the non-
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planar structure of FAD during the simulation. We took the FAD planar structure from 

the crystal structure (Figure 27(a)) and the non-planar structure from the MD simulation 

(Figure 27(b)). The FAD is still in a stacked structure rather than an open one as the tail 

of FAD rotates a little bit in the unconstrained Amber minimization (Figure 27(c)). The 

linear absorption spectrum calculated with BHandHLYP/6-31G(d) is 456 nm for the 

planar structure and 405 nm for the non-planar structure, which indicates that the 

nonplanar structures are not reasonable and there is something wrong with the GAFF 

parameters. We revisited these parameters and found that one dihedral angle (CA-CD-

NA-C3) was missing in this set of parameters (Table 18). 
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(a) structure of FAD in 1U3C                   b) structure of FAD minimized using 
the Amber force field 

 

 
c) aligned structures of FAD in 1U3C (a) and in minimized structure by Amber 

force field (b) 
 
Figure 27: The structure of FAD a) the structure of FAD in 1U3C, b) the 

unconstrained minimized structure of FAD by Amber force field, and c) aligned 
structures of FAD in 1U3C (in red) and FAD structure minimized by Amber force 
field (in green) 
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Table 17: Bond stretching, bond angle, dihedral angle, improper torsional 
angle and van der Waals parameters of FAD 

Bond 
stretching 

Default value in GAFF Adjusted value 

rk /kcal mol-1Å-2 0r /Å rk /kcal mol-1Å-2 0r /Å 
NC-C 428.30 1.378 428.30 1.398 

NC-CD 494.60 1.335 494.60 1.260 
C-O 648.00 1.214 648.00 1.189 
C-N 478.20 1.345 478.20 1.414 

C-CD 377.40 1.462 377.40 1.476 
CD-CD 418.30 1.429 418.30 1.470 
NC-CA 492.90 1.336 492.90 1.366 
CA-NA 470.30 1.350 470.30 1.375 
NA-CD 438.80 1.371 438.80 1.350 
N-HN 410.20 1.009 586.20 1.009 

CA-HA 344.30 1.080 449.30 1.080 
C3-HC 337.30 1.092 417.30 1.092 

NA-HN 406.60 1.011 586.60 1.001 
P5-O 487.70 1.481 No adjustment 

P5-OS 342.50 1.602 No adjustment 
OS-C3 301.50 1.439 No adjustment 
C3-C3 303.10 1.535 No adjustment 
C3-H1 335.90 1.093 No adjustment 
C3-OH 314.10 1.426 No adjustment 
OH-HO 369.60 0.974 No adjustment 
C3-NA 334.70 1.456 No adjustment 
C3- H2 326.40 1.100 No adjustment 
NA-CC 438.80 1.371 No adjustment 
CC-ND 494.60 1.335 No adjustment 
CC-H5 356.00 1.079 No adjustment 
ND-CA 492.90 1.336 No adjustment 
CA-CA 478.40 1.387 No adjustment 
CA-NH 449.00 1.364 No adjustment 
CA-NB 483.10 1.342 No adjustment 
NH-HN 401.20 1.014 No adjustment 
CA-H5 347.20 1.085 No adjustment 
CA-C3 323.50 1.513 No adjustment 
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Table 17 (continued) 

Angle bendings 
Default value in GAFF Adjusted value 

θκ /kcal mol-1rad-2 0θ / ̊ θκ /kcal mol-1rad-2 0θ / ̊ 
O-C-N 75.83 122.03 75.83 127.03 

N-C-CD 70.19 111.86 70.19 106.86 
C-CD-NC 67.45 121.86 67.45 113.86 
C-CD-CD 63.72 122.69 63.72 118.69 
O-C-CD 68.91 125.71 68.91 120.31 

CD-NC-CA 72.67 104.24 72.67 119.24 
CD-CD-NA 72.21 106.80 72.21 114.80 
CA-CA-CA 67.18 119.97 70.18 123.97 
CA-CA-NA 70.21 118.34 70.21 108.34 
CA-NA-CD 68.46 113.15 68.46 123.15 
CA-NA-HN 47.63 125.59 47.63 115.59 
CD-NA-HN 47.07 125.22 47.07 115.22 

P5-OS-C3 62.00 118.00 No adjustment 
P5-OS-P5 61.92 126.25 No adjustment 
O-P5-O 73.53 115.80 No adjustment 

O-P5-OS 70.34 116.09 No adjustment 
OS-P5-OS 72.51 101.77 No adjustment 
OS-C3-C3 67.78 108.42 No adjustment 
C3-C3-C3 63.21 110.63 No adjustment 
OS-C3-H1 50.84 108.82 No adjustment 
C3-C3-H1 46.36 110.07 No adjustment 
C3-OS-C3 62.39 112.45 No adjustment 
C3-C3-OH 67.72 109.43 No adjustment 
OS-C3-NA 71.27 109.06 No adjustment 
OS-C3-H2 50.84 108.58 No adjustment 

C3-OH-HO 47.09 108.16 No adjustment 
OH-C3-H1 50.97 109.88 No adjustment 
C3-C3-NA 65.73 112.81 No adjustment 
C3-C3-H2 46.02 111.59 No adjustment 
C3-NA-CC 62.56 125.09 No adjustment 
C3-NA-CA 63.15 124.36 No adjustment 
NA-C3-H2 50.27 107.66 No adjustment 

NA-CC-ND 74.78 112.02 No adjustment 
NA-CC-H5 49.76 122.10 No adjustment 
NA-CA-CA 70.21 118.34 No adjustment 
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Table 17 (continued) 

NA-CA-NB 70.60 127.07 No adjustment 
CC-ND-CA 72.24 105.47 No adjustment 
CC-NA-CA 68.46 113.15 No adjustment 
ND-CC-H5 50.13 125.38 No adjustment 
ND-CA-CA 70.14 119.72 No adjustment 
CA-CA-NH 69.34 120.13 No adjustment 
CA-CA-NB 69.16 122.63 No adjustment 
CA-NH-HN 49.08 116.13 No adjustment 
CA-NB-CA 68.59 115.86 No adjustment 
NH-CA-NB 73.20 116.95 No adjustment 
NB-CA-NB 70.78 127.19 No adjustment 
NB-CA-H5 51.76 116.35 No adjustment 
CA-CA-HA 48.46 120.01 No adjustment 
CA-C3-HC 46.96 110.15 No adjustment 
NA-C3-H1 49.90 109.45 No adjustment 
CD-NA-C3 62.56 125.09 No adjustment 
H1-C3-H1 39.18 109.55 No adjustment 

HN-NH-HN 40.05 114.85 No adjustment 
C-NC-CD 66.55 120.32 No adjustment 

C-N-C 65.33 127.14 No adjustment 
NC-CA-CA 70.14 119.72 No adjustment 
CA-CA-C3 63.84 121.63 No adjustment 
CA-C3-HC 46.96 110.15 No adjustment 
HC-C3-HC 39.43 108.35 No adjustment 
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Table 17 (continued) 

Regular torsions nV /2 (kcal mol-1) ϕ /  ̊ 
P5-OS-C3-C3 0.383 0.0 
P5-OS-C3-H1 0.383 0.0 
P5-OS-P5-OS 0.800 0.0 
P5-OS-P5-O 0.800 0.0 
O -P5-OS-C3 0.800 0.0 
OS-C3-C3-OS 0.144 0.0 
OS-C3-C3-OS 1.175 0.0 
OS-C3-C3-C3 0.156 0.0 
OS-C3-C3-H1 0.000 0.0 
OS-C3-C3-H1 0.250 0.0 
C3-OS-P5-OS 0.250 0.0 
C3-OS-P5-OS 1.200 0.0 
C3-C3-OS-C3 0.383 0.0 
C3-C3-OS-C3 0.100 180.0 
C3-C3-C3-OH 0.156 0.0 
C3-C3-C3-C3 0.180 0.0 
C3-C3-C3-C3 0.250 180.0 
C3-C3-C3-C3 0.200 180.0 
C3-C3-C3-H1 0.156 0.0 
C3-OS-C3-NA 0.383 0.0 
C3-OS-C3-NA 0.650 0.0 
C3-OS-C3-H2 0.383 0.0 

C3-C3-OH-HO 0.160 0.0 
C3-C3-OH-HO 0.250 0.0 
OS-C3-C3-OH 0.144 0.0 
OS-C3-C3-OH 1.175 0.0 
OS-C3-NA-CC 0.000 0.0 
OS-C3-NA-CA 0.000 0.0 
C3-C3-C3-NA 0.156 0.0 
C3-C3-C3-H2 0.156 0.0 
OH-C3-C3-H1 0.000 0.0 
OH-C3-C3-H1 0.250 0.0 
OH-C3-C3-OH 0.144 0.0 
OH-C3-C3-OH 1.175 0.0 
C3-C3-NA-CC 0.000 0.0 
C3-C3-NA-CA 0.000 0.0 
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Table 17 (continued) 

OH-C3-C3-NA 0.156 0.0 
OH-C3-C3-H2 0.156 0.0 
C3-OS-C3-H1 0.383 0.0 

C3-NA-CC-ND 1.700 180.0 
C3-NA-CC-H5 1.700 180.0 
C3-NA-CA-CA 0.300 180.0 
C3-NA-CA-NB 0.300 180.0 
NA-C3-C3-H1 0.156 0.0 

NA-CC-ND-CA 4.750 180.0 
NA-CA-CA-ND 3.625 180.0 
NA-CA-CA-CA 3.625 180.0 
NA-CA-NB-CA 4.800 180.0 
CC-NA-C3-H2 0.000 0.0 
CC-NA-CA-CA 0.300 180.0 
CC-NA-CA-NB 0.300 180.0 
CC-ND-CA-CA 4.800 180.0 
ND-CC-NA-CA 1.700 180.0 
ND-CA-CA-NH 3.625 180.0 
ND-CA-CA-NB 3.625 180.0 
CA-ND-CC-H5 4.750 180.0 
CA-CA-NH-HN 1.050 180.0 
CA-CA-NB-CA 4.800 180.0 
CA-CA-CA-NB 3.625 180.0 
CA-NB-CA-NB 4.800 180.0 
CA-NB-CA-H5 4.800 180.0 
NH-CA-CA-CA 3.625 180.0 
NH-CA-NB-CA 4.800 180.0 
NB-CA-NH-HN 1.050 180.0 
CA-NA-C3-H2 0.000 0.0 
CA-NA-CC-H5 1.700 180.0 

NC-C-N-C 2.500 180.0 
NC-C-N-HN 2.500 180.0 
NC-CD-CD-C 4.000 180.0 

NC-CD-CD-NC 4.000 180.0 
NC-CD-NA-CA 1.700 180.0 
NC-CD-NA-C3 1.700 180.0 
C-NC-CD-CD 4.750 180.0 
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Table 17 (continued) 

C-NC-CD-NA 4.750 180.0 
C-N-C-O 2.500 180.0 

C-N-C-CD 2.500 180.0 
O-C-NC-CD 4.000 180.0 
O-C-N-HN 2.500 180.0 
O-C-N-HN 2.000 0.0 

N-C-NC-CD 4.000 180.0 
N-C-CD-NC 2.875 180.0 
N-C-CD-CD 2.875 180.0 

C-CD-NC-CA 4.750 180.0 
C-CD-CD-NA 4.000 180.0 
O-C-CD-NC 2.875 180.0 
O-C-CD-CD 2.875 180.0 
CD-C-N -HN 2.500 180.0 

CD-NC-CA-CA 4.800 180.0 
CD-CD-NA-CA 1.700 180.0 
CD-CD-NA-C3 1.700 180.0 
NC-CD-CD-NA 4.000 180.0 
NC-CA-CA-CA 3.625 180.0 
NC-CA-CA-HA 3.625 180.0 
NC-CA-CA-NA 3.625 180.0 
CA-NC-CD-CD 4.750 180.0 
CA-CA-CA-C3 3.625 180.0 
CA-CA-CA-CA 3.625 180.0 
CA-CA-CA-HA 3.625 180.0 
CA-CA-NA-CD 0.300 180.0 
CA-CA-C3-HC 0.000 0.0 
C3-CA-CA-HA 3.625 180.0 
C3-CA-CA-C3 3.625 180.0 
CA-NA-C3-H1 0.000 0.0 

NA-CA-CA-HA 3.625 180.0 
CD-NA-C3-C3 0.000 0.0 
CD-NA-C3-H1 0.000 0.0 
H1-C3-C3-H1 0.156 0.0 

H1-C3-OH-HO 0.167 0.0 
H1-C3-C3-H2 0.156 0.0 
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Table 17 (continued) 

Improper torsions nV /2 (kcal mol-1) ϕ /  ̊ 
C3-CA-NA-CC 1.1 180.0 
H5-NA-CC-ND 1.1 180.0 
CA-CA-CA-ND 1.1 180.0 
CA-NB-CA-NH 1.1 180.0 
CA-HN-NH-HN 1.1 180.0 
H5-NB-CA-NB 1.1 180.0 
CA-NA-CA-NB 1.1 180.0 
C3-CA-NA-CD 1.1 180.0 

N-NC-C-O 10.5 180.0 
C-C-N-HN 1.1 180.0 
CD-N-C-O 10.5 180.0 

C-CD-CD-NC 1.1 180.0 
CA-CA-CA-NC 1.1 180.0 
CA-CA-CA-HA 1.1 180.0 
C3-CA-CA-CA 1.1 180.0 
CA-CA-CA-NA 1.1 180.0 
CA-CD-NA-HN 1.1 180.0 
CD-NA-CD-NC 1.1 180.0 
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Table 17 (continued) 

Non-bond interactions *R /Å bε / kcal mol-1 
P5 2.1000 0.2000 
OS 1.6837 0.1700 
OH 1.7210 0.2104 
CC 1.9080 0.0860 
ND 1.8240 0.1700 
NH 1.8240 0.1700 
NB 1.8240 0.1700 
H1 1.3870 0.0157 
HO 0.0000 0.0000 
H2 1.2870 0.0157 
H5 1.3590 0.0150 
NC 1.8240 0.1700 
C 1.9080 0.0860 
O 1.6612 0.2100 
N 1.8240 0.1700 

CD 1.9080 0.0860 
CA 1.9080 0.0860 
C3 1.9080 0.1094 
NA 1.8240 0.1700 
HN 0.6000 0.0157 
HC 1.4870 0.0157 
HA 1.4590 0.0150 

 

Table 18: Missing dihedral angles and improper torsional angles in the FAD 
parameters. 

 nV /2 (kcal mol-1) ϕ /  ̊ 
Regular torsions   
CA-CD-NA-C3 1.100 180.0 

4.3.3.2 Validation of FAD parameters  

We added the missing parameters (Table 18) and reparameterized the full set of 

parameters again. The geometries minimized using these parameters in Amber223,224 and 
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those optimized with Gaussian 09120 at the HF level using a 6-31G(d) basis set are listed 

in Table 19.  

Table 19: Optimized bonds, angles and dihedral angels for FAD with Amber 
MM minimization and HF QM optimization. The relative errors and the standard 
deviation of ralative errors were calculated based on the HF QM values. The 
corresponding atom numbers are listed in Figure 27. 

 QM bond length Amber bond length Relative error 
N1-C1 1.378 1.386 0.6% 
C1-O1 1.189 1.183 -0.5% 
C1-N2 1.401 1.380 -1.5% 
C2-N2 1.366 1.397 2.3% 
C2-O2 1.189 1.194 0.4% 
C2-C3 1.496 1.503 0.5% 
C3-N3 1.267 1.276 0.7% 
N3-C4 1.376 1.366 -0.8% 
C4-C5 1.400 1.385 -1.1% 
C5-C6 1.372 1.397 1.8% 
C6-C7 1.511 1.520 0.6% 
C6-C8 1.417 1.409 -0.6% 
C8-C9 1.509 1.522 0.8% 
C9-C10 1.378 1.398 1.5% 
C4-c11 1.390 1.402 0.9% 
C11-N4 1.376 1.411 2.5% 
C12-N1 1.279 1.272 -0.5% 
N2-C13 0.999 1.485 0.7% 
C7-H2 1.086 1.092 0.6% 
C7-H3 1.083 1.092 0.8% 
C7-H4 1.086 1.092 0.6% 
C9-H5 1.082 1.092 0.9% 
C9-H6 1.085 1.092 0.6% 
C9-H7 1.085 1.091 0.6% 
N4-H8 0.999 1.080 0.3% 
C5-H9 1.074 1.081 0.7% 

C10-H10 1.076 1.002 0.3% 
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Table 19 (continued) 

 QM angle Amber angle Relative error 
O1-C1-N1 123.31 122.80 -0.4% 
N2-C1-N1 117.98 117.96 0.0% 
C2-N2-C1 128.29 127.57 -0.6% 
O2-C2-N2 123.4 123.51 0.1% 
C3-C2-N2 112.34 111.77 -0.5% 
N3-C3-C2 120.2 118.38 -1.5% 
C4-N3-C3 119.77 119.06 -0.6% 
C5-C4-N3 119.76 118.10 -1.4% 
C6-C5-C4 121.56 120.72 -0.7% 
C7-C6-C5 120.46 118.49 -1.6% 
C8-C6-C5 118.61 120.04 1.2% 
C9-C8-C6 120.31 121.19 0.7% 
C10-C8-C6 120.24 119.91 -0.3% 
C11-C4-N3 120.96 122.79 1.5% 
N4-C11-C4 117.69 118.21 0.4% 
C12-N1-C1 119.21 122.25 2.6% 
H1-N4-C1 120.59 120.15 -0.4% 
H2-C7-C6 111.64 110.53 -1.0% 
H3-C7-C6 110.63 111.51 0.8% 
H4-C7-C6 111.64 110.46 -1.1% 
H5-C9-C8 111.2 111.61 0.4% 
H6-C9-C8 111.09 110.53 -0.5% 
H7-C9-C8 111.09 110.41 -0.6% 
H8-N2-C1 115.08 118.85 0.1% 
H9-C5-C4 117.32 117.80 0.4% 

H10-C10-C8 120.16 115.19 -1.1% 
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Table 19 (continued) 

             QM dihedral angle Amber dihedral  angle Relative error 
N2-C1-N1-O1 -180.0 -180.0 0.0% 
C2-N2-C1-N1 0.0 -0.40 0.0% 
O2-C2-N2-C1 180.0 179.6 -0.2% 
C3-C2-N2-C1 -0.0 -0.2 0.0% 
N3-C3-C2-N2 -180.0 -179.3 -0.4% 
C4-N3-C3-C2 180.0 178.5 -0.8% 
C5-C4-N3-C3 -180.0 -178.4 -0.9% 
C6-C5-C4-N3 180.0 179.0 -0.5% 
C7-C6-C5-C4 180.0 179.9 0.0% 
C8-C6-C5-C4 0.0 -0.07 0.0% 
C9-C8-C6-C5 -180.0 -179.9 -0.1% 
C10-C8-C6-C5 0.0 0.07 0.0% 
C11-C4-N3-C3 0.0 0.8 0.0% 
N4-C11-C4-N3 0.0 1.8 0.0% 
C12-N1-C1-O1 180.0 179.9 0.0% 
C13-N4-C1-C4 -180.0 173.4 -3.7% 
H2-C7-C6-C5 119.9 121.7 1.5% 
H3-C7-C6-C5 0.008 1.8 0.0% 
H4-C7-C6-C5 -119.9 -118.2 -1.4% 
H5-C9-C8-C6 -180.0 -177.1 -1.6% 
H6-C9-C8-C6 -59.7 57.3 1.0% 
H7-C9-C8-C6 59.7 62.8 1.8% 
H8-N2-C1-N1 180.0 179.7 -0.2% 
H9-C5-C4-N3 0.0 -0.7 0.0% 

H10-C10-C8-C6 -180.0 -180.0 0.0% 

 

4.3.4 Summary of FAD parameterization  

For the flavin, several bonds length and angles values in the GAFF 

parameterization minimized geometry of Amber differ considerably from those in the 

optimized geometry at the HF level with the 6-31G(d) basis set. Based on the differences 

of these two sets of geometries, we adjusted some of the equilibrium values and force 
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constants for bonds and angles. The final sets of parameters for the flavin are shown in 

Table 14. Both the default values in GAFF and the adjusted values for bonds and angles 

are listed in Table 14. (The parameters for bonds and angles keeping the default values 

in GAFF are labeled as “no adjustment”.) Because no dihedral angles, improper angles, 

and non-bond interaction parameters were changed, the values shown in Table 14 for 

these parameters are the default GAFF parameters. The structural parameters calculated 

after geometry minimization at the Amber MM level for the flavin ring with both the 

GAFF parameters and the adjusted parameters, are compared with their QM 

counterparts at the HF level in Table 15. The equilibrium values of several bond lengths 

and angles were improved after reparameterization. 

As the force constants of some bonds and angles in the flavin were changed (see 

Table 14) as a consequence of getting the correct bond lengths and angles, the normal 

mode calculations were performed for flavin with both MM and QM methods (shown in 

Figure 25 and Table 16) to examine whether the adjustment of parameters changes the 

vibrational spectrum.  The high frequency normal modes for flavin in the Amber GAFF 

minimized structure are 402 cm-1 offset from those values of the crystal structure, on 

average. With our adjusted parameters, the high frequency normal modes for the Amber 

minimized structure have improved to just 18 cm-1 offset from those values of the crystal 

structure, on average.  
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The FAD in WT Arabidopsis thaliana cryptochrome exhibits a strong absorption 

peak at 447 nm in experiments214. The computed MD averaged linear absorption 

spectrum calculated by the INDO/S methods has a peak at 400 nm. We speculate that the 

difference of the spectral peak is due to the non-planar structure of FAD in the 

simulation. We took the FAD planar structure from the crystal structure (27(a)) and the 

non-planar structure from the MD simulation (right side in Figure 27(b)). The linear 

absorption spectrum calculated with BHandHLYP/6-31g* peaks at 456 nm for the planar 

structure and at 405 nm for the non-planar structure, which indicates that the nonplanar 

structures are not populated and there is something wrong with the GAFF parameters. 

As such, we examined all of the parameters generated by GAFF and found one of these 

parameters was missing, which was the dihedral angle CA-CD-NA-C3.  Adding this 

dihedral angle to the parameter set, we found a planar structure for FAD in the 

simulation. The final parameters of FAD are shown in Table 17 and Table 18 (missing 

parameter added to the final parameters) together. 

4.4 Absorption spectra of FAD in Arabidopsis thaliana 
cryptochrome 

4.4.1 Linear absorption spectrum calculations for FAD 

The aim of the excited-state calculations is to identify the lowest singlet state of 

FAD, which we took to be the electron-acceptor state for the primary ET reaction in 

cryptochrome: ( )−++ → +
11 * *400 400Trp FAD Trp FAD . The blue light reduces FAD in 
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about 1 ps through charge separation with an adjacent Trp400217. The experimental 

absorption spectrum of FAD in Arabidopsis thaliana cryptochrome (Figure 28) has a 

strong maximum at λ ≈ 447 nm 214.  

 

Figure 28: Experimental flavin photoreduction in isolated wild-type as well as 
W324F and W400F mutant cry1 proteins under continuous illumination.216  

4.4.1.1. Linear absorption spectra calculations of FAD in TDDFT 

The linear absorption spectra of FAD were calculated using TD-DFT on 5 

snapshots (frame400, frame500, frame600, frame700 and frame800). Three different basis 

sets were tested, LANL2DZ, 6-31G(d) and 6-31+G(d). The computational results 

indicated that the 6-31g(d) and LANL2DZ basis set were not sufficient for the FAD 

system because the molecule was unstable to ionization and the electrons do not bind 
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with these two basis sets (with a positive HOMO eigenvalues). The peak of the linear 

spectrum calculated by BHandHLYP/6-31+G(d) appeared at 418 nm in the solvation 

calculations. The QM region in the TD-DFT calculations included FAD and residue 498(

+2Mg ) to neutralize the system. The solvation environment included the point charges of 

active site residues Tyr235, Thr247, Ser248, Phe249, Leu250, Ser251, Pro252, Phe290, 

Trp356, Arg360, Arg362, Asp390, Asp392, Asp396, Trp324, Trp377 and Trp400 of 

cryptochrome, water molecules within a radius of 5 Å of FAD, as well as +Na and −Cl  

ions within radius of 40 Å of FAD. The total charge of point charges of the solvation 

environment described above is zero and the total charge of the QM region is also zero. 

The CI wavefunctions of the excitations are all a linear combination of excited 

determinants (shown in Table 20), except for frame 400. The table 20 shows the 

absorption wavelengths for the maximum oscillator strength transitions for different 

MD frames, also the underlying occupied-MO to virtual-MO excitations that contribute 

most to the many-electron excited states involved in each transition and the 

corresponding CI coefficients. The molecular orbitals involved in these excited 

transitions are shown in Figure 29. The main component of the excitation is the 

transition from HOMO-2 to LUMO+1 or from HOMO to LUMO+2, which is a *π π→

excitation from the molecular orbital analysis. It involves the removal of an electron 

from a π  MO that is localized on the flavin ring, to a *π  MO that is also localized on the 
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distal side of the flavin ring (see Table 20 and Figure 29). The other excitation 

determinants are not related to this *π π→  excitation.  

Table 20: Computed linear absorption spectrum of FAD in the solvation 
environment represented by point charges as describe above (BHandHLYP/6-31+G(d) 
level). The table shows the absorption wavelengths for the maximum oscillator 
strength transitions for different MD frames. Also shown are the underlying 
occupied-MO to virtual-MO excitations that contribute most to the many-electron 
excited states involved in each transition. 

 Excitation peak Main transition 
frame400 413 nm 207 ->211         1.00 

frame500 414 nm 
207 ->211         0.68 
209 ->214        -0.12 

frame600 421 nm 
178 ->210         0.12 
209 ->212        -0.59 

frame700 431 nm 
203 ->212         0.12 
209 ->212        -0.63 

frame800 428 nm 
203 ->212        -0.23 
209 ->212        -0.58 
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a) frame400 

    
         MO 207(HOMO-2)                           MO 211(LUMO+1) 
 
 
 
 
 

Figure 29 
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b) frame500 

     
        MO 207(HOMO-2)                           MO 209(HOMO) 

      
MO 211(LOMO+1)                           MO 214(LUMO+3) 
 
 
 
 
 
 
 
 

Figure 29 (continued) 
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c) frame600 

     
      MO 178(HOMO-21)                           MO 209(HOMO) 
 

       
        MO 210(LOMO)                              MO 212(LUMO+2) 
 
 
 
 
 
 
 

Figure 29 (continued) 
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d) frame700 

     
      MO 203(HOMO-6)                         MO 209(HOMO) 

 
          MO 212(LUMO+2) 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 29 (continued) 
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e) frame800 

    
          MO 203(HOMO-6)                         MO 209(HOMO) 

 
        MO 212(LUMO+2) 

Figure 29 (continued): Molecular orbitals of FAD involved in the optical 
excition in TD-DFT calculations(BHandHLYP/6-31+G(d)). (See Table 20 for the CI 
coefficient for the first excited state) 

4.4.1.2. Linear absorption spectra calculations of FAD in INDO/S 

While the TDDFT results are consistent with the experimental linear absorption 

spectrum, the calculations are very expensive.  The INDO/S methods are efficient in 

predicting the linear absorption spectrum and ET couplings.37,161,163 As long as the 

INDO/S linear absorption spectra are in good agreement with the TDDFT and 

experimental linear spectra, we would like to apply this less expensive semiempirical 
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method to study the dynamic fluctuations of the ET energy gaps and the ET couplings 

along the MD trajectory. 

Two solvation environments were tested for the INDO/S calculations. The first 

one included the QM region as FAD. The solvation environment included the point 

charges of active site residues Tyr235, Thr247, Ser248, Phe249, Leu250, Ser251, Pro252, 

Phe290, Trp356, Arg360, Arg362, Asp390, Asp392, Asp396, Trp324, Trp377 and Trp400 

of cryptochrome, water molecules within a radius of 5 Å of FAD, +Na and −Cl  ions 

within a radius of 40 Å of FAD. The total charge of the point charge of the solvation 

environment is zero and the total charge of the QM region is -2 in this case. The electrons 

of HOMO of FAD in this solvation model are not bonded (positive HOMO energy 

eigenvalues). We studied the active sites and found that residues Tyr235, Thr247, and 

Ser248 of cryptochrome (which are located near the phosphate in FAD) formed 

hydrogen bonds with the oxygen of phosphate. For this reason, we changed the QM 

region in the INDO/S calculation to include FAD and residue 498( +2Mg ) to neutralize 

the system. The QM region also included residues Tyr235, Thr247 and Ser248, as well as 

water molecules within a radius of 5 Å of FAD. The new solvation environment 

included the point charges of the active site residues Phe249, Leu250, Ser251, Pro252, 

Phe290, Trp356, Arg360, Arg362, Asp390, Asp392, Asp396, Trp324, Trp377 and Trp400 

of cryptochrome, Na+  and Cl−  ions within a radius of 40 Å of FAD. The total charge of 

these solvation point charges is zero and the total charge of the QM region is also zero. 
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The Lorentzian function (Eq. 4. 2) with 0.4eVΓ = was used to broaden each 

computed linear absorption spectrum transition. The Lorentzian distribution is:    

π

 
Γ 

=  
 − + Γ  

2 2
0

1
1 2( )

1( ) ( )
2

L x
x x

                                              (4.2) 

where 0x  is the excitation energy of the transition and Γ  is a parameter specifying the 

width. The Lorentzian function is normalized and has a maximum at = 0x x , where the 

maximum is 
π

=
Γ0
2( )L x

 
and is equal to half its maximum at = ± Γ0

1
2

x x . The averaged 

linear absorption spectrum was obtained by averaging the lorentzian broadened linear 

absorption spectra over 1,000 MD snapshots. Γ values from 0.1 to 0.5 with 0.1 interval 

were also tested. These Γ values gave the different broadenings. The value of 0.4 eV was 

chosen because it best reproduced the shapes of the experimental linear absorption 

spectrum. The averaged linear absorption spectrum is plotted in Figure 30 with the 

maximum of the FAD averaged absorption spectrum at λ = 434 nm , which is in good 

agreement with the experimental spectrum214 (Figure 28). 
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Figure 30: Absorption spectrum of FAD in Arabidopsis thaliana cryptochrome 

in gas-phase INDO/S calculation. The QM region in the INDO/S calculation also 
include residue 498( +2Mg ) to neutralize the system, residues Tyr235, Thr247 and 
Ser248 of cryptochrome which are located  near the phosphate in FAD and form 
hydrogen bonding with the  oxygen of the phosphate, and water molecules within a 
radius of 5 Å of FAD. The solvation environment includes the point charges of active 
site residues Phe249, Leu250, Ser251, Pro252, Phe290, Trp356, Arg360, Arg362, Asp390, 
Asp392, Asp396, Trp324, Trp377 and Trp400 of cryptochrome, Na+  and Cl−  ions 
within radius of 40 Å of FAD. 

The peak of 434 nm in the calculation with the solvation environment 

corresponds to the single CI determinant with a HOMO to LUMO+n ( ≤ 4n ) transition 

(Figure 31) in all the 1000 snapshots. The maximum at 434 nm of the neutralized FAD 

solvated system corresponds to the π π→ * excitation of the flavin.  
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a) frame400 

 
                      HOMO                                                        LUMO+3 
 

b) frame500 

  
                       HOMO                                                        LUMO+1 
 

c) frame600 

 
                     HOMO                                                        LUMO+2 
 

Figure 31 
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d) frame700 

   
                      HOMO                                                        LUMO+3 
 

 
e) frame800    

 
                  HOMO                                                        LUMO+4 

 
Figure 31 (continued): Molecular orbitals of FAD involved in the excitations in 

INDO/S calculations with solvation. 

  4.4.2 Orbital energies and plots of frontier orbitals of FAD+Trp400 

To analyze ET reactions in cryptochrome, we need to understand not only the 

photo-induced flavin electron-acceptor states (A) but also the nature of the Trp electron-

donor states (D). The D states are taken as the filled molecular orbitals (MOs) of Trp 

closest in energy to the empty (hole) MOs of the A states of flavin. So we need three sets 

of calculations, Trp400 only, FAD only and FAD+Trp400. Recall from section 4.4.1 that 
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the FAD only calculations were done with a solvation environment. The QM region in 

the INDO/S calculation included FAD and also residue 498( +2Mg ) to neutralize the 

system, residues Tyr235, Thr247 and Ser248 of cryptochrome, and water molecules 

within a radius of 5 Å of FAD. The solvation environment also included the point 

charges of active site residues Phe249, Leu250, Ser251, Pro252, Phe290, Trp356, Arg360, 

Arg362, Asp390, Asp392, Asp396, Trp324, Trp377 and Trp400 of cryptochrome, Na+ and 

Cl− ions within a 40 Å radius of FAD. The Trp filled MOs in the discussion that follows 

were   computed by ground-state semi-empirical INDO/S analysis where the QM region 

included Trp400 only. The solvation environment included the point charges of FAD, 

the active site residues Tyr235, Thr247, Ser248, Phe249, Leu250, Ser251, Pro252, Phe290, 

Trp356, Arg360, Arg362, Asp390, Asp392, Asp396, Trp324 and Trp377  of cryptochrome, 

residue 498( +2Mg ),  water molecules within a radius of 5 Å of FAD, and +Na and −Cl

ions within radius of 40 Å of FAD.  The FAD+Trp400 system calculations in the 

following analysis were also done   using INDO/S. The QM region included FAD, 

Trp400 and residue 498( +2Mg ) to neutralize the system, residues Tyr235, Thr247 and 

Ser248 of cryptochrome, and water molecules within a radius of 5 Å of FAD. The 

solvation environment also included the point charges of active site residues Phe249, 

Leu250, Ser251, Pro252, Phe290, Trp356, Arg360, Arg362, Asp390, Asp392, Asp396, 

Trp324 and Trp377 of cryptochrome, and Na+ and Cl−  ions within a 40 Å radius of 

FAD. 
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Five snapshots (frame400, frame500, frame600, frame700 and frame800) were 

chosen randomly to show the properties of the MOs for FAD and Trp400. The linear 

absorption spectrum for FAD and Trp400 in an INDO/S calculation corresponds to the 

single CI determinant with a transition from orbital HOMO-2 (or HOMO-1) to LUMO+n 

( ≤ 4n ) (Figure 32). The MOs related to the excitations in FAD+Trp400 are almost 

identical to those in the FAD calculations, with respect to the spatial distribution of the 

orbitals (Figure 32 and Figure 33) and the orbital energies (Figure 34). For FAD+Trp400, 

the electron of the HOMO is localized on Trp400 (Figure 32). The HOMOs of Trp400 for 

the five snapshots are shown in Figure 33. The MOs (Figure 32) and orbital energies 

(Figure 34) of orbital HOMO in FAD+Trp400 are almost the same as those of the HOMO 

of just Trp.  

The electron donor state (D) is chosen to be the highest occupied molecular 

orbital of Trp400. The electron acceptor state (A) is chosen to be the molecular orbital 

(MO) of FAD which loses an electron in the S0  S1 transition of FAD (see Figure 32) 

with the highest oscillator strength. The MO selected as the acceptor state, is a π orbital 

localized on the side of the flavin isoalloxazine ring that is closest to Trp400. The electron 

transfer occurs largely from HOMO (localized on Trp400) to HOMO-1 or HOMO-2 

(localized on flavin ring in FAD) in the neutralized FAD-Trp system.  
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a) frame400    

       
          HOMO-1                                                        HOMO 

 
       LUMO+3 
 
 

 
 
 

Figure 32 
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b) frame500 

    
       HOMO-1                                                        HOMO 

 
       LUMO+1 
 
 
 
 
 
 
 
 
Figure 32 (continued) 
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c) frame600 

  
            HOMO-2                                                        HOMO 

 
         LUMO+2 
 
 
 
 
 
 
 
Figure 32 (continued) 
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d) frame700 

 
             HOMO-2                                                        HOMO 

 
                    LUMO+4 
 
 
 
 
 
 
 
 
 
Figure 32 (continued) 
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e) frame800      

 
                             HOMO-1                                                        HOMO 
 

 
                     LUMO+4 

Figure 32 (continued): Frontier molecular orbitals of the FAD-Trp400 system 
involved in the CIS excitations in the solvated INDO/S calculations (The QM region 
included FAD, Trp400 and residue 498( +2Mg ) to neutralize the system, residues 
Tyr235, Thr247 and Ser248 of cryptochrome, and water molecules within a radius of 5 
Å of FAD. The solvation environment includes the point charges of active site 
residues Phe249, Leu250, Ser251, Pro252, Phe290, Trp356, Arg360, Arg362, Asp390, 
Asp392, Asp396, Trp324 and Trp377 of cryptochrome, as well as +Na and −Cl  ions 
within a 40 Å radius of FAD). An electron from a π MO that is localized on the flavin 
ring, is excited to a π* MO that is also localized on the flavin ring. This displacement 
of electron amplitude creates a hole, thus allowing electron transfer to flavin from the 
highest occupied molecular orbital of the adjacent Trp400.    

 



 

 

149 

a) frame400                               b) frame500                       c) frame600 

 
d) frame700                         e) frame 800 

 
Figure 33: HOMO of Trp400 in solvated INDO/S calculations (The QM region 

includes Trp400 only. The solvation environment includes the point charges of FAD, 
the active site residues Tyr235, Thr247, Ser248, Phe249, Leu250, Ser251, Pro252, 
Phe290, Trp356, Arg360, Arg362, Asp390, Asp392, Asp396, Trp324 and Trp377 of 
cryptochrome, residue 498( +2Mg ), water molecules within a radius of 5 Å of FAD, as 

well as +Na and −Cl ions within a 40 Å radius of FAD). 
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a) frame400 
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Figure 34 
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c) frame600 
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d) frame700 

-6

-5

-4

-3

-2

-1

0

1

2

 

HOMO-2HOMO

HOMO

LUMO+4

En
er

gy
/e

V

FAD FAD+TRP TRP

LUMO+4

HOMO

 
 
 
Figure 34 (continued) 
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e) frame800 
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Figure 34 (continued):  The frontier orbital energies of three systems (FAD 
only, FAD-Trp400 and Trp400 only) from solvated INDO/S calculation. The solvation 
environments for three systems were described at the beginning of section 4.4.2. 

4.4.3 Summary of linear absorption spectra calculations 

The aim of the excited-state calculations is to identify and characterize the lowest 

singlet state of FAD. In TD-DFT calculations at BHandHLYP/6-31+g(d) level, the excited 

state of the FAD linear spectrum is mostly a linear combination of several excited 

determinants. In the INDO/S calculations, the peak of the 434 nm in the solvated 

calculation is the single CI determinant excitation in all the 1000 snapshots, which 

corresponds to the π π→ * excited state of the flavin.  

In the orbital picture, the electron donor state (D) was chosen to be the highest 

occupied molecular orbital of Trp400, which is the HOMO of FAD-Trp400 system. The 

electron acceptor state (A) was chosen to be the molecular orbital (MO) of FAD which 
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loses an electron in the S0  S1 transition of FAD with the highest oscillator strength, 

which is the HOMO-1 (HOMO-2 for some snapshots) in FAD-Trp400 system. Shown in 

Figure 32, the electron transfer occurs from the HOMO (localized on Trp400) to HOMO-

1(or HOMO-2) (localized on flavin ring in FAD) in the neutralized FAD-Trp400 system. 

The generalized Mulliken-Hush (GMH) approach will next be applied between these 

two orbitals to compute the electronic coupling. 

4.5 Electronic coupling calculations 

4.5.1 Electronic coupling calculations between FAD and Trp400 in 
cryptochrome 

Semiempirical quantum mechanics based on an INDO/S Hamiltonian, with a 

two-state GMH analysis of couplings, was used to calculate DAH
 
for protein snapshots 

and to characterize the electronic structures of the initial and final states involved in ET. 

The QM region in the INDO/S calculations included the FAD and Trp400, as well as 

residue 498( +2Mg ) to neutralize the system, as well as water molecules within a radius 

of 5 Å of FAD. The QM region also included residues Tyr235, Thr247 and Ser248 of 

cryptochrome which were located near the phosphate in FAD and formed hydrogen 

bonds with the oxygen of the phosphate group. The solvation environment includes the 

point charges of active-site residues Phe249, Leu250, Ser251, Pro252, Phe290, Trp356, 

Arg360, Arg362, Asp390, Asp392, Asp396, Trp324 and Trp377 of cryptochrome, +Na and 

−Cl ions within a 40 Å radius of FAD. Typically, the INDO/S calculations contained 215 
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atoms from protein and solvent. The total charge of the point charges of the solvation 

environment is zero and the total charge of the QM region is also zero. 

In an orbital picture, the electron donor state (D) was chosen to be the highest 

occupied molecular orbital of Trp400, which is the HOMO of the FAD-Trp system. The 

electron acceptor state (A) is assumed to be the excited states of the FAD. Here, in the 

orbital picture, we chose the molecular orbital (MO) of FAD (from which an electron is 

excited) as an approximation of our acceptor MO. This MO of FAD, which loses an 

electron in the S0  S1 transition of FAD with the highest oscillator strength, is the 

HOMO-1 (HOMO-2 for some snapshots) in the FAD-Trp400 system. Replacing states 

with orbitals in GMH is widely used in calculating the coupling elements in various 

ground state systems54,161,225(e.g. in DNA/PNA and in proteins). The electron transfer is 

assumed to occur from the HOMO localized on Trp400 to HOMO-1 localized on the 

flavin ring in FAD (several are localized on HOMO-2) in the neutralized FAD-Trp400 

system (Figure 32). The HOMO and HOMO-1 (or HOMO-2) obtained from the INDO/S 

calculations correspond to the CT-active species (donor and acceptor states). To probe 

the localization of the electron, we define iL  in eq. 3.3 as the sum of the squared 

molecular orbital coefficients ( iuC ) for molecular orbital i  (ψ MO
i ) to identify whether MO 

i  is localized in the donor or acceptor set. 

When  D
iL  on the Trp400 is larger than 0.8, MO i  is identified as being localized 

on the donor. If A
iL  on the flavin is larger than 0.8, MO i  is localized on the acceptor 
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region. The thresholds value of iL  guarantee that the coupling calculation is be done 

between the flavin ring of FAD and Trp400, as described below. The GMH coupling is 

calculated between the HOMO and the HOMO-1 when the HOMO is localized on 

Trp400 and the HOMO-1 is localized on the FAD (Figure 32). When the FAD is localized 

in the HOMO-2 but not the HOMO-1, the thresholds of A
iL will guarantee that the 

coupling calculation excludes the HOMO-1 because −( 1)A
iL HOMO  is almost zero. 

(Only when 2( )A
iL is larger than 0.5, the orbital will be counted in the coupling 

calculation). In this case, the coupling will be calculated between the HOMO and the 

HOMO-2 because the HOMO-2 is localized on FAD and −( 2)A
iL HOMO  is larger than 

0.8 (Figure 32).  

For the pair of donor and acceptor molecular orbitals (e.g., ∈i D and ∈j A ), the 

two-state GMH ijH  value is computed by eq. 3.4. Here, ∆ ijE  is the transition energy 

between donor and acceptor MOs, µi  and µ j are the corresponding dipole moments, 

and µij  is the transition dipole moment between donor and acceptor. (Note that the 

molecule must be aligned with its dipole moments to apply eq. 3.4, since the dipole is a 

vector.) We computed the mean-squared averaged < >2
DAH  using the last 1,000 

snapshots from the MD simulations is −< >= ×2 51.5 10DAH eV2 and averaged coupling is

−< > = × 82.2 10DAH eV2. The mean-squared averaged ET coupling over about 100 

snapshots ( −< >= ×2 55.9 10DAH  eV2) by INDO/S was reported in a previous unpublished 
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study of the photoselected electron transfer pathways of Arabidopsis thaliana 

cryptochrome by Prytkova in Beratan’s group241.  

4.5.2 Validation of one-electron approximation GMH method.  

The GMH approach is useful for calculating the electronic coupling element for 

electron transfer50,51,57,148,149,161,167,168. The original many-electron GMH formulation requires 

correlated electronic structure calculations and thus limits the accessible size of the 

systems57,58,168,227,236-238. Ground state ET can be treated in terms of a one-electron 

approximation.50,168,239 The two-electron integrals contributing to the coupling based on 

the INDO/S framework can be neglected239(see section 4.5.2.2). The one-electron version 

of the GMH method, by replacing many-electron states with the corresponding localized 

donor and acceptor orbitals in GMH, has proven to be a useful approximation in ground 

state ET of PNA/DNA45,46,50,57,161,236 and in proteins225 although rigorous testes have not 

been performed for excited states.  

4.5.2.1 ET coupling calculation example (ZnP-to-heme) to support the one-electron 
approximation 

Here a calculation example on a ZnP-to-heme ET system was carried out to test 

the validity of the GMH orbital method. The ET rates of model systems were measured 

in experiments by Therien’s group in 199573,240. The structures of the model system are 

shown in Figure 35. The experimental driving force and reorganization energy240, 

computed ET coupling and both the experimental ET rates and computational ET rates 

are listed in Table 21. The ET coupling was calculated by replacing the states with 
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orbitals in the INDO/S-GMH approach. The computation ET rates were calculated by 

the high-temperature non-adiabatic ET rate equation:  

( )λπ
λπλ

 ∆ + = −
 
 



2

22 1 exp
44ET DA

BB

G
k H

k Tk T
                                  (4.3)

 

The calculated ET rates for model system replaced the states with orbitals in the 

INDO/S-GMH approach, and the calculated data were in good agreement with the 

experimental results.               

 
                                               (a) Compound 1 

 
                                               (b) Compound  2 

 

Figure 35 
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                                          (c)  Compound  3 

 

Figure 35 (continued): ET model compounds used in this study. 

 

Table 21: Driving force and ET rates (both experimental ET rates and 
computational ET rates) for the model systems. 

                                                  Cal Exp 
ET system DAH

4 (10 )eV−               

λ  
eV  

∆G  
eV  

ETk  

9 1(10  s )−  
ETk  

9 1(10  s )−  
1 2.0 1.0 -0.7 8.1 2.8 
2 0.95   1.0 -0.87 4.3 1.3 
3 0.82 1.0 -0.87 8.8 1.1 

 

4.5.2.2 Two-electron interaction integrals can be neglected within the INDO/S 
framework for FAD-Trp400. 

This section below was developed in close collaboration with and large inputs 

from Professor Spyridon Skourtis. Here the FAD one-electron orbital from which the 

electron is excited is denoted as ψ 1f  the virtual FAD one-electron orbital to which the 
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electron goes is denoted as ψ 2f  , and the Trp electron-donating orbital is denoted as ψ t

(Figure 36). The initial and final many-electron states are the following singlets (eq. 4.5):  

 
 

 

Figure 36: Diagram of initial and final many-electron state of FAD+Trp400. 
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The effective two-state Hamiltonian that involves the initial and final many-

electron states involved in the transfer is:  

 Ψ Ψ Ψ Ψ
=   Ψ Ψ Ψ Ψ 



IN IN IN FI

FI IN FI FI

H H
H

H H
                                                                 (4.5) 

The ET coupling between donor and acceptor states at the intersection of the 

reactant and product curves is defined as:  
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= Ψ ΨDA IN FIH H                                                                                               (4.6) 

where Ψ IN is the electronic wavefunction of the initial state (reactant) and ΨFI  is the 

electronic wavefunction of the final state (product) as shown in Figure 36. 

Writing  = +1 2H O O  (one-electron operator   ( )
=

= ∑1
1

N

i
O h i and two-electron 

operator  −

= >

= ∑∑ 1
2

1

N N

ij
i j i

O r  ) and using the Slater rules, we get for the coupling: 
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The one-electron part is: 

  ( )ψ ψ+ =1 1 1 | |FI IN FI IN f tA O A A O B h                                                          (4.8-1) 

  ( )ψ ψ+ =1 1 1 | |FI IN FI IN f tB O A B O B h                                                           (4.8-2)        

The two-electron part is: 
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The ET coupling between initial state and final state in FAD-Trp400 is: 

ψ ψ

ψ ψ ψ ψ ψ ψ ψ ψ ψ ψ ψ ψ

=

+
1

            1 1 1 1 2 2 1

    ( | | )

           ( | ) + ( | ) +  ( | )
DA f t

f t f f f t f f f t t t

H h
  (4.10) 

The two-electron terms in eq. 4.10 in the INDO/S approach can be neglected 

entirely because only the coulomb integrals ( )µµ λλ ( µ  is the atomic orbitals on D and 

λ  is the atomic orbitals on A) remain in the zero differential overlap (ZDO). So all the 

µλ( | )kk  integrals can be neglected entirely by ZDO approximation ( µ  is the atomic 

orbitals on D and λ  is the atomic orbitals on A, k  is the atomic orbitals either on D or on 

A)59,239. So the ET coupling between initial state and final state in FAD-Trp400 can be 

rewritten as eq.4.11 in INDO/S: 

 ( )ψ ψ= Ψ Ψ = | |DA FI IN f tH H h                                                                    (4.11) 

In conclusion, the one-electron approximation in GMH approach is proven to be 

a reasonable approximation by replacing states with orbitals in INDO/S. 

4.5.5 Summary of ET coupling calculations  

Semiempirical quantum mechanics INDO/S, with two-state GMH analysis of 

couplings, was used to calculate 2
DAH

 
for protein snapshots. The electron donor state (D) 

is chosen to be the highest occupied molecular orbital of Trp400, which is the HOMO of 

FAD-Trp system. The electron acceptor state (A) is chosen to be the molecular orbital 

(MO) of FAD which loses an electron in the S0  S1 transition of FAD with the highest 
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oscillator strength, which is the HOMO-1 (HOMO-2 for some snapshots) in FAD-Trp 

system (Figure 32). The electron transfer occurs from the HOMO localized on Trp400 to 

the HOMO-1 localized on flavin ring in FAD. We computed the mean-squared coupling

−< >= ×2 51.5 10DAH  eV2 using the last 1,000 snapshots from the MD simulations. The 

mean-squared averaged ET coupling over about 100 snapshots ( −< >= ×2 55.9 10DAH  eV2) 

by INDO/S was reported in a previous unpublished study of the photoselected electron 

transfer pathways of Arabidopsis thaliana cryptochrome by Prytkova in Beratan’s 

group241.  
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Appendix A-Abbreviation list 

Abbreviations Full name 
A acceptor 
Cc cytochrome c  
CcP cytochrome c peroxidase 
CPHF coupled-perturbed Hartree-Fock 
D donor 
DNA deoxyribonucleic acid 
ECP effective core potential 
ESP electrostatic potential 
ET electron transfer 
FAD flavin adenine dinucleotide 
FDPB finite difference Poisson-Boltzmann 
INDO intermediate neglect of differential overlap 
GMH generalized Mulliken Hush 
HF Hartree-Fock 
HOMO highest occupied molecular orbital 
HRS hyper-rayleigh light scattering 
LUMO lowest unoccupied molecular orbital 
LZ Landau Zener 
MD molecular dynamics 
MO molecular orbital 
NLO nonlinear optical 
PCM polarizable continuum model 
PNA peptide nucleic acid  
QM quantum mechanics 
RESP restrained electrostatic potential 
TDHF time-dependent hartree-fock 
TDDFT time-dependent density functional theory 
WT wild type 
ZDO zero differential overlap 

 

http://en.wikipedia.org/wiki/Peptide_nucleic_acid�
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Appendix B-Programs and scripts used 

B.1. Programs 

1. MD simulation program: NAMD 

2. Protein visualization program: VMD 

3. QM program: Gaussian 09 

4. Semi-empirical program: CNDO 

3. Orbital visualization program: Molekel 

4. FAD force field parameterization program: Amber (antechamber, parmchk, tleap) 

7. Reorganization energy program: Delphi 

8. PATHWAY program: PATHWAY plugin in VMD 

B.2. Scripts 

1.  Get snapshots: pdb.tcl (to get the snapshot in pdb files) or Get_PQR.tcl (get the 

snapshot in pqr files which include the charge) 

Usage: vmd -dispdev text <pdb.tcl > pdbgeneration.out  

Usage: vmd -dispdev text <Get_PQR.tcl> Get_PQR.out 

2. QM region pickup: pickQM_tmp.tcl and the executable file: pick 

 Usage: ./pick & 
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3. Awk file to convert .coor file into CNDO input .dat file: precndo.awk 

Usage:  gawk -v charge=0 -v mult=1 -f ./precndo.awk .coor > .dat 

4. Convert .xyz file into CNDO input.dat file: xyz_to_CNDO0 

Usage:  xyz_to_CNDO100  .xyz  .dat  charge multiplicity 

5. Batch file for INDO/S submission: res3watmycndo.q 

Usage:  qsub res3watmycndo.q& 

6. Get linear absorption spectra for each snapshot: executable file: gauss_cndo  

Usage: ./gauss_cndo  .gauss                             

7. Average linear absorption spectra: Average_gauss.py 

Usage:  python Average_gauss.py                    

8. Convert.log file to Molekel file: cndoLOG_to_molf_pointcharge   

Usage:  cndoLOG_to_molf_pointcharge  .log  .molf  #of atoms 

9. Coupling calculation: allcaltdarot.pl 

Usage:  calcndotda.pl -log cndo_logfile -d Atom_IDs -a Atom_IDs -t threshold 

10. Coupling Averaging: tda.csh 

Usage: ./tda.csh 
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