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Abstract 
Nature is challenged to move charge efficiently over many length scales.  From 

sub-nm to µm distances, electron-transfer proteins orchestrate energy conversion, 

storage, and release both inside and outside the cell.  Uncovering the detailed 

mechanisms of biological electron-transfer reactions, which are often coupled to bond-

breaking and bond-making events, is essential to designing durable, artificial energy 

conversion systems that mimic the specificity and efficiency of their natural 

counterparts.  Here, we use theoretical modeling of long-distance charge hopping 

(Chapter 3), synthetic donor-bridge-acceptor molecules (Chapters 4, 5, and 6), and de 

novo protein design (Chapters 5 and 6) to investigate general principles that govern 

light-driven and electrochemically driven electron-transfer reactions in biology.  We 

show that fast, µm-distance charge hopping along bacterial nanowires requires closely 

packed charge carriers with low reorganization energies (Chapter 3); singlet excited-

state electronic polarization of supermolecular electron donors can attenuate intersystem 

crossing yields to lower-energy, oppositely polarized, donor triplet states (Chapter 4); 

the effective static dielectric constant of a small (~100 residue) de novo designed 4-helical 

protein bundle can change upon phototriggering an electron transfer event in the 

protein interior, providing a means to slow the charge-recombination reaction (Chapter 

5); and a tightly-packed de novo designed 4-helix protein bundle can drastically alter 
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charge-transfer driving forces of photo-induced amino acid radical formation in the 

bundle interior, effectively turning off a light-driven oxidation reaction that occurs in 

organic solvent (Chapter 6).  This work leverages unique insights gleaned from proteins 

designed from scratch that bind synthetic donor-bridge-acceptor molecules that can also 

be studied in organic solvents, opening new avenues of exploration into the factors 

critical for protein control of charge flow in biology.   
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coupling and the initial amplitudes of each state. .................................................................. 88	

Figure 26: Speeding through degeneracy.  Explicitly shown is one of several slide bars, 

with its associated value, that the learner may manipulate: the speed (v) by which the 

energy of state 2 decreases [E2(t) = Δ – v t].  Other manipulatable parameters not 

displayed are the initial energy offset between states 1 and 2 (Δ = 10), the electronic 

coupling (V = -1) and the initial amplitudes (c1 = 1, c2 = 0) of each state. The double-sided 

black arrow denotes the time where the two energy levels are degenerate. After this 

time, the energy of state 2 continues to decrease with speed v.  The energy of state 1 is 

fixed at 0.  The dynamics are solved numerically in Mathematica. ...................................... 91	

Figure 27: STM images of isolated nanowires from wild-type MR-1, with lateral 

diameter of 100 nm and a topographic height of between 5 and 10 nm.194 (A) Arrows 

indicate the location of a nanowire and a step on the graphite substrate. (B) Higher 

magnification showing ridges and troughs running along the long axis of the structures. 

Figure reproduced with permission. Copyright (2006) National Academy of Sciences, 

U.S.A. ............................................................................................................................................ 95	

Figure 28: The two dimensional rate mechanism consisting of a left electrode (L), a set of 

bridge sites }{ jB , a right electrode (R), and the transitions between them }{k . We define 

a “row" as all the bridge sites with the same identifying tick mark, and the total number 
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of “rows" as rowN . A “column" is all the sites with the same number subscript, and the 

total number of “columns" is colN . Cylindrical boundary conditions are satisfied when 

the vertical transitions described by the dotted arrows are included. The dotted 

transitions connect the last row of bridge sites with the first row. The mechanism can be 

generalized to more sites coupled in from the left electrode }{L  and coupled out to the 

right electrode }{R . ..................................................................................................................... 97	

Figure 29: CP-AFM of a bacterial nanowire.186 (A) Topographic AFM image showing air-

dried S. oneidensis MR-1 cells and extracellular appendages deposited randomly on a 

SiO2/Si substrate patterned with Au microgrids. (B) Contact mode AFM image showing 

a nanowire reaching out from a bacterial cell to the Au electrode. (C ) An I-V curve 

obtained by probing the nanowire at a length of 600 nm away from the Au electrode (at 

the position marked by the black dot in B). (Inset) The I-V curves obtained on bare Au 

and SiO2, respectively. (D) A plot of total resistance as a function of distance between 

AFM tip and Au electrode. Figure reprinted with permission. Copyright (2010) National 

Academy of Sciences, U.S.A. ................................................................................................... 102	

Figure 30: Schematic of electron flow through a bacterial nanowire. The labels L, B and R 

stand for Left electrode, Bridge and Right electrode, respectively. Here, L is the 

conductive AFM tip of the experiment, B is the bacterial nanowire and R is the gold grid 

shown in Figure 29. The arrow gives the path of the electrons, with direction depending 

on the sign of the chemical potential difference between the electrodes. The star symbols 

on the nanowire represent charge carriers on the surface. The “…” represents the 

nanowire extending in length far to the left. The segment length of the nanowire 

between the electrodes is 600 nm. The height and width of the ellipsoidal nanowire is 

approximated by a diameter of 10 nm. .................................................................................. 103	

Figure 31: The hopping number dependence of the mean rate through a 1 or 2 

dimensional bridge. The injection into and ejection out of the bridge were modeled as 

irreversible for each scenario in order to achieve a net flux from L to R. Lines labeled 

“with bias” have all backward rate constants set to zero. All other rate constants were k 

= 1013 s−1. “No bias” means forward and backward rate constants were equal, excepting 

the injection and ejection rate constants which have no backward rate. 2Dreg refers to a 

“regular” 2D lattice of hopping sites. 2Dcyl refers to a cylindrical and therefore periodic 

lattice of hopping sites. From the figure, one can estimate order of magnitude drops in 

the effective rate constant as a function of the number of hopping steps, with the 

assumption that all hopping rate constants throughout the kinetic scheme are equal. The 

effective rate constants decay by a power law with the number of sites, N. Each line is 
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labeled with its fitted distance dependence and a letter A through F, corresponding to its 

diagramatic representation below. ......................................................................................... 104	

Figure 32: Decaheme cytochrome MtrF from Shewanella oneidensis MR-1. Notice the close 

spacing of the Fe hemes, with typical edge-to-edge distance of ≤ 0.7 nm. pdb: 3pmq.208

 ...................................................................................................................................................... 114	

Figure 33: Contour plots of the current described by eqn (3.16) as a function of nearest 

neighbor hopping distance and number of electrode contacts. The reorganization 

energy, λ, the length of the bridge, L, and the exponential decay constant, β, were chosen 

for relevance to a bacterial nanowire. For all cases, kBT was taken as 1/40 eV. The figure 

informs at a glance the distance and contact constraints imposed upon each 2D 

cylindrical system for a given magnitude of current. .......................................................... 116	

Figure 34: The energy picture of an electrochemical electron transfer. The molecular 

redox species have state densities represented by gaussians (oxidized state: red, reduced 

state: blue). Applying a negative potential to the electrode moves the chemical potential 

µ up the energy scale. The electron transfer rate is related to the overlap between the 

Fermi function of the electrode and the gaussian density of states of the redox molecule. 

Note that at very negative applied potentials, the Fermi level of the electrode is far above 

the (red colored) gaussian of the oxidized species and the overlap of the two functions 

remains constant and saturated even when more negative potentials are applied. In this 

way, kred plateaus and saturates. Likewise for kox at large positive potentials. ................. 120	

Figure 35: The familiar form of the rate mechanism (see Figure 28) is recast in terms of a 

closed loop, where state (L, R) represents the state from where an electron is entering or 

exiting. The symbols highlighted in blue are those included in a one dimensional bridge 

of length N.  Inclusion of the black states makes this mechanism two dimensional.  

Applying the cylindrical boundary condition as described in the text makes this 

mechanism two dimensional and cylindrical. The dotted arrows represent transitions 

between the variable number of bridge sites between Bj and BN. ...................................... 123	

Figure 36: A nonequilibrium steady-state flux can be imposed on this two bridge rate 

mechanism (top) by either (A) making the last step irreversible, as is usually done, or (B) 

recasting in terms of a closed loop. In (B), the four state mechanism becomes a cyclical 

three state mechanism, from which the nonequilibrium steady-state flux is easily 

obtained without invoking irreversibility. Detailed balance dictates that 

kL
→k1→2kR

→ = kR
←k2→1kL

←
 when ΔµRL = 0 . ................................................................................ 124	

Figure 37: Synthetic route for RuPZn−NDI. All ionic compounds have PF6- as anions. 141	
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Figure 38: U-turn and one-way electron-transfer schemes.  a, The bacteriochlorophyll 

special pair (green, PLPM) in the photosynthetic reaction center of R. sphaeroides (pdb 

1AIJ) undergoes U-turn ET to the monomeric bacteriochlorophyll (blue, BL) down the L-

branch to maximize the yield of singlet ET products (1D+A−) and avoid formation of the 

deleterious donor-localized triplet state (3D*A). b, In U-turn ET, donor (D) electron 

density is pushed away from the acceptor (A) in order to slow intersystem crossing (ISC) 

to 3D*A, characterized by an oppositely oriented electric dipole moment, and thereby 

maximize the yield of 1D+A−.  c, Light absorption that polarizes donor (RuPZn) electron 

density toward the acceptor (NDI) in a “one-way” electron-transfer (ET) mechanism 

results in a low yield of 1D+A−, due to fast ISC to similarly polarized 3D*A.  Slow triplet 

ET from 3D*A of RuPZn−NDI then produces triplet ET products (3D+A−). (S0, ground 

electronic state; S1 and S3, first and third singlet excited states, respectively. Note that 
1D+A− corresponds to the relaxed, charge-separated singlet state.) .................................... 145	

Figure 39: Excited-state evolution of RuPZn−NDI upon triggering one-way and U-turn 

electron-transfer events.  a, c, Pump-probe transient absorption difference (ΔAbs.) 

spectra of RuPZn−NDI in acetonitrile solvent following S0→S3 and S0→S1 excitation, 

respectively, at 3 time delays; color-coded labels denote the state that makes the 

dominant contribution to transient spectrum.  S0→S3 excitation poises a one-way 

electron-transfer (ET) event, while S0→S1 excitation poises a U-turn ET event.  Arrows 

point in the direction of spectral evolution.  The inverted, scaled electronic absorption 

spectrum of RuPZn−NDI is shown at the top of a, c.  b, d, Upper panels display two 

kinetic traces of the pump-probe data in a, c.  Gold traces primarily track the RuPZn-

localized triplet state (3D*A); purple traces primarily track A− absorption of the singlet 

and triplet charge-separated states (1D+A− and 3D+A−, respectively). Lengths of the 

horizontal bars in the bottom panels denote the time windows where these states are 

populated.  Time delay is a log scale after the axis break. .................................................. 148	

Figure 40: Intersystem crossing is controlled by excited-state polarization. a, Qualitative 

parabolic surfaces of RuPZn singlet and triplet excited states, relevant to U-turn and 

one-way electron-transfer (ET) reactions in RuPZn−NDI.  Parabola minima indicate the 

energies of these relaxed states.  S3 (dark gray) shares similar equilibrium nuclear 

coordinates with 3D* (cyan), due to similar electronic polarizations. b, c, Pump-probe 

transient absorption difference (ΔAbs.) spectra of RuPZn in acetonitrile solvent 

following S0→S3 and S0→S1 excitation, respectively, at 2 time delays, with dominant 

character indicated by the color-coded state labels.  The inverted, scaled electronic 

absorption spectrum of RuPZn is shown at the top of b, c. ................................................ 151	
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Figure 41: Parabolic surfaces of one-way vs. U-turn electron transfer. a, A hypothetical 

one-way electron-transfer (ET) trajectory of the primary ET event in the photosynthetic 

reaction center of R. sphaeroides. b, The U-turn ET trajectory of R. sphaeroides.  By 

lowering both the free energy (ΔG) and reorganization energy (λ), relative to a one-way 

ET reaction, U-turn ET reduces the activation energy for charge separation (EA(CS)) and 

raises the activation energy for charge recombination (EA(CR)). .......................................... 154	

Figure 42: The excited states of RuPZn have oppositely oriented electric dipole moments. 

a, The electronic absorption spectrum of RuPZn displays distinct absorption manifolds 

into S1 (red), S2 (green) and S3 (blue) excited states.  Arrows demark the excitation 

(pump) wavelengths of RuPZn used in the pump-probe experiments of this report, 

which are also the two-photon-resonant wavelengths of the dynamic hyperpolarizability 

(βλ) experiments (boxes) in (b). b, βλ spectrum (gold) of RuPZn determined from 3 

experimentally measured values (boxes) 252. ........................................................................ 157	

Figure 43: Transient absorption of RuPZn and RuPZn-NDI. Chirp-corrected pump-

probe transient absorption spectra at representative time delays of RuPZn (left) and 

RuPZn−NDI (right) for excitation into S3 (a, b), S2 (c, d), and S1 (e, f), via a narrow-band 

(± 5 nm) pump pulse centered at 400 nm, 532 nm, and 650 nm, respectively. The time 

delay between pump and probe pulses associated with each spectrum is shown to the 

right of each plot.  The constant ΔmOD offset (15 or 20 mOD) between spectra in each 

plot is shown with doubled-sided arrows.  Brown bands highlight the 3RuPZn* (3D* in 

the main text) triplet absorbance; blue band in (e, f) denotes the 1RuPZn* (1D* in the 

main text) singlet absorbance; purple bands in (b, d, and f) denote NDI− anion 

absorbances. The long-time-delay 3RuPZn* T1→Tn spectrum of RuPZn at 3.5 ns is labeled 

in (a, c, and e).  Experimental conditions: Magic angle polarization, T= 21 °C, pump 

fluence = 990 µJ/cm2 (λex = 400 nm), 745 µJ/cm2 (λex = 532 nm), 610 µJ/cm2 (λex = 650 nm).  

These fluences achieve identical photon densities for each excitation wavelength. R = R1 

= 2’,6’-bis(3,3-dimethyl-1-butyloxy)phenyl , R2 = octyl. ....................................................... 158	

Figure 44: Global, multi-exponential fits of the pump-probe data in acetonitrile. a-f, 

Decay-associated difference spectra (DADS) of RuPZn (left column) and RuPZn−NDI 

(right column). DADS labels show the predominant excited-state character. (1CT and 3CT 

are 1D+A− 3D+A− in the main text, respectively.) g-l, Evolution-associated difference 

spectra (EADS) of RuPZn (left column) and RuPZn−NDI (right column). m-r, kinetic 

traces with associated global fits. a, b, g, h, m, and n, S0→S3, c, d, i, j, o, and p, S0→S2, e, f, 

k, l, q, and r, S0→S1 excitation. The ΔmOD difference (15 or 20 mOD) between tic-marks 

in each plot is shown with doubled-sided arrows. The ΔmOD = 0 line of each spectrum 

is drawn in the same (but fainter) color.  The lifetimes associated with each spectrum are 
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labeled in the inset. Long = constant offset spectrum, also known as an infinite lifetime.  

(Note that the DADS and EADS associated with the fastest lifetime (τ1 ≈ 80 fs) in (b, d, 

and f) is not shown for clarity. This fast DADS/EADS is likely associated with artifacts 

due to imperfect time-zero corrections.) The electron-transfer (ET) kinetics of 

RuPZn−NDI, i.e., fast singlet and slow triplet ET (1ET and 3ET, respectively) to NDI, are 

labeled with arrows. ................................................................................................................. 161	

Figure 45: Lifetime density analysis (LDA) maps of the pump-probe transient dynamics 

of RuPZn and RuPZn-NDI. a-c, sub-100 fs – 104 ps LDA maps shown for RuPZn 

pumped into (a) S3 (400 nm), (b) S2 (532 nm), and (c) S1 (650 nm).  Yellow shading 

denotes positive amplitude and blue shading denotes negative amplitude associated 

with the corresponding ordinate lifetime. Note that infinite lifetime amplitudes are not 

shown, although these are substantial due to the long-lived T1 (3D*) state of RuPZn. d-f, 

zoom of the 0.1- 10 ps lifetime region of a-c. g-i, LDA fits to the pump probe data of 

RuPZn at indicated wavelengths. j-l, sub-100 fs – 104 ps LDA maps shown for RuPZn-

NDI pumped into (a) S3 (400 nm), (b) S2 (532 nm), and (c) S1 (650 nm).  White labels 

correspond to the dominant kinetic process at these lifetimes.  ISC = intersystem 

crossing, 1ET = singlet electron transfer, 1CR = singlet charge recombination, 3ET = triplet 

electron transfer, 3CT = triplet charge-transfer state.  Contour lines in a-f and j-l lie along 

5%, 15%, 30%, 45%, 60%, 75%, and 90% of the total LDA amplitude.  m-o, LDA fits to the 

pump probe data of RuPZn-NDI at indicated wavelengths. ............................................. 162	

Figure 46: Nanosecond pump-probe transient absorption spectra of RuPZn−NDI in 

acetonitrile.  Dynamics evinced upon S0→S2 excitation of RuPZn–NDI via a pump pulse 

centered at 515 nm.  Arrows point in the direction of decrease of the pump-probe signal 

amplitude.  The inset shows kinetics at representative wavelengths overlaid with a 

global, single-exponential fit (τCR = 30 ± 1 ns). The sample was freeze-pump-thaw-

degassed three times. ................................................................................................................ 166	

Figure 47: Intersystem crossing and internal conversion of RuPZn.  a-c, room-

temperature emission and excitation spectra of RuPZn in acetonitrile solvent. a, Weak 

emission bands associated with fluorescence from 1D* (< 780 nm) and phosphorescence 

from 3D* of RuPZn.  b, Excitation spectrum monitoring 1D* fluorescence at 720 nm.  c, 

Excitation spectrum monitoring 3D* phosphorescence at 850 nm. All spectra are 

corrected for wavelength-dependent instrument detection sensitivity.  The sample was 

freeze-pump-thaw-degassed three times.  d, Pump-probe traces of RuPZn in acetonitrile 

at 930 nm probe for S0→S3 (blue), S0→S2 (green), and S0→S1 (red) excitation. Note that 

these traces are not chirp-corrected and are scaled to match at 100 ps time delay.  The 

lower box contains the exponential fits (and relative amplitudes) of each trace.  Note that 
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the red trace can also be fit to a 4 ps and 29 ps component.  e, Probe-power-dependent 

stimulated emission of RuPZn in acetonitrile solvent. f, Difference of the two 780 nm 

probe signals displayed in e, which isolates the pump-probe signal due to stimulated 

emission.  g, RuPZn S0→S1 bleaching band minimum shift as a function of pump-probe 

time delay.  The inset shows the fit at longer time delays. h, i, Kinetic scheme of 

RuPZn−NDI in acetonitrile solvent showing time constants (h) and product yields (i) of 

one way (blue) and U-turn (red) electron transfer reactions. ............................................. 168	

Figure 48: Transient absorption of TIPS−Ethyne−PZn−NDI.  a, b, Chirp-corrected pump-

probe transient absorption spectra at representative time delays of 

TIPS−Ethyne−PZn−NDI for (a) S0→S2 (400 nm) excitation, and (b) S0→S1 (620 nm) 

excitation. Experimental conditions: Magic angle polarization, T= 21 °C, pump fluence = 

990 µJ/cm2 (λex = 400 nm), 590 µJ/cm2 (λex = 620 nm). R1 = 2’,6’-bis(3,3-dimethyl-1-

butyloxy)phenyl , R2 = octyl.  c, d, Lifetime density analysis (LDA) maps of the pump-

probe transient dynamics of TIPS−Ethyne−PZn−NDI upon excitation into (c) S2 (400 nm) 

and (d) S1 (620 nm).  Yellow shading denotes positive amplitude and blue shading 

denotes negative amplitude associated with the corresponding ordinate lifetime. 

Contour lines lie along 1%, 5%, 15%, 30%, 45%, 60%, 75%, and 90% of the total LDA 

amplitude. e, f, Pump-probe transient signals of TIPS−Ethyne−PZn−NDI in acetonitrile at 

various wavelengths, with overlaid fits from lifetime density analysis (LDA). .............. 172	

Figure 49: Optical and potentiometric properties of RuPZn-NDI.  a, Electronic 

absorption spectra of RuPZn−NDI and RuPZn in acetonitrile solvent.  Blue peaks at 360 

nm and 380 nm are characteristic absorptive signatures of NDI.  b, Potentiometric data 

of RuPZn−NDI (vs. SCE) in 0.1 M TBAPF6/acetonitrile electrolyte/solvent system.  Red 

line represents data from cyclic voltammetry. Green line represents data from 

differential pulse voltammetry.  c, Redox potentials (vs. SCE) of RuPZn (upper row) and 

RuPZn−NDI (bottom row) in 0.1 M TBAPF6/acetonitrile electrolyte/solvent. ................. 176	

Figure 50: Relative kinetic advantage of U-turn ET over one-way ET. a, Contour plot of 

the ratio of the U-turn ET rate constant (kET(U-turn)) to the one-way ET rate constant (kET(one-

way)), as a function of solvent dielectric constant (εs) and electronic coupling decay 

parameter (α), for parameters consistent with a molecule such as RuPZn−NDI. Contour 

lines are drawn for kET(U-turn) equal to or greater than one-way kET(one-way) by factors of 1 

through 7. b, Donor-acceptor distance dependencies of one-way and U-turn ET.  RDA(V) = 

electronic coupling distance between donor and acceptor; RDA(G) = distance between the 

hole and electron in the charge-separated state. The dashed circle describes the sphere 

that approximates the hole localization. ................................................................................ 178	



 

 

xxvi 

Figure 51: Structure, proton NMR spectrum in CDCl3 solvent, and assignments for BrPh-

NDI. ............................................................................................................................................. 184	

Figure 52: Structure, proton NMR spectrum in CDCl3/1% pyridine-d5 solvent, and 

assignments for PZn-Ph-NDI. ................................................................................................. 185	

Figure 53: Design of a single-chain four-helix bundle protein for the specific binding of 

the PZn-Ph-NDI cofactor. a) The single-chain four-helix structure with the residues (His, 

Thr) involved in the metal binding site colored in orange. b) Top view of the protein 

with the residues involved in the metal binding site highlighted in orange: H45 and T8. 

c) Structure of the cofactor Porphinato-Zn(II)-ph-naphthalenediimide, PZn-Ph-NDI. d) 

Sequences of the template and the computationally designed structures. The helical 

regions are indicated by the gray rectangles. e) Depiction of the designed structure 

highlighting the heptad positions, helical segments (black circles), and loop segments 

(gray circles). Residue numbers are shown at the end of the segments. Bold circles 

represent positions 10, 20, … , 100. ......................................................................................... 190	

Figure 54: Sephacryl S200 gel filtration step of the PZn-Ph-NDI binding process.  Holo-

monomer and dimer peaks were collected separately for analytical gel filtration. ........ 197	

Figure 55: Superdex75 analytical gel filtration. Top) Apo protein. Middle) Collected holo 

monomer from HiPrep Sephacryl S200 column. Bottom) Collected holo dimer from 

HiPrep Sephacryl S200 column. All samples in 50 mM sodium phosphate, 150 mM NaCl, 

pH 7.5 buffer. ............................................................................................................................. 200	

Figure 56: Circular dichroism. Mean residue ellipticities of protein secondary structure 

region.  Inset:  Circular dichroism of visible/Soret region. ................................................. 201	

Figure 57: Mean residue ellipticity at 222 nm as a function of temperature for the apo 

protein in 50mM sodium phosphate, 150 mM NaCl, pH7.5  Solid circles: Increasing 

temperature.  Open circles: decreasing temperature. .......................................................... 202	

Figure 58: UV-Vis spectra of PZn-Ph-NDI in 50mM phosphate buffer, 150mM NaCl, pH 

7.5 (green), in neat DMSO (red), and in the designed protein in the same buffer (blue).
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Figure 59: Pump-probe transient dynamics of PZn-Ph-NDI in 99:1 1,4-dioxane:N-

methylimidazole. (A) Transient dynamical data at various pump-probe time delays, 

which are labeled on the right. Each spectrum is offset by 15 mOD for clarity. (B) 

Species-associated difference spectra (sans laser scatter at 560±5 nm) with associated ET 
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time constants. Experimental conditions: λex = 560 nm, Pex = 850 nJ / pulse, T = 21 °C, 

magic angle polarization. ......................................................................................................... 204	

Figure 60: ET time constants τCS and τCR of PZn-Ph-NDI as a function of solvent static 

dielectric constant (εs). All solvents include 1% N-methylimidazole (NMI). εs is a 

volume-fraction weighted sum of component εs values. Shaded line widths indicate 

confidence intervals of the fitted time constants (bounded at 16% and 84% percentiles of 

the bootstrapped lifetime distributions). For the SCPZnI3 holo-monomer, τCR is denoted 

with a green X. Green vertical lines mark the range of dielectric constants consistent with 

the measured value of τCS in the SCPZnI3 holo-monomer. Purple arrows display an 

exemplary reduction of ET time constant magnitudes that occur upon NMI 

coordination, shown explicitly for anisole solvent. Inset: expected dielectric dependence 

of τCS (blue) and τCR (red) according to ET rate theory (see Supporting Information). 

DMM = dimethoxymethane, THF = tetrahydrofuran, 2-MeTHF = 2-methylTHF, DCM = 

dichloromethane, PhCN = benzonitrile, DMF = N,N-dimethylformamide, DMSO = 

dimethylsulfoxide. .................................................................................................................... 205	

Figure 61: Distributions of CS time constant τCS displayed by PZn-Ph-NDI within 

various solvation environments. Distributions are derived from bootstrapping the 

residuals of the global fit of the pump-probe data (see Supporting Information). 

Measurements in 1,4-dioxane contain 10% H2O or D2O. Measurements with SCPZnI3 

were carried out in 50 mM NaPi / 150 mM NaCl buffer with 100% H2O or D2O. 

Confidence intervals in gray display 16% and 84% percentiles of the bootstrapped 

lifetime distributions. The optimum time constant is shown as the middle, vertical line. 

Black lines overlaying the bootstrap histograms are Gaussian fits to the distributions. 207	

Figure 62: (A) Model of SCPZnI3 showing interior hydrophobic residues (green) 

surrounding PZn-Ph-NDI (orange). (B, C) Circular dichroism spectra of SCPZnI3 
holoprotein. (B) Molar ellipticity per residue is consistent with a helical structure. (C) 

Molar ellipticity (Cotton effect) in visible region indicates achiral cofactor resides in a 

structured, chiral environment (see Figure 56). .................................................................... 208	

Figure 63: Pump-probe transient dynamics of PZn-Ph-NDI / SCPZnI3 complex in D2O 

buffer. (A) Transient dynamical data at pump-probe time delays labeled on the right. 

Each spectrum is offset by 10 mOD for clarity. (B) Decay-associated difference spectra 

(sans laser scatter at 560±5 nm) with associated τCR and τCS. D and M superscripts refer to 

dimer and monomer, respectively. Experimental conditions: λex = 560 nm, Pex = 920 nJ / 

pulse, T = 21°C, magic angle polarization. ............................................................................ 211	
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Figure 64: Electron-transfer time constants of PZn-Ph-NDI in neat organic solvents as a 

function of solvent dielectric.  Shaded line widths indicate confidence intervals of the 

fitted time constants (bounded at 16% and 84% percentiles of the bootstrapped lifetime 

distributions).  Note the breaks and changes in (linear) scaling of both axes.  DMM = 

dimethoxymethane, THF = tetrahydrofuran, 2-MeTHF = 2-methylTHF, DCM = 

dichloromethane, PhCN = benzonitrile, DMF = N,N-dimethylformamide, DMSO = 

dimethylsulfoxide. .................................................................................................................... 212	

Figure 65: Electron-transfer time constants of PZn-Ph-NDI in 1,4-dioxane with varying 

percent H2O, as a function of effective solvent dielectric. Red and blue lines show 

charge-recombination and charge-separation time constants, respectively, for solvents 

with 1% N-methylimidazole (N-MI). Dielectric constant is a volume-fraction weighted 

sum of component solvent dielectric constants.  Shaded line widths indicate confidence 

intervals of the fitted time constants (bounded at 16% and 84% percentiles of the 

bootstrapped lifetime distributions). ..................................................................................... 213	

Figure 66: Distributions of ET lifetimes of PZn-Ph-NDI in 1,4-dioxane/ 10% D2O and 10% 

H2O, as a result of 1000 independent fits of bootstrapped residuals; confidence intervals 

of 16% and 84% percentiles of the bootstrapped lifetime distributions are shown as 

vertical lines connected with a dotted line; the optimum time constant is shown as the 

bolded, middle, vertical line. (A) CS lifetimes, (B) CR lifetimes. ....................................... 215	

Figure 67: Distributions of ET lifetimes of PZn-Ph-NDI in 1,4-dioxane/ 1% N-

methylimidazole (N-MI) / 10% D2O and 10% H2O, as a result of 1000 independent fits of 

bootstrapped residuals; confidence intervals of 16% and 84% percentiles of the 

bootstrapped lifetime distributions are shown as vertical lines connected with a dotted 

line; the optimum time constant is shown as the bolded, middle, vertical line. (A) CS 

lifetimes, (B) CR lifetimes. ........................................................................................................ 215	

Figure 68: Distributions of ET lifetimes of PZn-Ph-NDI in SCPZnI3 / D2O and H2O 

buffers, as a result of 1000 independent fits of bootstrapped residuals; confidence 

intervals of 16% and 84% percentiles of the bootstrapped lifetime distributions are 

shown as vertical lines connected with a dotted line; the optimum time constant is 

shown as the bolded, middle, vertical line.  (A) CS lifetimes (B) monomer-derived CR 

lifetimes (C) dimer-derived CR lifetimes. .............................................................................. 216	

Figure 69: Pump-probe transient dynamical data of PZn-Ph-NDI in SCPZnI3 / D2O 

buffer. (A) Kinetic traces at select wavelengths, overlaid with a 3 exponential global fit 

with an offset (labeled as a 4th exponential here). (B) Species associated difference spectra 

corresponding to a sequential kinetic mechanism, with associated ET lifetimes, as a 
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result of global fitting of the multi-wavelength pump-probe data. Note that τlong is 

considered an offset. (C) Pump-probe dynamical spectra at various time delays.  Arrows 

indicate the direction of spectral evolution. Experimental conditions noted on inset; T = 

21 °C. ........................................................................................................................................... 220	

Figure 70: Pump-probe transient dynamical data of PZn-Ph-NDI in SCPZnI3 / H2O 

buffer. (A) Kinetic traces at select wavelengths, overlaid with a 3 exponential global fit 

with an offset (labeled as a 4th exponential here). (B) Decay associated difference spectra 

corresponding to a parallel kinetic mechanism, with associated ET lifetimes, as a result 

of global fitting of the multi-wavelength pump-probe data. Note that τ4 is considered as 
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1. Introduction  
Most of the work presented here was collaborative, a perk of doing research at 

Duke.  I have organized the material and adapted it to fit the theme of this dissertation: 

namely, that investigations of model, abiological systems can lead to unique insight into 

biochemical charge-transfer mechanisms of natural proteins.  Much of Chapters 1-5 was 

adapted (with permission) from my previously published or currently submitted work, 

which was not done on an island, nor could it have been: 

 I wrote a modified version of Section 1.1 (adapted with permission from ref 1. 

Copyright (2014) American Chemical Society) for a joint undertaking of a review article 

with Agostino Migliore, where he elucidated in great detail the prevailing electron 

transfer and proton-coupled electron transfer theories that have been developed, and I 

added provocative biological context of proteins that generate amino acid radicals.1  

With Agostino and I vowing never to write a lengthy review article again, I 

wrote a modified version of Section 1.2 (Copyright (2015) National Academy of Sciences, 

USA), where Agostino and I both calculated the electronic coupling between tryptophan 

residues of cytochrome P450.2 

Again, having disavowed review articles, I then wrote a modified version of 

Section 1.3, soon to appear in the Israel Journal of Chemistry.  This work was borne from 

my research on bacterial nanowires (Chapter 3), where I grappled with the concept of an 

“effective rate constant” for multi-step, kinetic processes, along with Prof. Spiros 
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Skourtis. My first exposure to the concept of “mean first passage times” actually was 

during my first year as a Duke graduate student in Terry Oas’s section of the biophysics 

class, where he briefly covered the topic from Alan Fersht’s textbook.  The esoteric 

concept stuck with me ever since.   

The undertaking of Chapter 2, a modified version of which appeared in J. Chem. 

Ed.,3 (adapted with permission from ref 3. Copyright (2015) American Chemical Society) 

was an extensive collabortation with David Beratan.  I dare say, throughout the 

development of this interactive quantum dynamics textbook, that he and I both found 

new surprises in even “simple” quantum dynamical systems.    

Chapter 3 covers my work on bacterial “nanowires,”4 which represents the first 

theoretical attempt in that newly burgeoning field to explain the kinetic mechanism of 

one of the strangest biological phenomena of which I  have learned: “electrogenic” 

bacteria “breathe” rocks, i.e., they use insoluble, extracellular metal oxides as terminal 

electron acceptors of their metabolic electron-transport chain (akin to our use of 

molecular oxygen in mitochondrial respiration). The conductive nanowire appendages 

produced by some bacteria allow them to grow on electrode surfaces, and have even 

inspired devices to “feed” electrogenic bacteria electrons derived from photovoltaics, 

which, by some estimates, may be more efficient than natural photosynthesis, with 

respect to photonic energy stored in chemical bonds.5  
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Chapter 4 describes the spectroscopic investigations of an unusual 

supermolecular chromophore (RuPZn, vide infra) utilized as an electron donor.  A 

graduate student in the Therien group, Ting Jiang, worked tirelessly to synthesize the 

compounds for that study.   

The work described in Chapter 5 defines my inaugural experience measuring 

time-resolved dynamics of a donor-spacer-acceptor compound bound to a de novo 

designed protein.  M. Will Eibling in Jeff Saven’s group at UPenn worked extensively to 

redesign, express, purify, and characterize the SCPZnI3 protein, and the text in Chapter 

5 is an adaptation of published work6 (adapted with permission from ref 6. Copyright 

(2016) American Chemical Society) describing a protein dielectric-switching mechanism 

induced by electron transfer. 

Finally, the work presented in Chapter 6 chronicles my quest to oxidize 

tryptophan in a de novo designed protein.  I must thank Yibing Wu in Bill DeGrado’s 

group for collecting the protein NMR data and solving the structure.  Shao-Qing Zhang, 

also a member of the DeGrado group, graciously ran the temperature melt experiments 

and analytical ultracentrifugation of the holo- and apo-proteins, which showed that both 

holo- and apo-protein existed in the desired monomeric state.  While I ultimately did not 

photo-oxidize a tryptophan, my numerous failed attempts forced me to repeatedly 

devise and test new hypotheses to achieve hole transfer: I strengthened my scientific-

method muscles.  We need more powerful photo-oxidants to perform this photo-
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induced hole-transfer reaction, and indeed this exciting work is currently underway in 

the Therien group. 

1.1 Biochemistry of proton-coupled electron transfer 

1.1.1 Introduction and motivation 

Through incremental change, Nature reworks and repurposes its functional 

machinery.  In this way, proteins that photochemically repair DNA by moving protons 

and electrons have a structural and functional link to proteins that are implicated in bird 

navigation.7 A protein that reduces NO but pumps no protons is similar to a protein that 

reduces O2 and pumps protons.8, 9 Biology employs reactions with intricate coupling of 

proton and electron movement, so-called proton coupled electron transfer (PCET). 

Biological PCET underpins photosynthesis and respiration, light-driven cell signaling, 

DNA biosynthesis, and nitrogen fixation in the biosphere.10 The scope of natural PCET 

reactions is as breathtaking as the possible quantum chemical mechanisms that underlie 

them. Considerable focus has been placed on uncovering how specific proteins utilize 

PCET in their function. Cytochrome c oxidase oxides cytochrome c and reduces and 

protonates O2 to water;8 sulfite reductase reduces SO32- to S2- and water with the help of 

protons;11 BLUF domains bind flavin cofactors that switch from light to dark states via 

oxidation and deprotonation of a tyrosine.12 Are there overarching mechanistic themes 

for these seemingly disparate PCET reactions? For instance, do certain protein amino 

acids promote different biological PCET reactions? Is the dielectric environment 
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important? How do the (quantum and classical) laws of motion and the statistical 

mechanics of complex assemblies constrain the structure and function of PCET 

assemblies? Knowledge of individual PCET protein structure and function, combined 

with a predictive theoretical framework, encourage us to seek general principles that 

may guide both protein design and understanding of biological PCET, given the rapidly 

accumulating structural data on the essential proteins and the equally rapid pace of 

theoretical developments. To better inform protein design, we must look very closely at 

examples of biological PCET mechanisms and at the underpinnings of the theoretical 

foundations governing these critical reactions. 

Since electrons and protons have very different masses, they can tunnel over 

very different distances. Thus, not surprisingly, in many PCET reaction mechanisms the 

electron donor-acceptor pair differs from the proton donor-acceptor pair (for example, 

long-distance ET coupled to PT at a hydrogen-bonded interface inspired Cukier’s 

theory). In other circumstances, the electron and proton transfer between the same 

chemical donor and acceptor, such as for hydrogen atom transfer. This diversity 

contributes to the richness of PCET reaction mechanisms. 

The relative time scales of ET and PT reactions depend dramatically on the 

respective transfer distances, as well as on the environmental (nuclear) motions that 

couple to the two reactions. Therefore, the time scales of the reactive electron and proton 

motions also need to be compared with relevant time scales of the environment (e.g., 
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solvent or/and protein). Nature has evolved a diverse array of PCET reactions, ranging 

from distinctly sequential electron and proton transfer reactions (where the first reaction 

precedes and promotes the second one, so that the two events are coupled although 

temporally separated) to simultaneous or concerted transfer, with a wide range of 

intermediate regimes whose difficult interpretation has prompted the development of 

several experimental and theoretical methods.  Fluctuations of PCET systems are 

particularly significant, because structural changes can dramatically change the time 

scales of motion required for the reaction. Addressing such fluctuations defines a 

current rich frontier for theory and experiment. 

Electron and proton sources and sinks, time scales of motion, energetics, and 

structural fluctuations have been the objects of evolutionary forces.  These terms appear 

prominently in the theory, described by free energy parameters (e.g., reaction free 

energy and reorganization energy) and electronic and vibronic couplings.  At the 

atomistic level, critical questions remain as to dominant pathways, or family of 

pathways, for proton and electron motion from their initial to their final positions (or 

ensembles of positions). Indeed, given the exponential sensitivity of rates to reaction 

barriers, the fluctuations of these pathways and of their energetics is a focal point of 

intense current interest.  Biological cofactors and amino acids can play active roles in 

PCET pathways, and their mapping sheds light on reaction and control mechanisms.  



 

7 

Ultimately, PCET is controlled by the topology and geometry of thermally 

fluctuating interacting components in chemical and biological systems. The topological 

and geometric factors that control PCET reactions are a central theme in this chapter 

review. 

1.1.1.1 PCET and amino acid radicals 

Proteins organize redox-active cofactors, most commonly metals or 

organometallic molecules, in space. Nature controls the rates of charge transfer by 

tuning (at least) protein-protein association, electronic coupling, and activation free 

energies.13, 14 In addition to bound cofactors, amino acids (AAs) have been shown to 

play an active role in PCET.15 In some cases, such as tyrosine-Z (TyrZ) of photosystem 

II, amino acid radicals fill the redox potential gap in multi-step charge hopping reactions 

involving several cofactors. The aromatic AAs, such as tryptophan (Trp) and tyrosine 

(Tyr), are among the best-known radical formers. Other more easily oxidizable AAs, 

such as cysteine, methionine and glycine, are also utilized in PCET.  

AA oxidations often come at a price: management of the coupled-proton 

movement. For instance, the pKa of Tyr changes from 10 to −2 upon oxidation, and that 

of Trp from 17 to about 4.16 Because the Tyr radical cation is such a strong acid, Tyr 

oxidation is especially sensitive to H-bonding environments. Indeed, in two photolyase 

homologs, the H-bonding appears to be even more important than the ET donor-

acceptor (D-A) distance.17 Discussion concerning the timescales of Tyr oxidation and 
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deprotonation indicates that the nature of Tyr PCET is strongly influenced by the local 

dielectric and H-bonding environment. PCET of Tyr Z is concerted at low pH in Mn-

depleted photosystem II, but is proposed to occur via PT and then ET at high pH (vide 

infra).18 In either case, ET before PT is too thermodynamically costly to be viable. 

Conversely, in the Slr1694 BLUF domain from Synechocystis sp. PCC 6803, Tyr oxidation 

precedes or is concerted with deprotonation, depending on the protein’s initial light or 

dark state.19 In general, Trp radicals can exist either as protonated radical cations or as 

the deprotonated neutral radicals. Examples of both forms are found in DNA 

photolyase.7, 20 The management of protons coupled to AA oxidations may provide a 

means for a protein to control the timing of chemical reactions via protein structural 

changes and fluctuations. In general, proton transfer requires the proximity of the 

proton donor and acceptor to be within the distance of a typical H-bond (~2.8 Å between 

heavy atoms). Any protein dynamics that shifts this H-bond distance can thus 

considerably influence reaction kinetics. 

An argument can be posited that almost all charge transfer in biology is proton-

coupled on some time scale, in order to prevent the build-up of charge in the low 

dielectric environment characteristic of proteins. However, proteins are anisotropic and 

have atomic-scale structure, so the utility of a dielectric constant itself may be 

questioned, and estimated dielectric parameters may vary on the length scale of a few 

AAs. What is the nature of the protein environment surrounding AA radicals in 
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different proteins? What do these proteins have in common, if anything? Below, we 

compare the Tyr and Trp environments of proteins that utilize these AA radicals in their 

function.  This side-by-side comparison may begin to suggest design principles 

associated with AA radical PCET proteins. In order to better inform protein design, we 

must look more closely at PCET in these proteins, and, finally, appreciate the underlying 

physical mechanisms and physical constraints at work. 

1.1.1.2 Nature of the hydrogen bond 

Because hydrogen bonding is critical for proton and proton-coupled electron 

transfer, we now explore the criteria that give rise to strong or weak hydrogen bonds. 

Since hydrogen atoms are rarely resolved in electron density maps, a hydrogen bond 

(H-bond) distance is traditionally characterized by the distance between donor and 

acceptor heteroatoms (RO-O, RN-O, RN-N, etc).21 Normal H-bond distances between oxygen 

heteroatoms are 2.8-3.0 Å.22, 21 In fact, a hydrogen bond is often posited when RA…B  < 

(RA + RB)  where RA and RB are the van der Waals radii of two heteroatoms and RA…B is 

the distance between heteroatom nuclei.  Strong hydrogen bonds are defined as RA…B  << 

(RA + RB), typically < 2.6 Å for RO…O, and tend to be ionic in nature.21 Here, ionic refers to 

a positively charged H-bond donor and/or a negatively charged H-bond acceptor, i.e. A+ 

—H --- B—.  A negatively charged H-bond acceptor is more strongly attracted to the 

partial positive charge of the H-bond donor, and similarly a positively charged donor is 

more strongly attracted to the partial negative charge of the H-bond acceptor. An 
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example of such an ionic bond would be N+—H --- O— of a doubly protonated histidine 

and a deprotonated tyrosinate anion. Even if RA…B  ≥ (RA + RB), weak H-bonds are 

defined as RH…B < (RH + RB), where RH is the van der Waals radius of hydrogen and RH…B 

is the radial distance between the donor hydrogen and the acceptor heteroatom centers. 

Because H-bonds, especially weak ones, can be easily deformed in crystal lattices, the H-

bond angle tends to be a less reliable discriminator of strong vs. weak bonds. If an H-

bond is dominated by electrostatic interactions, its bond angle should be linear, so that 

H-bonding to an oxygen lone-pair is expected to be non-linear. 

There is some debate concerning the existence of “low-barrier” vs. “short, strong, 

ionic” H-bonds, particularly in the field of serine protease enzymology,23, 24 but also 

within the area of natural photosynthesis.25, 26 Tyr Z of photosystem II (vide infra) has a 

particularly short hydrogen bond (2.5 Å) with a nearby histidine.27 A typical H-bond 

energy viewed against the proton position would trace a standard double well potential 

(Figure 1A), with the difference in pKa of the H-bond donor and acceptor giving rise to 

the energy difference between minima of the two wells. Low-barrier H-bonds (LBHBs) 

have a reduced barrier between the wells due to the shorter distance between H-bond 

donor (A-H) and acceptor (B), with barrier heights approximately equal to or below the 

proton vibrational energy (Figure 1B). The deuterium vibrational energy may be lower 

than the barrier, leading to significant isotope effects, such a reduction in the ratio of IR 

stretching modes between H and D (νH/νD) and a fractionation factor of ~0.3.22, 28 (The 
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fractionation factor is the ratio of deuterium to hydrogen within the H-bond due to 

equilibrium isotope exchange with water.) The most distinguishing characteristic of a 

low-barrier H-bond is similar distances of the shared proton from donor to acceptor (see 

Figure 1B).  In the case of a barrierless, single-well potential, the proton would be shared 

equally between H-bond donor and acceptor (Figure 1C). Matching of the H-bond donor 

and acceptor pKa as well as shortening the H-bond distance leads to a flatter well 

potential and stronger H-bond, since the two protonated states would have nearly equal 

energies and strong coupling.28  

Although formation of LBHBs in biology remains controversial,29, 30, 31clearly H-

bond formation is key in PCET processes.  One example involves a hypothesized model 

of PCET in TyrZ of photosystem II, where TyrZ forms a LBHB with histidine 190 of the 

D1 protein, which becomes a weak H-bond upon TyrZ oxidation and proton transfer.26 

Although still speculative, some experiments and quantum chemical calculations 

suggest that TyrD of photosystem II (vide infra) in its singlet ground state forms a normal 

H-bond to histidine 189 of the D2 protein, whereas at pH > 7.6, TyrD and histidine 189 

form a short, strong H-bond.32, 33  Tyr122 of ribonucleotide reductase has also been 

shown to switch H-bonding states upon oxidation, where the Tyr neutral radical moves 

away from its previously established H-bonded network.31  

One of the most important chemical consequences of H-bonds is that they often 

act as a conduit for proton transfer (although in rare cases, proton transfer may occur 
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without the formation of an H-bond).34, 35  Indeed, the same factors leading to strong H-

bonds can also lead to efficient proton transfer (PT). Through manipulation of amino 

acid (and bound cofactor) pKa—for instance, via direct H-bonds or electron transfer 

events—proteins can modulate the driving force for PT.36 In this way, we see that H-

bond formation is strongly tied to PCET in chemistry and biology. The equilibrium 

positions of the proton before and after PT are important in the underlying PT kinetics; 

however, knowledge of the geometry and energetics of the transition state complex is 

critical for a correct interpretation and insight into PCET mechanism. In this regard, 

theoretical investigations of PCET reactions have proven invaluable.37, 38   

	

A B C

 

Figure 1: Zero point energy effects in (A) weak, (B) strong and (C) very strong 
hydrogen bonds.  The hydrogen vibrational level (H) is depicted above the barrier for 

a strong H-bond.  The deuterium vibrational level (D) is depicted below the barrier 
for weak and strong H-bonds, whereas the barrier is absent for very strong H-bonds.  

The proton is attached to the H-bond donor (A—H) and the H-bond acceptor is B.  
The reaction coordinate is the A…H bond distance, shown for different distances 

between A and B. 
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1.1.2. Tyrosyl radical environments 

Tyrosine (Tyr) is a major player in many important PCET proteins, such as 

photosystem II,39 ribonucleotide reducatase,40, 41 galactose oxidase,42 cyctochrome c 

oxidase,8 and many more. The proton-coupled nature of Tyr oxidation is often relevant 

and integral in biochemical reactions as diverse as water oxidation and ribonucleotide 

reduction. The Tyr redox potential is highly sensitive to pH and therefore the presence 

or absence of nearby bases to which Tyr could form an H-bond. For example, Tyr-OH 

oxidation to Tyr-OH�+ at pH < 2 has a midpoint potential greater than 1.2 V, whereas at a 

pH of 7, the Tyr midpoint potential is 0.9 V.16 This means the oxidizing power of the Tyr 

radical varies with its protonation state. Tyr has been demonstrated to perform both 

reductive and oxidative roles in relation to inorganic metal cofactors bound in proteins. 

For instance, the neutral radical Tyr-O� (TyrZ) is capable of oxidizing the Manganese-

Calcium water oxidizing complex in photosystem II, whereas Tyr-OH reduces a bi-iron 

complex in class Ia ribonucleotide reductase at the beginning of a long-distance radical 

transfer chain.43, 41 In the following section, we explore the roles of Tyr in several 

proteins, and its relation to inorganic cofactors. The PCET reactions involved with Tyr 

can display quite different character, as will be shown. 

1.1.2.1. Photosystem II 

 Photosystem II (PSII) of green plants and cyanobacteria is a multi-protein, 

membrane-associated complex that converts, transduces, and stores photonic energy in 
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the form of chemical potential energy, initially as a proton gradient and ultimately as 

new chemical bonds.39, 44, 45, 46, 47  PSII uses water as a reductant of photo-oxidized 

chlorophyll and after four such reductions produces molecular oxygen. 

PSII is often invoked as a paradigm of biological PCET (see Figure 2), with 

proton-coupled redox processes occurring during Tyr oxidation and reduction, water 

oxidation, and quinone reduction.48, 49 The remarkable quantum efficiency of PSII has 

encouraged many researchers to develop synthetic models to mimic its PCET reactions. 

These models initially focused on photoinduced electron transfer in covalently linked 

Donor-Bridge-Acceptor (D-Br-A) quinone systems.50, 51, 52, 53 Models for Tyr radical 

formation have also been developed and coupled to a Mn cluster similar to the water 

oxidizing complex (WOC).54, 55, 44, 45, 46, 47 
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Figure 2: A, Time scales of electron transfer (blue arrows) and hole transfer 
(red arrows) of the initial photosynthetic charge transfer events in PSII, including 

water oxidation.56, 57, 58 The timescale of unproductive back electron transfer from the 
WOC to TyrZ is shown with a dashed arrow. Auxiliary chlorophylls are shown in 

light blue, pheophytins in magenta, and quinones A (QA) and B (QB) in yellow. WOC 
= water oxidizing catalyst. Distances shown (dotted lines) are in angstroms. The 

brackets emphasize that the protein complex is housed within a bilayer membrane. B, 
Alternative view of the PSII reaction center displaying the locations of TyrZ and 

TyrD in relation to P680, with H-bond distances to histidine (HIS) shown in 
angstroms. Figure rendered using PyMol.59   

To separate an electron and hole over 25 Å across a membrane, PSII utilizes 

multi-step charge hopping on many different time scales (Figure 2). Control over these 
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timescales is intimately linked to the nearby protein environment of each cofactor. The 

reaction center (RC) of PSII is housed in the D1 and D2 proteins (chains a and d of pdb 

3ARC) and consists of two diverging and symmetric branches of cofactors that share a 

special pair of chlorophylls (P680). Each branch has an auxiliary chlorophyll, a 

pheophytin and a quinone. As only one branch of the RC is active (see Figure 2 for 

directionality of ET), these branches have functionally important asymmetries.60 

Notably, each branch has an associated tyrosine-histidine pair that produces a tyrosyl 

radical but displays different kinetic and thermodynamic behavior. Tyr 161 (TyrZ) of the 

D1 protein, nearest the water oxidizing complex (WOC), is required for PSII function, as 

discussed in the next section, while Tyr 160 (TyrD) of the D2 protein is not essential and 

may correspond to a vestigial remnant from an evolutionary predecessor that housed 

two WOCs.43 These Tyr radicals serve as excellent models for Tyr oxidations in proteins 

due to their symmetrically similar environments yet drastic differences in kinetics and 

thermodynamics.  Their important role in the process of oxygen-evolving 

photosynthesis (and consequently all life on earth) has led these radicals to become 

among the most studied Tyr radicals in biology.   
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1.1.2.1.1 D1-tyrosine 161 (TyrZ) 

 

Figure 3: Model of the protein environment surrounding Tyr161 (TyrZ) of 
Photosystem II from T. vulcanus (pdb 3ARC).  Distances shown (dashed lines) are in 
angstroms. Crystallographic waters (HOH = water) are shown as small, red spheres, 
the WOC as large spheres with Mn colored purple, oxygen red and Ca green.  The 

directions of ET and PT are denoted by transparent blue and red arrows, respectively.  
Figure rendered using PyMol.59      

Tyrosine 161 (TyrZ) of the D1 protein subunit of PSII acts as a hole mediator 

between the water oxidizing complex (WOC) and the photo-oxidized P680 chlorophyll 

dimer (P680�+) (see Figure 2). Its presence is obligatory for oxygen evolution, along with 

its strongly hydrogen bonded partner Histidine 190 (His190).49 Photosynthetic function 

can not be recovered even by TyrZ mutation to tryptophan (Trp), one of the most easily 

oxidized AAs.61 This might be rationalized by aequous redox measurements of these 

AAs between pH > 3 and pH < 12, which point to Tyr being slightly easier to oxidize 

than Trp in this range.16 However, these measurements at pH < 3 make apparent that 

protonated Tyr-OH is more difficult to oxidize than protonated Trp-H, such that 
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management of the phenolic proton is often a requirement for Tyr oxidation in proteins. 

(Mutation of His190 to alanine also impairs the electron donor function of TyrZ, which 

can be recovered by titration of imidazole.62) TyrZ is a hydrogen bond donor to His190, 

which is in turn an H-bond donor to asparagine 298 (see Figure 3). The H-bond length 

RO…N is unusually short (2.5 Å), indicating a very strong H-bond. 

Under physiological conditions (pH ~ 6.5 or less) oxidation of TyrZ by P680�+ 

appears to be concerted with deprotonation to His190 to form the H-bonded pair TyrZ-

O�---H-N+-His190.18  The transferred proton may then rock back to TyrZ-O� upon 

reduction of TyrZ by the WOC, or it may exit to the lumen through a H-bonded 

pathway of amino acids and waters.36, 63  Both fates for the phenolic proton have been 

suggested in the literature, and perhaps both are possible depending on which part of 

the Kok cycle the WOC is in. (The Kok cycle is the 5 states, S0 through S4, that 

characterize the oxidation states of the WOC during the proton-coupled oxidation of 

water to molecular oxygen. The current view of proton release during transitions 

between these states is 1 (S0àS1), 0 (S1àS2), 1 (S2àS3), 2 (S3àS4) protons.63) If the 

phenolic proton remains on H-N+-His190, the positive charge of the doubly protonated 

imidazole may drive shifts in pKas of nearby protonatable residues and thus act as a 

gating mechanism to proton transduction from the WOC to the bulk.63 

TyrZ oxidation—which is often probed by monitoring the recovery of P680 from 

P680�+—is multiphasic, with a fast time component of ~10 ns and a longest time 
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component of ~0.5 µs.18 A hypothesis has been proposed that the fastest component of 

TyrZ oxidation displayed by O2-evolving PSII is characteristic of oxidation of an 

equilibrated population of TyrZ�− ---H+His190. Indeed, QM calculations have shown that 

the H-bond distance of this ion pair is equivalent (2.46 Å) to that in the neutral pair 

(TyrZ-OH---N-His190).25 The slower components of Tyr oxidation may involve slower 

protein motions that promote proton transfer, or protein relaxation.18 The redox 

potential of TyrZ has been estimated to lie around 1 V vs. NHE and to have a pKa of 

10.3-12, while His190 has a pKa of 7-7.5 in Mn-depleted PSII.43 The presence of the WOC 

seems to provide a sufficiently strong electrostatic influence to lower the pKa of His190 

by 2-3 log units (pKa ~4-5) in O2 evolving PSII. Because the “working pH” for O2 

evolving PSII is ~5.5-7, His190 should be neutral, allowing it to act as an H-bond 

acceptor of the phenolic proton of TyrZ.43 

The WOC reduces TyZ-O� in the µs-ms time regime.  For a longer-lived radical 

signal, the WOC is removed by treatment with detergent in so-called Mn-depeleted PSII 

preparations. In Mn-depeleted PSII, the H-bonding environment around TyrZ could be 

drastically modified leading to changes in kinetics and even PCET mechanism. For 

instance, the x-ray crystal structure of PSII from T. vulcanus (pdb 3ARC) shows Ca2+ 

organizes two water molecules that H-bond with TyrZ.27  These water molecules are 

part of a group of four water molecules that may play a large role in shortening the 

TyrZ-OH---N-His190 H-bond distance, which would reduce the energy barrier for 
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proton transfer.25  Indeed, in Mn-depeleted PSII, the radical signal of TyrZ-O� is not 

observed at liquid helium temperatures, nor is it observed at high pH (> 7.6) in 

photosynthetically competent PSII.64 This implies the presence of an energetic barrier to 

proton transfer from TyrZ-OH to His190 at high pH and in Mn-depleted PSII 

preparations (see Figure 1A). So, at high pH (> 7.6), sequential PT then ET may play a 

larger role in TyrZ redox behavior. The TyrZ-O� radical signal is present however at low 

pH (< 6.5), indicating that under physiological conditions TyrZ experiences a barrierless 

potential to proton transfer and a strong H-bond to His190 (see Figure 1C).25, 65, 36    

The protein seems to play an integral role in the concerted oxidation and 

deprotonation of TyrZ, in the sense that protein backbone and sidechain interactions 

orient water molecules to polarize their H-bonds in particular ways. The backbone 

carbonyl groups of D1-pheylalanine 182 and D1-aspartate 170 orient two key waters in a 

diamond cluster that H-bonds with TyrZ, which may modulate the pKa of TyrZ (Figure 

3). The WOC cluster itself seems responsible for orienting particular waters to act as H-

bond donors to TyrZ, with Ca2+ orienting a key water (W3 in ref 32, HOH3 in Figure 3).   

The local polar environment around TyrZ is mostly localized near the WOC, 

with amino acids such as Glu189 and the 5-water cluster. Away from the WOC, TyrZ is 

surrounded by hydrophobic amino acids, such as phenylalanine (182 and 186) and 

isoleucine (160 and 290). These hydrophobic amino acids might shield TyrZ from 

“unproductive” proton transfers with water removed for the WOC, or may steer water 
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toward the WOC for redox chemistry. A combination of the hydrophobic and polar 

sidechains seems to impart TyrZ with its unique properties and functionality.   

These studies of TyrZ may impart the following considerations when designing a 

PCET reaction in proteins: i) short, strong H-bonds facilitate concerted electron and 

proton transfer, even among different acceptors (P680�+ for ET and D1-His190 for PT);  ii) 

the protein provides a special environment for facilitating the formation of short, strong 

H-bonds;  iii) the pH of the surrounding environment—i.e. protonation state of nearby 

residues—may change the mechanism of PCET (e.g., from concerted to sequential. For 

synthetic analogues, see, for instance, the work of Hammarstrom et al. 55, 66).   

1.1.2.1.2 D2-tyrosine 160 (TyrD) 
 

 

Figure 4: Model of the protein environment surrounding Tyr160 (TyrD) of 
Photosystem II from T. vulcanus (pdb 3ARC). Distances shown (dashed lines) are in 
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angstroms.  Crystalographic waters [HOH(prox) = the “proximal” water, HOH(dist) = 
the “distal” water] are shown as small, red spheres. The directions of ET and PT are 

denoted by transparent blue and red arrows, respectively.  Figure rendered using 
PyMol.59 

D2-Tyr 160 (TyrD) of PSII and its H-bonding partner D2-His189 form the 

symmetrical counterpart to TyrZ and D1-His190. However, TyrD kinetics are much 

slower than TyrZ. The distance from P680 is practically the same (~ 8 Å edge-to-edge 

distance from the phenolic oxygen of Tyr to the nearest ring group, a methyl, of P680.), 

but the kinetics of oxidation are on the scale of milli-seconds for TyrD, and its reduction 

(from charge recombination) is on the scale of hours.  TyrD, with an oxidation potential 

of ~0.7 V vs NHE, is easier to oxidize than TyrZ, so its comparatively slow PCET kinetics 

must be intimately tied to management of its phenolic proton. Interestingly, TyrD PCET 

kinetics are only slow at physiological pH.  At pH > 7.7, the rate of oxidation of TyrD 

approaches that of TyrZ.67 At pH > 7.7, oxidations of TyrZ and TyrD by P680�+ in Mn-

depleted PSII are as fast as 200 ns.67   However, below pH 7.7, TyrD oxidation occurs in 

the hundreds of µs to ms regime, which differs drastically with the kinetics of TyrZ 

oxidation.  For example, at pH 6.5, TyrZ oxidation occurs in 2-10 µs, whereas TyrD in > 

150 µs.67 

TyrD-O� forms under physiological conditions via equilibration of TyrZ-O� with 

P680�+ in the S2 and S3 stages of the Kok cycle.65  The equilibrated population of P680�+ 

allows for the slow oxidation of TyrD-OH, which acts as a thermodynamic sink due to 

its lower redox potential. Whereas oxidized TyrZ-O� gets reduced by the WOC at each 
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step of the Kok cycle, TyrD-O� gets reduced by the WOC in S0 of the Kok cycle with 

much slower kinetics, so that most “dark-adapted” forms of PSII are in the S1 state.65 

TyrD-O� may also be reduced through the slow, long-distance charge recombination 

process with quinone A�−. If indeed the phenolic proton of TyrD is donated to His189, 

creating a positive charge (H+N-His189), the location of the hole on P680�+ may be 

pushed toward TyrZ accelerating oxidation of TyrZ. Recently, high frequency ENDOR 

spectroscopic experiments have indicated a short, strong H-bond between TyrD and 

His189 prior to charge transfer, and elongation of this H-bond after charge transfer (ET 

and PT). On the basis of numerical simulations of high-frequency 2H ENDOR data, 

TyrD-O� is proposed to form a short 1.49 Å H-bond (the distance between the phenolic 

oxygen and His189 proton) with His189 at pH of 8.7 and a temperature of 7 K.33  This H-

bond is indicative of an unrelaxed radical. At a pH of 8.7 and a temperature of 240 K 

TyrD-O� is proposed to form a longer 1.75 Å H-bond with His189. This H-bond distance 

is indicative of a thermally relaxed radical. Because the recent 3ARC crystal structure of 

PSII was most likely in the dark state, TyrD was most likely present in its neutral radical 

form TyrD-O�. The heteroatom distance between TyrD-O� and N-His189 is 2.7 Å in this 

structure, which could represent the “relaxed” structure, i.e. equilibrium heteroatom 

distance for this radical. At least at high pH, these experiments corroborate that TyrD-

OH forms a strong H-bond with His189, so that its PT to His189 may be barrierless. On 

the basis of these ENDOR data for TyrD, PT may occur before ET, or perhaps a 
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concerted PCET mechanism is at play.  Indeed, at cryogenic temperatures at high pH, 

TyrD-O� is formed whereas TyrZ-O� is not.65 Many PCET theories are able to describe 

this change in equilibrium bond length upon charge transfer, such as the Borges-Hynes 

model.1  

TyrD may be easier to oxidize than TyrZ for a number of reasons. Within a 5 Å 

radius of the TyrD sidechain lie 12 nonpolar AAs and 4 polar residues, which includes 

the nearby crystallographic “proximal” and “distal” waters. This hydrophobic 

environment is in stark contrast to that of TyrZ in D1, which occupies a relatively polar 

space. For TyrD, phenylalanines occupy the corresponding space of the WOC (and the 

ligating Glu and Asp) within the D1 protein, creating a hydrophobic, (nearly) water-

tight environment around TyrD. One might expect a destabilization of a positivly 

charged radical state in such a comparatively hydrophobic environment, yet TyrD is 

easier to oxidize than TyrZ by ~300mV.    The positive charge due to the WOC, as well as 

H-bond donations from waters (expected to raise redox potentials by ~ 60 mV each36) 

might drive the TyrZ redox potential more positive relative to TyrD. 

Like its TyrZ-OH counterpart, the fate of the proton from TyrD-OH is still 

unresolved.  Indeed, the proton transfer path may change under various conditions. 

Recently, a “proximal” water (Figure 4, HOHprox), as opposed to His189, has been 

suggested as the phenolic proton acceptor during PCET from TyrD-OH under 

physiological conditions (pH < 6.5).32, 68 High-field 2H-Mims-ENDOR spectroscopic 
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studies of the TyrD-O� radical at a pD (deuterated sample) of 7.4 from WOC-present 

PSII indicate His189 as the only H-bonding partner to TyrD-O�.69 However, this does 

not preclude TyrD-OH from H-bonding to a “proximal” water, which then translocates 

(Figure 4, HOHdist) upon acceptance of the phenolic proton. Indeed at pH 7.5, FTIR 

evidence (changes in the His189 stretching frequency) points to His189 as the proton 

donor to TyrD-O� in Mn-depleted PSII.70 However, FTIR spectra also indicate that two 

water molecules reside near TyrD in Mn-depleted PSII at pH 6.0.68 Of these two waters, 

one is strongly H-bonded, the other weakly; these water molecules change H-bond 

strength upon oxidation of TyrD. The recent crystal structure of PSII (3ARC) with 1.9 Å 

resolution shows electron density for occupancy of a single water molecule at two 

distances near TyrD. The “proximal” water is 2.7 Å from the phenolic oxygen of TyrD, 

whereas the so-called “distal” water is out of H-bonding distance at 4.3 Å from the 

phenolic oxygen. Recent QM calculations associate the “proximal” water configuration 

with the reduced, protonated TyrD-OH and the “distal” water configuration as the most 

stable for the oxidized, deprotonated TyrD-O�.32 Since, the TyrD is likely predominantly 

in its radical state TyrD-O� during crystallographic measurements, the “distal” water 

should show a greater propensity of occupancy in the solved structure. Indeed this is the 

case (65% distal vs 35% proximal). An even more recently solved structure of PSII from 

T. vulcanus with to 2.1 Å resolution and Sr substitution for Ca shows no occupany of the 

proximal water (both structures were solved at pH ~ 6.5).71 Notably, no H-bond donor 
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fills the H-bonding role of the “proximal” water to TyrD in this structure, yet all other 

H-bonding distances are the same. Due to this suggested evidence of water as a proton 

acceptor to TyrD-OH under physiological conditions, and His189 as proton acceptor 

under conditions of high pH, we must take a closer look at the protein environment 

which may enable this switching behavior.   

Although D1-His190 and D2-His189 share the identity of one H-bond partner 

(Tyr), their second H-bonding partners differ, which may have functional signficance. 

D1-His190 is H-bonded to the carbonyl oxygen of asparagine 298, whereas D2-His189 is 

H-bonded to arginine 294 (see Figure 3 and Figure 4). At physiological pH, the H-

bonded nitrogen of the guanidinium group of arginine 294 is protonated (the pKa of 

arginine is ~ 12), which forces arginine 294 to act as an H-bond donor to D2-His189. On 

the contrary, asparagine 298 acts as an H-bond acceptor to D1-His190. This may have 

profound implications to the fate of the phenolic proton of TyrD vs TyrZ, since the 

proton-accepting ability of His189/190 from TyrD/Z is affected. At physiological pH, D2-

His189 is presumably forced to act as an H-bond donor to TyrD-OH. At high pH, if 

arginine 294 or His189 become deprotonated (doubly deprotonated in the case of 

His189), the capability of His189 to act as proton acceptor to TyrD is restored. This may 

explain the barrierless PT from TyrD-OH to (presumably) His189 at pH > 7.6. Although 

water is not an energetically favored proton acceptor (its pKa is 14), Saveant et al. found 

that, in water solvent, water is an intrinsically favorable proton acceptor of a phenolic 
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proton as compared to bases such as PO4H2−.72 A reason for this includes a smaller 

reorganization energy when the proton can be delocalized over several water molecules 

in a Grothhus-type mechanism. Indeed, Saito et al describe that movement of the 

“proximal” water (now a positively charged hydronium ion) 2 Å to the “distal” site, 

where the proton may concertedly transfer via several H-bonded residues and waters to 

the bulk, may be a possible mechanism for the prolonged lifetime of the TyrD-O� 

radical. It is tempting to suggest that under physiological pH, TyrD-OH forms a normal 

H-bond with a “proximal” water which may result in slow charge transfer kinetics due 

to the large difference in pKa as well as a larger barrier for PT; whereas at high pH, the 

now-allowed PT to His189 leads to PT through a strong H-bond with more favorable 

change in pKa. (See section 10 of ref 1 for discussion concerning PT distance and its 

relationship to PT coupling and splitting energies.) Although the proton path from TyrD 

is not settled, the possibility of water as a proton acceptor can still not be excluded.   

These studies of TyrD may impart the following considerations when designing 

a PCET reaction in proteins: i) the protein may influence the direction of proton transfer 

in PCET reactions via H-bonding interactions secondary from the proton donor (e.g., 

D1-asparagine 298 vs D2-arginine 294); ii) as for TyrZ, the pH of the surrounding 

environment—i.e. protonation state of nearby residues—may change the mechanism of 

PCET; iii) a largely hydrophobic environment can shield the TyrD-O� radical from 

extrinsic reductants leading to its long lifetime. 
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1.1.2.2. BLUF domain 

The BLUF (sensor of Blue Light Using Flavin adenine dinucleotide) domain is a 

small, light-sensitive protein attached to many cell signaling proteins—such as the 

bacterial photoreceptor protein AppA from R. sphaeroides or the phototaxis 

photoreceptor Slr1694 of Synechocystis (Figure 5). The BLUF domain switches between 

light and dark states as a result of changes in an H-bonding network upon 

photoinduced PCET from a conserved tyrosine to the photo-oxidant flavin adenine 

dinucleotide (FAD).12, 19 Indeed, along with cryptochromes, these BLUF domains are a 

rare example where direct photo-oxidation of an amino acid is crucial to biological 

function. (Most amino-acid radicals are formed by ground-state hole transfer reactions, 

such as in TyrZ above.) Although the charge separation and recombination events 

happen quickly (less than a nanosecond), the change in H-bonding network driven by 

the photo-oxidation event persists for seconds (see Figure 6 and Figure 7).73, 12 This 

difference in H-bonding between Tyr8, glutamine (Gln) 50 and FAD is responsible for 

the structural changes that activate or deactivate BLUF.12 



 

29 

 

Figure 5: Model of the protein environment surrounding Tyr8 of the BLUF 
domain from Slr1694 of Synechocystis sp. PCC 6803 (pdb 2HFN). Distances shown 

(dashed lines) are in angstroms. N5 of the FMN (flavin mono-nucleotide) cofactor is 
labeled. The directions of ET and PT are denoted by transparent blue and red arrows, 

respectively. Figure rendered using PyMol.59 

 

 The light and dark states of FAD are only subtly different, with FAD present in 

its oxidized form in both cases. For both dark and light states, photoinduced PCET, 

initiated via light excitation of FAD to 1FAD*, ultimately produces oxidized, 

deprotonated Tyr8-O� and reduced, protonated FADH�. However, this charge-

separated state is relatively short lived and recombines in about 60 ps.12, 19 The 

photoinduced PCET from tyrosine to 1FAD* rearranges H-bonds between Tyr8, Gln50 

and FAD (Figure 6 and Figure 7), which persist for the biologically relevant time of 

seconds.73, 12, 74 Perhaps not surprisingly, the mechanism of photoinduced PCET 
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depends on the initial H-bonding network through which the proton might transfer, i.e., 

it depends on the dark or light state of the protein. Sequential ET then PT has been 

demonstrated for BLUF initially in the dark state, and concerted PCET for BLUF initially 

in the light state.12, 19 The PCET from the initial dark-adapted state occurs with ET time 

constant ~17 ps in Slr1694 BLUF and PT occurring ~10 ps after ET.12, 19 The PCET 

kinetics of the light-adapted state indicate a concerted ET and PT (the FAD�− radical 

anion was not detected in the femtosecond transient absorption spectra.) with time 

constant ~1 ps and recombination time of 66 ps.19 The concerted PCET may utilize a 

Grotthus-type mechanism for PT, with the Gln carbonyl accepting the phenolic proton, 

while the Gln amide simultaneously donates a proton to N5 of FAD (see Figure 5 and 

Figure 7).19  

The nature of the H-bond network between Tyr-Gln-FAD that characterizes the 

dark vs. light states of BLUF is still debated.75, 73, 12 Some groups believe that Tyr8-OH is 

H-bonded to the NH2-Gln50 in the dark state, while others argue the CO-Gln50 is H-

bonded to Tyr8-OH in the dark state, with opposite assignments for the light state.73, 12, 

76 The H-bonding assignments of these states should exhibit the change in PCET 

mechanism demonstrated by experiment. Like PSII in the previous section, we see that 

the protein environment is able to switch the PCET mechanism. In PSII, pH plays a 

prominent role.  Here, H-bonding networks are key.   
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The exact mechanism by which the H-bond network changes is also currently 

debated, with arguments for Gln tautomerization vs. Gln side-chain rotation upon 

photoinduced PCET.75, 73, 12  Radical recombination of the photoinduced PCET state may 

drive a high energy transition between two Gln tautameric forms, which results in a 

strong H-bond between Gln and FAD in the light state (Figure 7).73 Interestingly, when 

the redox-active tyrosine is mutated to a tryptophan, photoexcitation of Slr1694 BLUF 

still produces the FADH� neutral semiquinone as in wild type BLUF, but without the 

biological signaling functionality.77 This may suggest that a rearrangement of the H-

bonded network that gives rise to structural changes in the protein does not occur in this 

case. 

 

Figure 6: Scheme depicting initial events in photoinduced PCET in the BLUF 
domain of AppA. Figure reproduced from ref 73 with permission. Copyright 2013 

American Chemical Society. 
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Figure 7: A possible scheme for H-bond rearrangement upon radical 
recombination of the photoinduced PCET state of BLUF. The energy released upon 
radical recombination may drive the uphill ZE to ZZ rearrangement. Figure adapted 

from ref 73 with permission. Copyright 2013 American Chemical Society. 

Several factors concerning the rearrangement of H-bonds might change the 

PCET mechanism in BLUF domains.  Using a linearized Poisson Boltzmann model (and 

assuming a dielectric of 4 for the protein), Ishikita calculated a difference in the Tyr one-

electron redox potential between the light and dark states of ~200mV.76 This larger 

driving force for ET in the light state, which was defined as Tyr8-OH H-bonded to CO-

Gln50, was the only calculated difference between light and dark states (pKas remained 

nearly identical). A larger driving force for ET would presumably seem to favor a 

sequential ET-then-PT mechanism. Why PCET would occur via a concerted mechanism 

if ET is more favorable in the light state is unclear. Further theoretical studies concerning 

an explicit theoretical treatment of PCET mechanism are needed to clarify what gives 

rise to the switch from sequential to concerted PCET in BLUF domains.     

What is unique about BLUF that gives rise to a Tyr radical cation, Tyr-OH�+, 

whereas in PSII this species is not observed? We suggest the most important factor may 

be coulombic stabilization.  In general, the driving force for ET must take into account 
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the coulombic attraction (EC) of the generated negative and positive charges, EC = -14.4 

eV/(ε RDA), where ε is the dielectric constant and RDA is the distance in Å between donor 

and acceptor. Tyr8-OH�+ and FAD�− are separated by 3.5 Å edge-to-edge, whereas TyrZ 

or TyrD of PSII is ~ 32 Å from quinone A�−. Further experimental and theoretical insight 

into the reason for radical cation formation is clearly necessary. The oxidation of Tyr8 to 

its radical cation form in BLUF is quite unique from a biological standpoint and sets 

BLUF apart from other PCET studies concerning phenols.  

While the BLUF domain is a convenient small biological protein for the study of 

photoinduced PCET and tyrosyl radical formation in proteins, it is far from a perfect 

“laboratory”. Structural subtleties across species affect PCET kinetics, and the 

environment immediately surrounding the Tyr radical cannot be manipulated without 

influencing the protein fold. 78  Nonetheless, BLUF is a valuable model from which to 

glean import lessons toward the design of efficient PCET systems. Some main ideas 

involving PCET from Tyr8 in BLUF, which may be potentially useful for design of PCET 

proteins, are: i) the proximity of the photoinduced hole donor (here, FAD) and acceptor 

(here, Tyr8) may greatly influence charge-transfer energetics in a low-dielectric protein 

environment; ii) a photoinduced PCET event may drive H-bonding rearrangements that 

govern biological function by subtly changing protein structure.  
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1.1.2.3. Ribonucleotide reductase 

 

Figure 8: Model of the protein environment surrounding Tyr122 of 
ribonucleotide reductase from E. coli (pdb 1MXR). Distances shown (dashed lines) are 
in angstroms.  Crystallographic water (HOH = water) is shown as a small red sphere, 
and the diiron site as large orange spheres.  The directions of ET and PT are denoted 

by transparent blue and red arrows, respectively.  Figure rendered using PyMol.59 

 

 

TyrTyr

Asp Asp

 

Figure 9: Schematic of the Asp84 H-bond shift, which is linked to Tyr122-O�  
reduction (PCET).  Figure adapted from ref 79 with permission. Copyright 2011 

American Chemical Society. 

Ribonucleotide reductase (RNR) is a ubiquitous enzyme that catalyzes the 

conversion of RNA to DNA via long distance radical transfer, which is initiated by the 
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activation and reduction of molecular oxygen to generate a stable tyrosyl radical 

(Tyr122-O�, t1/2 = 4 days at 4°C).40, 41 The formation of Tyr122-O� is the first step in long 

distance radical transfer across a protein dimer interface to the active site of nucleotide 

reduction.  As such, the formation of Tyr122-O� is perhaps one of the most important 

PCET reactions in nature.  Its initiation is tightly coupled with redox states of the nearby 

non-heme dinuclear iron center.  

Tyr122-O� formation is a thermally induced, ground-state process (i.e., no 

photoexcitation is involved) and occurs slowly (1 s-1) relative to phototriggered radical 

formation (ps, ns) of Tyr in proteins such as photolyase, PSII and BLUF.80, 81, 82, 25, 20 

Initiation of Tyr122-O� involves dioxygen activation and reduction via a diiron center. 

Interestingly, the mechanism of Tyr122-O� formation in catalytically competent RNR 

involves a tryptophan (Trp) radical cation (vide infra). Trp48 reduction of Fe1(IV) to 

Fe1(III) produces the diiron intermediate Fe1(III)Fe2(IV) (denoted as X in the literature) 

responsible for the oxidation of Tyr122-OH.80, 81 In the oxidation of Tyr122-OH, the 

electron acceptor is Fe2(IV) (the more distant of the two irons) and the proton acceptor is 

a hydroxyl coordinated to Fe1.83  The phenolic proton possibly transfers through Asp84, 

which forms a weak H-bond with Tyr122-OH (see Figure 8 and Figure 9) in the metRNR 

structure (met = Fe1(III)Fe2(III)).79 There are currently no reported crystal structures of 

the catalytically active RNR, i.e. Fe1(III)Fe2(III)-Tyr122-O�, so the H-bonding 
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environment of the Tyr radical has been deduced via FTIR and EPR experiments 

(discussed below).  

The reduction and protonation of Tyr122-O� in forward radical propagation to 

the cysteine active site (which is uphill in energy40) is currently hypothesized to occur 

via Tyr356 (or Trp48) and the water coordinated to Fe1, respectively. PT to and from 

Tyr122 is therefore suggested to be a rocking mechanism, such as PT to/from TyrZ in 

PSII (where the proton rocks back and forth between TyrZ and D1-His190, see Figure 

9).79, 83  Because Tyr356 seems to be nearly isoenergetic with Tyr122 in terms of 

oxidation potential, the stability of Tyr122-O� is apparently kinetic in nature, most likely 

due to PT gating enabled by protein conformational changes.40  

Radical propagation along the 35 Å hopping chain is proposed to occur in the µs 

time regime, although exact rates of each step are yet to be determined.40 Time scales of 

radical transfer and identities of radical intermediates along the hopping pathway have 

been inferred via Tyr substitution of unnatural amino acids with altered redox potentials 

and pKas.84, 40 For instance, the reduction of an unnatural amino acid NO2Tyr122-O� 

occurs in less than a milli-second, with the caveat that this reduction is not proton 

coupled (NO2Tyr122-O�− is formed.).40, 85 This ET uncoupled to PT might speed up the 

observed radical transfer kinetics by bypassing protein conformational gating of PT.  

The rate limiting process for radical propagation is hypothesized to be protein 

conformational changes upon substrate and allosteric effector binding.40 
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The nature of the Tyr122 H-bond appears to play an important role in radical 

formation and longevity. Tyr122 of class Ia RNR from E. coli shares a hydrogen bond 

with Asp84, with RO…O = 3.4 Å (Figure 8). There is debate as to whether or not a water 

molecule acts as a H-bond intermediary between Tyr122 and Asp84, due to the long, 

observed H-bond distance and the fact that class Ib RNRs from other species contain an 

intermediary H-bonded water.80 Numerical modeling of difference FTIR experimental 

data indicated the neutral radical form of Tyr122 (Tyr122-O�) from E. coli is displaced by 

either 4 or 7 Å from its reduced, protonated form within metRNR (pdb 1MXR).31 

Consequently, the Tyr122-O� radical is not in an H-bonded environment (although in 

species other than E. coli the radical is in fact involved in H-bonding).31, 86, 87 The absence 

of a discernable H-bond (due to rotation and translation of the radical away from Asp84 

and the diiron cluster), and the relatively hydrophobic environment of Tyr122-O�, which 

is dominated by the hydrophobic side chains of isoleucine and phenylalanine (see 

Figure 8), lead to its long lifetime (days).80, 41 . Replacement of Tyr122 with a nitro-

tyrosine analog in its hydrophobic pocket increased the analog’s pKa by > 2.5 units, 

suggesting this hydrophobic environment plays a significant role in the PCET process.40, 

88  

Although the directionality of PT relative to ET has been inferred in RNR for 

various hopping steps (orthogonal PT/ET in the beta subunit, collinear PT/ET in the 

alpha subunit), relatively little is known concerning the other PT steps along the radical 
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transfer pathway. Furthermore, the PCET mechanism for generation of Tyr122-O� may 

be a concerted or sequential PCET process, and further research is necessary to fully 

characterize this important radical formation.  

 PCET of Tyr122 in RNR has many parallels with PCET from TyrZ/D of PSII: i) 

The phenolic proton may be transferred back and forth via a rocking mechanism; ii) Tyr-

OH donates an electron in one direction (Fe2 for RNR, P680�+ for PSII) and accepts an 

electron from another direction (Tyr356 or Trp48 for RNR, WOC for PSII); iii) Both 

Tyr122-O� and TyrD-O� reside in hydrophobic environments and have very long 

lifetimes (days and hours). 

These studies of Tyr122 may impart the following insight when designing a 

PCET reaction in proteins: i) protein conformational changes may be a means for PT 

gating and controlling radical transfer processes; ii) elimination of H-bonding 

interactions in the radical state (Tyr122-O�) by translocation away from an H-bonding 

partner provides a means for increased radical lifetime; iii) a largely hydrophobic 

environment can increase the pKa of Tyr. 

1.1.3 Tryptophan radical environments 
Like Tyr radicals, tryptophan (Trp) radicals are also major players in PCET 

processes in proteins, playing various roles in ribonucleotide reductase,40, 41 

photolyase,7, 89 cytochrome c peroxidase90, 91 and more.  Similar to Tyr, the pKa of Trp 

changes drastically following its oxidation (ΔpKaTyr/Tyr-OH�+ = 12, ΔpKaTrp/Trp-H�+ = 13).16  
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However, the pKa of neutral Trp-H (pKa = 17) is high enough for its one-electron 

oxidized form to remain protonated under physiological conditions (pKa of Trp-H�+ is ~ 

4).  And often, this is the case.  Although proton management does not seem to be as 

vital for oxidation of Trp in proteins, PT still plays a large role in some cases.  Studies of 

Trp oxidation in proteins may have particular relevance for guanine oxidation in DNA, 

where long distance radical hopping along double or single stranded DNA has has been 

experimentally demonstrated and theoretically investigated.92, 93, 94 In fact, a guanine 

radical in a DNA strand has been experimentally observed to oxidize Trp in an 

complexed protein.95 Although Trp is one of the most easily oxidizable amino acids, it is 

still difficult to oxidize (Eox ≈ 1V vs NHE). 16  Its generation and utilization along a hole 

hopping pathway could preserve thermodynamic driving force needed for chemistry at 

a protein active site. Below, we review a few proteins that produce Trp radicals in order 

to highlight features relevant for their design in de novo systems.  
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1.1.3.1 Ribonucleotide reductase 

 

Figure 10: Model of the protein environment surrounding Trp48 of 
ribonucleotide reductase from E. coli (pdb 1MXR). Distances shown (dashed lines) are 
in angstroms.  Crystallographic waters (HOH = water) are shown as small red spheres, 

and the diiron site as large orange spheres.  The directions of ET are denoted by 
transparent blue arrows.  Figure rendered using PyMol.59 

Tryptophan 48 (Trp48) of class Ia ribonucleotide reductase (RNR) of E. coli is 

necessary for functionally competent RNR: its one-electron oxidation forms intermediate 

X (see RNR section concerning Tyr122 above), which then establishes the Tyr122-O� 

radical (with a rate of 1 s-1). 80, 81 Without Trp48 present as a reductant, the diferryl iron 

center oxidizes Tyr122, creating X-Tyr122-O�, whose fate is dominated by 

nonproductive side reactions and, to a lesser extent, slow “leakage” (<0.06 s-1) to the 

catalytically competent Fe1(III)Fe2(III)-Tyr122-O� state.96  The radical cation form of 

Trp48 (Trp-H�+) is also capable of oxidizing Tyr122 directly, with a slightly faster rate 

than X (6 s-1 vs. 1 s-1, respectively41, 81), and does so in the absence of external 
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reductants.81 Curiously, Fe1(IV) of the diferryl species oxidizes Trp48 and not the closer 

Tyr122 (see Figure 10), which would be thermodynamically easier to oxidize in water 

(i.e., Tyr has a lower redox potential in water at pH = 7). This selectivity is perhaps an 

example of how proteins utilize proton management to control redox reactions.   

Once intermediate X is formed by one electron transfer from Trp48 to Fe1, Trp48-

H�+ is reduced by an external reductant (possibly a ferrodoxin protein in vivo97), so that 

the radical does not oxidize Tyr122-OH in vivo.  Because Trp48-H is reformed due to ET 

from an external reductant, another curiosity is that Tyr122-OH, and not Trp48-H, is 

oxidized by Fe2(IV) of X.  Formation of intermediate X by oxidation of Trp48-H may 

lead to a structural rearrangement enabling efficient PT from Tyr122-OH to a bound 

hydroxyl. RNR might also control kinetics by modulating the electronic coupling matrix 

element between the iron sites and these amino acids. Additionally, RNR may adopt an 

alternate conformation where Trp48 is actually closer to the diiron site than Tyr122. The 

precise reasons for the preferred oxidation of Trp48 by Fe1(IV) and Tyr122 by X are 

unknown.   

 

Figure 11: A common amino acid motif for the reduction of a ferryl iron.  (A) 
The Asp, Trp, His motif of cytopchrom c peroxidase produces Trp191-H�+ and a heme-
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derived Fe(III). (B) The Asp, Trp, His motif of RNR produces Trp48-H�+ (W48) and 
Fe(III) of intermediate X. Figure reproduced from ref 41 with permission. Copyright 

2003 American Chemical Society. 

Although Trp48 has been implicated in the long-distance radical transfer 

pathway of RNR,98, 41 its direct role in this hole-hopping chain is not yet confirmed.40, 99 

Instead, the proposed radical transfer mechanism consists of all Tyr: (β)Tyr122-O�à 

(β)Tyr356à (α)Tyr730à (α)Tyr731à (α)cysteine439à reductive chemistry and loss of 

water. (α and β represent AAs found in the α and β subunits of the RNR dimer.) This 

radical-transfer process is uphill thermodynamically by at least 100mV, but is driven by 

the loss of water at the ribonucleotide substrate.99 The back radical transfer, which 

reforms Tyr122-O�, is downhill in energy and proceeds rapidly.40           

The protein environment surrounding Trp48 appears to poise its function as a 

reductant.  In the met structure of the RNR R2 subunit (diferric iron and unoxidized 

Tyr122-OH), Trp48 is surrounded by mainly polar AAs, as well as 14 waters within a 6 

Å radius of its indole sidechain. The indole proton of Trp48 occupies a highly polar 

environment, immediately H-bonded to Asp237 (a conserved residue) and Water3010, 

which forms a H-bonding network with 4 more waters and Arg236. The protonation 

state of the oxidized Trp48 was inferred from absorption spectroscopy, which displayed 

a spectrum characteristic of a Trp radical cation.81 While proton transfer may not be 

involved in Trp48 oxidation, its H-bonding and local dielectric environment likely play 

important roles in modulating its redox potential for the facile reduction of the diferryl 
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iron site to make intermediate X.41 Indeed, mutation of Asp237 to asparagine resulted in 

loss of catalytic function, which may be explained either by loss of PT capability from 

Trp48 to Asp237 or by adoption of a different, non-viable protein conformation.100 

Moreover, Trp48, Asp237, His118 and Fe1 form a motif similar to that found in 

cytochrome c peroxidase, where the ferryl iron is derived from a heme moiety (Figure 

11).101, 41 This motif may provide an H-bonding network to position Trp48 preferentially 

for oxidation by Fe1(IV). 

There seem to be more open questions concerning Trp48 than there are answers:  

Fe1(IV) oxidizes Trp48-H and not Tyr122-OH, which is closer by 3 Å (Figure 10).  Once 

established, Fe1(III)Fe2(IV) oxidizes Tyr122-OH and not Trp48-H.  Would knowledge of 

PCET matrix elements shed light on the preferences of these proton-coupled oxidations? 

Radical initiation in RNR highlights the intricate nature of PCET in proteins, which 

results from possible conformational changes, subtle H-bonding networks, perturbed 

redox potentials and pKas (relative to solution values), etc. More research is clearly 

needed to shed light on the vital Trp48 oxidation.   
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1.1.3.2 DNA photolyase 

1.1.3.2.1 Tryptophan 382 

 

Figure 12: Model of the PCET pathway of photolyase from E. coli (pdb 1DNP). 
FAD (flavin adenine dinucleotide) absorbs a blue photon and oxidizes Trp382, which 

oxidizes Trp359, which oxidizes Trp306, which then deprotonates to solvent. 
Crystallographic waters (HOH = water) are shown as small red spheres. The 

directions of ET and PT are denoted by transparent blue and red arrows, respectively. 
Figure rendered using PyMol.59 

Photolyase is a bacterial enzyme that catalyzes the light-activated repair of UV-

induced DNA damage, in particular the monomerization of cyclobutylpyrimidine 

dimers (CPD).89 Because photolyase is evolutionarily related to other flavin adenine 

dinucleotide (FAD) binding proteins, such as cryptochromes, which share a conserved 

Trp hole-hopping pathway (Figure 12), insights regarding photolyase may be directly 

applicable to a wide variety of proteins, including the de novo design of proteins 

utilizing Trp for redox chemistry.7, 102, 103 The catalytic state of FAD, the anionic 

hydroquinone FADH�−, donates an electron to CPD in the first step of the DNA repair 
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process after photoexcitation. FADH�− is formed in vitro upon blue light photoexcitation 

of the semiquinone FADH� and subsequent oxidation of nearby Trp382. Studying FAD 

reduction in E. coli photolyase, which could provide insight regarding signal activation 

via relevant FAD reduction of cryptochromes, Sancar et al recently found photoexcited 

1FAD* oxidizes Trp48 in 800 fs.7 Hole hopping occurs predominantly via 

Trp382àTrp359àTrp306.7, 20, 89 Oxidation of Trp306 involves proton transfer 

(presumably to water in solvent, since the residue is solvent exposed), while oxidation of 

Trp382 generates the protonated Trp radical cation.7, 20 Differences in the protein 

environment and relative amount of solvent exposure are likely responsible for these 

different behaviors, as well as a non-zero driving force for vectorial hole transfer away 

from FAD and toward Trp306.7, 20  

The three step hole hopping mechanism is completed within ~150 ps of FAD 

photoexcitation.7 Through an extensive set of point mutations in E. coli photolyase, 

Sancar et al. recently mapped forward and backward timescales of hole transfer (Figure 

13). The redox potentials shown in Figure 13 are derived from fitting the forward and 

backward ET rate constants to empirical ET rate equations in order to estimate free 

energy differences and reorganization energies.7 These redox potentials are based on the 

E0,0 (lowest singlet excited state) energy of FAD (2.48 eV), and its redox potential in 

solution (-300mV).7 The redox potential of FAD in protein may differ considerably from 

its solution value, and has been shown to vary as much as ~300 mV within LOV, BLUF, 
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cryptochrome and photolyase proteins.78, 104, 102 However, these recent results 

emphasize the important contribution of the protein environment to establish a 

substantial redox gradient for vectorial hole transfer among otherwise chemically 

identical Trp sites. Such a motif could be exploited in the de novo design of hole 

hopping pathways via Trp residues. 

 

Figure 13: Time scales and thermodynamics of hole transfer in E. coli 
photolyase. Figure reproduced from ref 7 with permission. Copyright 2013 National 

Academy of Sciences. 

The local protein environment immediately surrounding Trp382 is relatively 

nonpolar, dominated by AAs such as glycine, alanine, phenylalanine and Trp. Although 

polar and charged AAs are present within 6 Å of Trp382, the polar ends of these side 

chains tend to point away from Trp382. Trp382 is within H-bonding distance of 

asparagine (Asn) 378, although the long bond length suggests a weak H-bond. Asn378 is 
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further H-bonded to N5 of FAD, which could suggest a mechanism for protonation of 

FAD to the semiquinone FADH�, the dominant form of the cofactor (Figure 12).102 

Interestingly, cryptochromes, which predominantly contain fully oxidized FAD (or one 

electron reduced FAD�− 7), have an aspartate (Asp) instead of an Asn at this position. 

Asp could act as a proton acceptor (or participate in a proton-shuttling network) from 

N5 of FAD, and so would stabilize the fully-oxidized state.102 Besides the long H-bond 

between Trp382 and Asn378, the indole nitrogen of Trp382 is surrounded by 

hydrophobic side chains.  This “low dielectric” environment is likely responsible for the 

elevated redox potential of Trp382 relative to Trp359 and Trp306 (see Figure 13B), which 

are in more polar local environments that include H-bonding to water.7       

Studies of Trp382 may inform the de novo design of proteins that initiate and 

propagate Trp radicals in the following ways: i) elimination of H-bonding interactions 

with the indole side chain may increase the Trp oxidation potential, while still keeping 

the Trp side chain within a biologically useful redox window;  ii) gradients of amino 

acid polarity surrounding identical Trp cofactors can drive fast, vectorial hole transfer 

over long distances with minimal driving force.   

1.1.3.2.2  Tryptophan 306 
Tryptophan 306 (Trp306) of E. coli photolyase is the terminal hole acceptor in a 

conserved hole-transfer pathway consisting of three Trps (see Figure 12).  Upon 

oxidation of Trp306, its deprotonation, presumably to water, occurs in ~ 300 ns.20 

Indeed, the crystal structure (Figure 12) indicates an H-bonded water (HOH841) to the 
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indole nitrogen of Trp306 at a distance of 2.8 Å.  By coupling the oxidation of Trp306 to 

proton loss, the lifetime of the charge-separated state is prolonged (17 ms).20 By 

studying the temperature dependence of the charge recombination reaction between 

FADH�− and Trp306�, Zieba et al. found a pH-dependent reorganization energy.105 They 

infer that charge recombination between FADH�− and Trp306� is either sequential ET 

followed by PT  (pH > 7, with reorganization energy ~ 1.2 eV) or concerted PCET (pH < 

7, with reorganization energy ~ 2.2 eV).105 Interestingly, they argue that these two 

mechanisms do not compete with each other kinetically; that is, a thermodynamic switch 

between them occurs or a proton donor with a pKa ~ 6.5 becomes suddenly available. 

The charge recombination reaction, which occurs over a distance of 15 Å, deserves more 

theoretical attention, as it displays parallels with other known radicals with pH 

dependent PCET mechanisms.  

The local protein environment surrounding Trp306 is more polar than that 

surrounding Trp382. Not only is Trp306 more solvent exposed, but most of the AAs 

within close proximity to Trp306 (e.g. Asp 302 and 358, threonine 388 and 301) are polar 

and/or charged. Studies of Trp306 may provide the following insight concerning PCET 

in natural and de novo designed proteins: i) Trp oxidation coupled to proton loss is an 

efficient means to trap a radical and slow charge recombination; ii) changes in PCET 

mechanism must be considered at varying pH. 
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 1.1.3.3 Azurin 

The blue copper protein azurin from Pseudomonas aeruginosa has played a 

tremendous role in elucidating a quantitative understanding for the mechanisms of 

electron-tunneling, electron hopping, and PCET pathways in proteins.106, 15, 107, 108 The 

Gray lab has exploited single histidine point mutations to label azurin with 

nonbiological Ru- and Re-based phototriggers.109 These phototriggers, either through 

flash-quench methods or direct photooxidation, can initiate charge-transfer reactions 

with the protein Cu redox center. Experiments from the Gray lab identified tryptophan 

122 (Trp122) as an effective hole shuttle between ReI(CO)3(dmp) (where dmp is 4,7-

dimethyl-1,10-phenanthroline) and Cu(I), when Re is coordinated by histidine 124 

(His124) (Figure 14).110 

 

Figure 14: Model of charge transfer pathway involving Trp122 of azurin from 
Pseudomonas aeruginosa (pdb 2I7O). Distances shown (dashed lines) are in 

angstroms. The directions of ET are denoted by transparent blue arrows.  Figure 
rendered using PyMol.59 (dmp = 4,7-dimethyl-1,10-phenanthroline) 
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Introduction

Kinetics studies of long-range electron transfer (ET)
through metallolabeled mutants of a blue copper protein
Pseudomonas aeruginosa azurin have greatly advanced our
understanding of electron-tunneling pathways through pep-
tide b strands,[1–5] as well as at protein interfaces.[6] Theoreti-
cal analysis has revealed the roles of molecular fluctuations
and multiple interfering tunneling pathways in tuning intra-
protein-ET rates in Ru-based azurins.[7,8]

Whereas oxidation of the azurin CuI center by electroni-
cally excited or oxidized metallolabels usually occurs on a
ms–ms timescale,[1,2] dramatic ET acceleration into the tens-
of-ns range has been observed[9] in an azurin mutant in
which a tryptophan (W122) is placed next to a [ReI(CO)3-ACHTUNGTRENNUNG(dmp)] label bound to the imidazole group of H124 (this
Re-modified protein is denoted [ReACHTUNGTRENNUNG(dmp)(W)AzCuI]
(dmp =4,7-dimethyl-phenanthroline)).[10] To explain these
observations a sequential tunneling mechanism was pro-
posed (Scheme 1), in which the 3CT-excited Re label is first
reduced by the W122 indole group, followed by a CuI!WC+

ET, effectively splitting the approximately 2 nm ET pathway
into two shorter steps.[9] The reaction mechanism involves
several relaxation and ET events occurring on timescales
ranging from femto- to nanoseconds.

This work has raised important questions about the roles
of the [ReI(CO)3 ACHTUNGTRENNUNG(dmp) ACHTUNGTRENNUNG(W122)] unit and its electronic excit-
ed states in the ET mechanism. By replacing the CuI center
with CuII or ZnII, we remove the long-range charge separa-
tion across the Re-labeled azurin (i.e., the 31 ns step in
Scheme 1), which isolates the reactive [ReI ACHTUNGTRENNUNG(dmp)(W)] unit,
and focuses on the kinetics and mechanism of the primary
ET step from W to the excited Re chromophore. Detailed

structural, kinetic, and spectroscopic studies of [ReI-ACHTUNGTRENNUNG(dmp)(W)AzM] (M= ZnII, CuII, and CuI) using ps–ns time-
resolved IR (TRIR) and emission spectroscopy, combined
with a theoretical time-dependent (TD)DFT excited-state
analysis, provide a comprehensive picture of [ReI ACHTUNGTRENNUNG(dmp)(W)]
photobehavior and identify factors that make this unit a
unique ultrafast ET phototrigger. It emerges that the ET-ac-
celerating role of the tryptophan intermediate goes well
beyond the simple splitting of the ET path, with interesting
implications for long-range hopping in biological systems, as
well as for the design of new molecular schemes for photo-
induced charge separation.

Experimental Section

Materials : [ReI ACHTUNGTRENNUNG(dmp)(A)AzCuII] (A =W, Y, F)[10] were prepared and han-
dled as described previously[9, 11] and in the Supporting Information. The
[ReIACHTUNGTRENNUNG(dmp)(A)AzZnII] samples were made from the corresponding apo-
protein by ZnII addition. TRIR experiments were performed in 50 mm
Na/KPi buffer in D2O (pD!7.2) at 21 8C. Emission experiments were
performed in H2O, 50 mm NaPi (pH!7.1) at 21 8C. Reduction to [ReI-ACHTUNGTRENNUNG(dmp)(A)AzCuI] was accomplished by slow addition of a concentrated
solution of sodium dithionite (Aldrich) in 0.5–1.0 mL aliquots into an
azurin solution under a nitrogen atmosphere until it turned colorless.
TRIR experiments were thus performed in the presence of a small excess
of dithionite. The crystallographic structure determination of [ReI-ACHTUNGTRENNUNG(dmp)W122AzCuII] was reported previously,[9] and the coordinates are
deposited in the protein data bank (PDB, id 2i7o).

TRIR and luminescence spectroscopy : TRIR measurements and proce-
dures have been described in detail.[12, 13] In short, for ps experiments (0–
2 ns), the sample solution was excited at 400 nm, using frequency-dou-
bled pulses from a Ti:sapphire laser of !150 fs duration (full width at
half maximum (FWHM)) and approximately 3 mJ energy, focused at an
area !200 mm in diameter. TRIR spectra were probed with IR (!150 fs)
pulses obtained by difference-frequency generation. The IR probe pulses
cover a 150–200 cm"1 spectral range. For ns–ms measurements, the sample
was pumped with 355 nm, 0.7 ns FWHM, and probed with electronically
synchronized 150 fs IR pulses.[14] The sample solutions were placed in a
round dip approximately 0.75 mm deep, drilled into a CaF2 plate and
tightly covered with a polished CaF2 window. The cell was raster scanned
across the area of the dip in two dimensions to prevent laser heating and
decomposition of the sample. FTIR spectra measured before and after
the experiment demonstrated sample stability.

Emission-lifetime and time-resolved anisotropy measurements were per-
formed using time-correlated single-photon counting (TCSPC) on an
IBH 5000 U instrument equipped with a cooled Hamamatsu R3809U-50
microchannel plate photomultiplier, following the procedures described
previously.[15] The samples were excited at 370 nm with an IBH
NanoLED-11 diode laser (FWHM 100 ps, 500 kHz repetition rate).

TRIR data analysis : TRIR data were analyzed using singular value de-
composition (SVD) followed by fitting to a multiexponential kinetics
equation[16, 17] implemented (EPFL, Switzerland) in the WaveMetrics
IGOR Pro software tool. In brief, this analysis allows us to separate the
stochastic noise from the signal DA ACHTUNGTRENNUNG(ṽ,t) and express the latter in terms of
P spectral el(ṽ) and temporal cl(t) components [Eq. (1)]:

DAðv; tÞ ¼
XP

l¼1

elðvÞclðtÞ ð1Þ

in which DA ACHTUNGTRENNUNG(ṽ,t) is the IR difference absorbance measured at time delay
t and wavenumber ṽ. The cl(t) components are then fitted simultaneously
to the appropriate kinetics equation. Herein, we used a multiexponential
kinetics model [Eq. (2)]:

Scheme 1. Photoinduced electron transfer through [ReI ACHTUNGTRENNUNG(dmp)(W)AzCuI].
Optical population of several 1CT-excited states is followed by a series of
relaxation and ET steps. The sites of the excited electron and hole are
shown in red and blue, respectively. Lifetime values are pertinent to [ReI-ACHTUNGTRENNUNG(dmp)(W)AzCuI].[9]
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Figure 15: Kinetic scheme of photoinduced hole transfer from 1CT-ReI(dmp) to 
Cu(II) via the populated intermediate Trp122. The locations of the excited electron 
and hole are depicted in blue and red, respectively.  Figure reproduced from ref 111 

with permission. Copyright 2011 Wiley-VCH Verlag GmbH & Co. KGaA. 

Mutation of Trp122 to phenylalanine or tyrosine eliminated charge hopping, 

emphasizing the importance of redox potential modulation as well as management of 

coupled proton transfers. Tyr oxidation is slightly more favorable thermodynamically 

than Trp oxidation if the ET is properly proton-coupled,16 so the absence of charge 

hopping with Tyr substitution suggests an appropriate proton acceptor for the phenolic 

proton is not present. The charge-transfer mechanism of this modified azurin system, as 

well as its associated kinetic time scales, are shown in Figure 15.  Rapid exchange 

between the triplet MLCT of ReI(CO)3(dmp) and the charge-separated state associated 

with oxidized Trp122 is responsible for the fast charge transfer (~ 30 ns) between 

ReI(CO)3(dmp) and Cu(I), which are separated by 19.4 Å.111, 110 Hole hopping via Trp122 

is the reason for the dramatic increase in the rate of Cu oxidation (~ 300 fold from the 
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theoretically expected single-step rate), since the distance from the mediating Trp122 is 

6.3 Å away from the Re center and 10.8 Å from the Cu (see Figure 14). The short distance 

between Trp122 and Re allows for a rapid oxidation to generate Trp-H�+ (< 1 ns), 

mediated by the π-π interaction of the indole ring of Trp122 with dmp�−. Despite its 

solvent exposure, Trp122 remains protonated throughout the charge hopping process, 

possibly due to a longer timescale of Trp deprotonation to water, as seen in the solvent 

exposed Trp306 of E. coli photolyase (~ 300 ns, see photolyase section above).20 Although 

Trp122 is solvent exposed, its protein environment is somewhat nonpolar, although 

polarizable with several methionine residues. 

Hole hopping mediation via Trp122 may provide insight concerning PCET in 

natural and designed proteins. Like in RNR, hole hopping is often kinetically 

advantageous when charge is transferred over long distances. Even modest endergonic 

hopping steps can be tolerated, as in the forward radical propagation of RNR, if the final 

charge transfer state is downhill in free energy.  Fast charge hopping is an effective way 

to reduce the likelihood of charge recombination, and is a tactic applied in PSII, 

although at the expenditure of a considerable amount of driving force.112 Certainly a 

timely topic of study is the elucidation of the criteria for rapid, photoinduced charge 

separation with minimal driving force. This azurin hopping system provides an 

interesting framework in which to study such events.  
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1.1.4 Implications for design and motivation for further theoretical 
analysis 

The protein environments of Tyr and Trp radicals not only illustrate the 

significance of the local dielectric and H-bonding interactions, they also point toward 

design motifs that may prove fruitful for the rational design of bond-breaking and 

catalysis in biological and de novo proteins. Indeed, de novo design of proteins that bind 

abiological cofactors is rapidly maturing.113-115 Such methods may now be employed to 

study in designed protein systems the basic elements that give rise to the kinetic and 

thermodynamic differences of PCET reactions.  Such systems may prove more tractable 

than their larger, more complicated, natural counterparts.  However, design clues 

inspired by natural systems are invaluable.   

Our discussion of Tyr and Trp radicals has emphasized a few, possibly 

important, mechanisms by which natural proteins control PCET reactions.  For example, 

Tyr radicals in PSII show a dependence on the second H-bonding partner of histidine 

(His). While D1-His190 is H-bonded to TyrZ and Asn, D2-His189 is H-bonded to TyrD 

and Arg. The presence of the Arg necessitates His189 to act as an H-bond donor to TyrD, 

sending TyrD’s proton in a different direction (hypothesized to be a proximal water). 

Secondary H-bonding partners to His could thus provide a means to control the 

direction of proton translocation in proteins. 

Physical movement of donors and acceptors before or after PCET events 

provides a powerful means to control reactivity. Tyr122-O� has been shown to move 
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several angstroms away from its electron and proton acceptors, into a hydrophobic 

pocket where H-bonding is difficult. To initiate forward radical propagation upon 

substrate binding, reduction of Tyr122-O� may be conformationally gated such that, 

upon substrate binding, the ensuing protein movement might organize a proper H-

bonding interaction with Tyr122-O� and Asp84 for efficient PCET. Indeed, TyrD-O� of 

PSII may attribute its long lifetime from movement of a water after acting as a 

(hypothesized) proton acceptor. Movement of donors and acceptors upon oxidation can 

thus be a powerful mechanism for extended radical lifetimes. 

The acidity change upon Trp oxidation can also be utilized in a protein design. 

The Trp-H�+ radical cation is about as acidic as glutamic or aspartic acid (pKA ~ 4), so H-

bonding interactions with these residues should form strong H-bonds with Trp-H�+ (see 

H-bonding section above). Indeed, in RNR and cytochrome c peroxidase, we see this H-

bonding interaction between the indole nitrogen of Trp and aspartic acid (Asp) (see 

Figure 10 and Figure 11). The formation of a strong, ionic hydrogen bond (i.e., H-bond 

donor and acceptor are charged, with matched pKAs) between Trp and Asp upon 

oxidation of Trp could provide additional thermodynamic driving force for the 

oxidation. 

Nature may utilize Trp radicals vs Tyr radicals under different circumstances. 

The stringent requirement of proton transfer upon Tyr oxidation suggests that its most 

unique (and possibly most useful) feature is the kinetic control of charge transfer it 
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affords via even slight changes in protein conformation. Such control is most likely at 

play in long distance radical transfer of RNR. Conversely, requirements for Trp 

deprotonation are not so stringent. If the Trp radical cation can survive for at least half a 

microsecond, as is the case for Trp306 of photolyase, a large enough time window may 

exist for reduction of the cation without the need for reprotonation of the neutral radical 

form.  In this way, Trp-H�+ radicals may be useful for fast propagation of charge over 

long distances with minimal loss in driving force, as seen in photolyase.   

Studying PCET processes in biology can be a daunting task.  For instance, the 

PCET mechanism of TyrZ and TyrD of PSII depends on pH, and the presence of calcium 

and chloride; PCET kinetics of Tyr8 of BLUF domains depends on the species; fast PCET 

kinetics can be masked by slow protein conformational changes, as in RNR. Accurate 

determination of amino acid pKas in proteins is formidable due to all the titratable 

resides often present. Here, especially in the realm of PT, where convenient optical 

handles often accompanied with ET are absent, theory leads the way toward insight and 

the development of new hypotheses. However, profound theoretical challenges exist to 

elucidate PCET mechanisms in proteins.1 Accurate theoretical calculations of even the 

simplest PCET reactions are heroic efforts, where the theory is still under active 

development. Naturally, larger more complicated biological systems provide an even 

greater challenge to the field of PCET theory. But these are the systems where theoretical 
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efforts are most needed. For instance, accurate calculation of transition state geometries 

would elucidate design criteria for efficient PCET in proteins.  

1.2 Defusing redox bombs? 

1.2.1 Introduction 

Proteins catalyze crucial reactions via unstable, high-energy chemical 

intermediates.  In the absence of physiological substrates, activated redox cofactors 

become ticking time bombs, capable of producing oxidative damage to the protein. Gray 

and Winkler propose that chains of tryptophan (Trp) and tyrosine (Tyr) residues may 

serve as escape routes for potentially damaging, highly oxidizing electron holes 

(oxidizing equivalents) that are generated in enzymatic reactions 116.  The aromatic 

residues are suggested to provide charge shuttling pathways that lead out to the protein 

surface from buried active sites.  Once outside the protein, the holes can be safely 

scavenged by cellular reductants.  

Since at least the 1960s, aromatic amino acids were postulated to play a special 

role in biological redox chemistry as electron hole carriers 117.  Circadian rhythm 

photochemistry, photosynthetic water splitting, nucleic acid biosynthesis, and cell 

signaling are now well understood to engage redox-active Trp and Tyr residues as 

essential parts of their function 1.  Could Tyr and Trp also play a protective role during 

enzymatic reactions (such as the oxidation of aliphatic C-H bonds) that require high-

energy intermediates 118, 119? The answer will be dictated by the set of time scales at 
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play: Hole hopping from the activated redox cofactor to the first Trp/Tyr must be slower 

than catalysis (to avoid disabling the enzyme’s valuable catalytic function), but faster 

than oxidative protein damage.  Gray and Winkler’s query of the PDB (e.g., they 

searched for Trp/Tyr pairs within a 5 Å edge-to-edge cut-off distance) provides a critical 

starting point for more detailed investigations of these hole transfer chains.   

1.2.2 Geometric factors affecting electronic coupling between Trp and 
Tyr pairs 

 

Figure 16: The electronic coupling interaction energy (V) between indole and 
phenol pairs depends on orbital overlap. (A) Highest occupied molecular orbital 
(HOMO) of indole and phenol. (B) V between degenerate orbitals (here, indole 

HOMOs) is one-half the energy splitting between bonding and anti-bonding HOMO 
combinations. (C) Prevalent T-shaped (T) and parallel-displaced (PD) geometries 
between aromatics. (D) Two PD indole pairs (black and gray, within each pair), 
aligned by 6-membered benzyl rings, with overlaid HOMOs. Orbital lobes that 
overlap an equal amount of positive (red) and negative (blue) amplitude have 

negligible contribution to V. Destructive interference between orbital lobes of T-
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shaped orientations are responsible for the weak V values (1 to 4 meV) shown in 
Figure 17.  

Electron-transfer (ET) rates in biochemical reactions are usually proportional to 

the square of the electronic coupling interaction energy (V, Figure 16B) between the 

electron donor and acceptor, facilitated by the protein medium, or by direct van der 

Waals (vdW) contact between redox species. V decays rapidly with distance, and the 

steepness of this decay depends on the structure of the intervening medium 120. ET 

pathways and relative donor/acceptor orientations influence wave function overlap, and 

thus determine V and the ET rate.  The relative Trp and Tyr orientations fine tune the 

hole hopping rates.  Two orientations are common among protein aromatics (Figure 

16C), the so-called parallel-displaced (PD) and the T-shape (T) orientations, where ring 

interactions capture quadrupolar electrostatic stabilization 121.  PD geometries may 

utilize strong stacking interactions (akin to sigma bonding between p-orbitals) to 

maximize V; however, the strength of such interactions depends on orbital symmetry, as 

shown in Figure 16D for indole pairs.  Indeed, the greater than 10-fold stronger V for 

Tyr90-Trp231 in Figure 17 arises from its PD geometry, compared to the T geometry of 

the other pairs. 

Within a subset of orientations (e.g., T or PD), additional geometric effects 

between aromatic pairs may be used to control V.  For example, by placing the nodal 

planes that pass through the indole 6-member ring (Figure 16A) at 90° to each other, the 

indole-indole coupling can be reduced from ~165 meV (Figure 16D, bottom) to < 1 meV 
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(Figure 16D, top), substantially modulating the hole escape kinetics.  While aromatic 

residues play a known role in structural stability and substrate binding, might the 

modulation of V be a key factor in the evolution of hole hopping chains?  

1.2.3 Cytochrome P450 

 

Figure 17: A chain of Trp and Tyr residues in the cytochrome P450 protein 
CYP11A1 (PDB 3N9Y) discussed by Gray and Winkler 116. DFT-derived V values are 

shown in blue (The method in 122 was implemented in NWchem 123 with the M06-HF 
functional using the D3 dispersion correction, the cc-pVTZ basis set for C and H 

atoms, and aug-cc-pVTZ for N and O). Each hopping rate is proportional to V2. The 
greater than 10-fold stronger V between Tyr90-Trp231 arises from its PD geometry, 

compared to the T geometry of the other pairs.  Since each pair of residues is within 
vdW contact, no protein medium is included in the computations of V.  The Fe(IV)-
oxo heme radical cation (CpdI) of P450, shown as a bomb ready to explode, converts 
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cholesterol to pregnenolone.  If unable to react with cholesterol, CpdI might be 
defused by the nearby Trp87 (followed by hole hopping to the protein surface at 

Tyr93) before damaging the protein. 

Gray and Winkler identified a 5-residue Trp/Tyr chain in the mitochondrial 

cholesterol metabolizing cytochrome P450, CYP11A1 (Figure 17).  Each Trp or Tyr is in 

vdW contact with its neighbor.  During the conversion of cholesterol to pregnenolone, 

the heme of CYP11A1 likely cycles through a highly oxidizing intermediate known as 

compound I (CpdI).  What are the consequences of CpdI formation in the absence of 

cholesterol? Could the Trp/Tyr chain defuse the CpdI bomb before it damages the 

protein? Fig. 2 stresses an important functional point:  The deactivation of CpdI by 

Trp/Tyr chains should not outcompete catalysis when substrate is bound. (Indeed, 

cholesterol is closer to the heme iron than is Trp87 — 4.3 vs 9.6 Å).   

The Trp and Tyr orientations in CYP11A1 sample characteristic T and PD 

geometries (see Figure 16C). Figure 17 shows that the magnitude of V is sensitive to the 

orientation:  V ranges from 1 meV (T) to 60 meV (PD).  Such differences in V would 

manifest as 103-104-fold differences in charge transfer rates between aromatic pairs. Still, 

protein fluctuations are expected to influence the mean squared values of V and, 

consequently, the transport rates.   

Using the values of V from Figure 17 in a simple kinetic mechanism 

( CpdI! Trp87! Trp231! Tyr90! Tyr94→ Tyr93 ) with rates governed by the 

non-adiabatic ET theory 124, the mean first passage time (MFPT) 4 from CpdI to Tyr93 is 
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given in Figure 18. For a particular free energy difference (ΔG) and reorganization 

energy (λ) of each step, the MFPT is the characteristic time scale for hole migration from 

CpdI to the protein surface.  For example, when ΔG = 0 and λ = 0.8 eV, the MFPT is ~1 µs 

(very similar to the 3 µs value reported by Gray and Winkler 116).  For these parameters, 

turnover of CpdI during catalysis must proceed in the sub-µs range, in order for the 

enzyme to function.  In the absence of substrate, might Trp87 maneuver to within vdW 

contact of CpdI, thereby facilitating rapid hole transfer to the protein surface?  

 

Figure 18: Contour lines of the mean first passage time for a hole to escape the 
heme to the protein surface via the Trp/Tyr chain of CYP11A1 in Figure 17, as a 

function of the free energy difference (ΔG) and the reorganization energy (λ) of each 
hopping step (using the Marcus nuclear factor). For given ΔG and λ values, catalysis 
must be faster than the time scale shown here, and oxidative protein damage must be 

slower, in order for the Trp/Tyr chain to be competent to defuse the redox bomb 
(CpdI). Biological values of ΔG and λ typically fall within the dashed box.  We used 
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the square barrier tunneling model with parameters chosen by Gray and Winkler 116 

for the CpdI to Trp87 step: kET = 10
13 exp[−β(R − R0 )]exp[−(ΔG + λ)2 / (4λkBT )]  with 

R = 9.6 Å, R0 = 3 Å, β = 1.1 Å-1, kBT = 1/40 eV. 

1.2.4 Flickering resonance 

Emerging flickering resonance models for charge movement through redox 

chains in vdW contact may be applicable to Trp and Tyr hole transfer chains as well 120, 

125.  The energy levels of Trp/Tyr stacks will fluctuate in and out of energetic degeneracy 

(Figure 19B).  These flickering resonances can enable ballistic charge flow through such 

chains 125. Could the proposed chemistry of these vdW contact aromatic chains enable 

resonant charge transport away from the fragile active sites to the protein surface? 

 

Figure 19: (A) De novo protein design for vectorial hole transfer (red arrow) via 
Trp (green) and Tyr (blue) residues. Electronic excitation of a photo-oxidant (orange) 
triggers hole hopping. (B) Flickering-resonance model for charge transport through 

the protein in (A). The red arrow demarks the energy width (δE) that is comparable to 
the size of the coupling interactions (V) between hole transfer partners that is 

required for a functional flickering-resonance pathway. 
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1.2.5 Outlook 

The frequency of Trp/Tyr chains in proteins noted by Gray and Winkler, as well 

as the established role played by these amino acids in biocatalysis, warrant the 

mechanistic study of how biological hole transport pathways function in detail. In this 

regard, de novo protein design (Figure 19) allows a systematic exploration of how the 

protein environment may tune hole propagation through designed hole transfer chains.  

Practically, hole transfer chains may be valuable design elements to assure the stability 

and function of critical enzymes in metabolically engineered organisms that 

overproduce oxidized metabolites, for example, in the generation of biofuels.   

Redox cofactors are essential components in life-sustaining enzymatic reactions, 

but the high oxidation states accessed by these cofactors may damage and ultimately 

disable the protein machinery 116. The role proposed for Trp/Tyr chains in minimizing 

the occurrence of oxidative damage suggests that evolution may have found a 

compromise between catalytic function and protection: If the time scale for oxidative 

damage defines the fuse length of the redox bomb, Trp/Tyr chains may let the fuse burn 

short without explosive consequences. 

1.3 Mean first-passage times in biology 

Many biochemical processes, such as charge hopping or protein folding, can be 

described by an average timescale to reach a final state, starting from an initial state.  

Here, we provide a pedagogical treatment of the mean first-passage time (MFPT) of a 
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physical process, which depends on the number of intervening states between the initial 

state and the target state.  Our aim in this tutorial review is to provide a clear 

development of the mean first-passage time formalism and to show some of its practical 

utility.  The MFPT treatment can provide a useful link between microscopic rates and 

the average timescales often probed by experiment.   

1.3.1 Introduction 

The cell is small enough for a chance event to determine its fate.126 For example, 

gene expression can be governed by a single protein binding event, which in turn may 

determine cellular phenotype.127 A deeper understanding of cellular events that happen 

for the first time may lead to a better understanding of biology at the cellular level.  The 

mean first-passage time (MFPT) defines an average timescale for a stochastic event to 

first occur.128, 129  The MFPT maps a multi-step kinetic process to a coarse-grained 

timescale for reaching a final state, having started at some initial state.  The cellular 

machinery tailors the many MFPTs relevant to its biochemical networks in order to 

achieve orchestrated function.  Indeed, the Michaelis-Menten equation for the reaction 

rate of enzyme catalysis can be cast as a MFPT.130       

In what follows, we provide a pedagogical treatment of the MFPT to traverse a 

kinetic network, which depends on the number of steps through intervening states 

between the initial state and the target state.  The target state may be a newly 

synthesized protein, a protein in its native fold,131, 132 an exciton on an electron 
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donor,133-137 or an electron on a final acceptor.138-141  We explore the question “How 

long does it take, on average, to arrive at a final state F for the first time, having started 

at an initial state I?”, which is a quest for an effective rate constant kI→F . We derive the 

MFPT for a system of coupled kinetic rate equations that are linear and first-order.  We 

then show the direct correspondence between rate equations and Markov chains.  

Finally, we use Markov chains to derive a general formula133-135 for the MFPT.  These 

formulae can also be directly applied to the analysis of time-resolved spectroscopic data:  

In a simple case, the timescale of ground-state recovery after photoexcitation can be 

viewed as a MFPT from the excited-state manifold to the ground-state manifold.  Our 

aim in this tutorial review is to provide a clear development of the MFPT formalism and 

to show some of its practical utility.    

 

Figure 20: A donor-bridge-acceptor (DBA) kinetic network.  The states 1, 2, and 
3 define a simple hopping network.  Inclusion of a 4th state (gray), which may 

represent a side-reaction, along with the rate k4, influences both the mean first-
passage time from state 1 to 3, as well the quantum yield of state 3.  The dashed box 

defines a subensemble of states with finite residence times.  States 3 and 4 are “trap” 
states. 
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1.3.2 The mean first-passage time 

A simple kinetic mechanism that captures key features of the MFPT formalism 

has three states (Figure 20, states 1, 2, and 3).  The unidirectional arrows denote 

transitions to “trap” states.  Any population that visits state 3 of Figure 20, even for the 

first time, is doomed to remain there.  The dashed box of Figure 20 defines a 

subensemble where population can be redistributed: A random walker can bounce back 

and forth between states 1 and 2 without being trapped in either state.  For concreteness, 

we have chosen states 1, 2, and 3 as representing states in a donor-bridge-acceptor (D-B-

A) system.  However, state 1 could also represent a free enzyme population ([E]), state 2 

an enzyme-substrate complex ([ES]), and state 3 a product state ([E]+[P]), where 

k1àkon[S], k2àkoff , and k3àkcat.  The derivation that follows for the MFPT from state 1 to 

state 3 is related to the Michaelis-Menten equation by v/[E]0 = 1/MFPT, where v is the 

reaction velocity and [E]0 is the total (conserved) enzyme concentration.130  The inverse 

of the MFPT is an effective rate of the overall reaction.   

To find the MFPT ( τ i ) for population to traverse from state i to the trap state 

(here, state 3), we need a probability density fi(t) of the first-passage time (FPT).128, 129  

Then  

(1.1) τ i = t fi (t)dt
0

∞

∫   
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Because of the irreversibility of a transition to state 3, the probability of not having 

transitioned to state 3 at time t is equal to the probability of being found in states 1 or 2 at 

time t: P1
(1)(t)+ P2

(1)(t) , where the superscript denotes the state that is initially populated 

at t=0.  Assuming the population will eventually entirely be found in the trap state 3, the 

probability of making a first passage to state 3 at time t, having started in state 1, is then 

Pfp
(1) = 1− [P1

(1)(t)+ P2
(1)(t)] .  The probability density is128, 129 

(1.2) fi (t) =
d
dt
Pfp

(i )(t) = − d
dt
Pj
(i )(t)

j≠trap
∑   

(We will present the MFPT formalism for this 3-state mechanism, but will use a notation 

that can be generalized to larger networks.)  

The rate equations describing the kinetic mechanism of the 3-state system of 

Figure 20 are: 

(1.3) 
d
dt
P1(t) = −k1P1(t)+ k2P2 (t)   

(1.4) 
d
dt
P2 (t) = k1P1(t)− (k2 + k3)P2 (t)   

(1.5) 
d
dt
P3(t) = k3P2 (t)   

The FPT probability density for this 3-state system can be found from eqn 1.2, by adding 

eqns 1.3 and 1.4: 



 

67 

(1.6) 

d
dt
P1(t) = −k1P1(t)+ k2P2 (t)

+
d
dt
P2 (t) = k1P1(t)− (k2 + k3)P2 (t)

d
dt
[P1(t)+ P2 (t)]= −k3P2 (t)

  

and multiplying by -1, such that 

(1.7) f (t) = k3P2 (t)  

To find the MFPT, one can work with either expression (1.2) or (1.7) for f(t).  

Substitution of eqn (1.2) into eqn (1.1), and integrating by parts leads to the concept of 

the MFPT as a sum of residence times (ri) of each state leading to the final state:  

(1.8) 

τ 1 = t Pi
(1)(t)

t=0

t=∞

i≠3
∑ + Pi

(1)dt
i≠3
∑

0

∞

∫

τ 1 = Pi
(1) dt =

0

∞

∫
i≠3
∑ ri

(1)

i≠3
∑

  

The MFPT is the sum of residence times of the states within the subensemble 

defined by the box of Figure 20.  The residence times are the shaded areas under the 

curves in Figure 21.  Noting that Pi(t) of a linear, first-order kinetic mechanism is 

pi = exp(Kt)p0[ ]i , where K is the rate matrix, p is the state population vector, and p0 is 

the initial condition vector, the residence times are 
 
ri = exp( !Kt) !p0 dt0

∞

∫⎡⎣⎢
⎤
⎦⎥i
= − !K−1 !p0⎡⎣ ⎤⎦i , 

where the tildas denote the subset of the rate matrix and the initial condition vector that 
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only includes the subensemble of states that are not traps (see eqn. 1.10).  The kinetic 

mechanism of Figure 20, written explicitly in vector-matrix notation is  

(1.9) 
d
dt
p(t) = Kp(t), p(t) =

P1(t)
P2 (t)
P3(t)

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
, K =

−k1 k2 0
k1 −k2 − k3 0
0 k3 0

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

  

The MFPT formalism requires only the subensemble of states that are not traps: 

(1.10) 

 

d
dt
!p(t) = !K !p(t), !p(t) =

P1(t)
P2 (t)

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
, !K =

−k1 k2
k1 −k2 − k3

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

  

The inverse of the rate matrix defined in eqn 1.10 can be used directly to calculate the 

MFPT: 

(1.11) 

 
τ 1 = [− !K−1 !p0

i≠3
∑ ]i   

with  

(1.12) 

 

− !K−1 =

k2 + k3
k1k3

k2
k1k3

1
k3

1
k3

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

, !p0 =
1
0

⎡

⎣
⎢

⎤

⎦
⎥   

such that 

(1.13) τ 1 =
k1 + k2 + k3

k1k3
 

An effective rate from state 1 to state 3 is then k1→3 = 1/ τ 1 .  This derivation of the 

MPFT to state 3 assumes that state 3 is the only population trap.  If other traps were 
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included in the kinetic mechanism, the sum of the residence times defines the mean exit 

time128 from the subensemble defined by the box in Figure 21.   

For more than one trap state, a conditional MFPT is defined as the MFPT to arrive 

at the trap state j assuming that the system has not first traversed to any other trap state.  

For the conditional MFPT, the second definition of the FPT probability density (eqn. 1.7) 

is more convenient.  The conditional MPFT is128  

(1.14) τ 1
(3) =

k3 t P2 (t)dt
0

∞

∫

k3 P2 (t)dt
0

∞

∫
=

t P2 (t)dt
0

∞

∫

P2 (t)dt
0

∞

∫
  

Using

 
t e !Kt !p0 dt =

0

∞

∫ !K−2 !p0 , the conditional MFPT to state 3 is  

(1.15) 

 
τ 1

(3) = − [
!K−2 !p0 ]2
[ !K−1 !p0 ]2

  

If more than one state transitions directly to the trap state j, the conditional MFPT to j is  

(1.16) 

 

τ m
( j ) = −

ki→ j[ !K
−2 !p0 ]i

i
∑

ki→ j[ !K
−1 !p0 ]i

i
∑   

where the initial state is m, and ki→ j  is the rate constant from state i to state j.  The 

conditional MFPT is always shorter than the MFPT of the same kinetic mechanism with 

only one trap state, since a random walker has to avoid the other trap site.  For instance, 

if the initial state is a photoexcited electron donor, the first charge-separation reaction 
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must compete with excited-state deactivation via internal conversion to the ground 

state, intersystem crossing to the triplet manifold, and emission.  The population that 

eventually lands on state 3 (electron on the acceptor) must have done so faster than any 

of these competing processes that deactivate the population on the excited donor.  

Specifically for the mechanism of Figure 20, including the transition to state 4 (gray), the 

MFPT is 

(1.17) τ 1
(3) = k1 + k2 + k3 + k4

k1k3 + k2k4 + k3k4
  

Eqn. 1.17 reverts to the three-state MFPT (eqn. 1.13) when k4 is 0.   

The quantum yield (QY) of the trap state j can be calculated from the residence 

times of all the states that transition directly to state j:137 

(1.18) QYj = ki→ jri
i
∑   

With an additional rate k4 that drains population from state 1 of Figure 20 (gray), e.g., to 

produce a neutral DBA system, the QY of state 3 is 

(1.19) QY3 = k3r2 =
k3k1

k3k1 + k4 (k2 + k3)
  

If the alternate trap state were not included in the kinetic mechanism (k4 = 0), the QY of 

state 3 would be 1.  

There is a general dependence of the MFPT on the number of states included in 

the kinetic mechanism.  For example, we see that by adding another state (state 4) to a 

three-state mechanism, the MFPT to state 3 changes.  In order to derive the general 
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dependence of the MFPT on the number (N) of states in a linear chain, which is relevant 

to phenomena such as protein folding, exciton hopping, and charge hopping through 

proteins or DNA, we find a formal correspondence between kinetic rate equations and 

Markov chains. We then derive the mean number of steps (Si) to a trap in a Markov 

chain that starts on state i.  The MFPT is Si Δt, where Δt is the timestep.   

 

Figure 21: Simple hopping kinetic networks that display very different 
effective rates from donor to acceptor.  (A) Charge injection to the first bridge state 

(red) is thermodynamically favorable (here, by ~ 1 kBT), with a rate kinj = 2 ns-1. kback = 
0.5 ns-1, k=1 ns-1, kout = 2 ns-1.  The residence times of the bridge states (red, yellow, and 
green shaded regions) are non-negligible compared to the residence time of the donor 
state (blue shaded region).  (B) Charge injection into the bridge is thermodynamically 

unfavorable (here, by ~ 2 kBT), with a rate kinj = 0.1 ns-1. kback = 1 ns-1, k=1 ns-1, kout = 10 
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ns-1.  The residence times of the bridge states (red, yellow, and green shaded regions) 
are negligible compared to the residence time of the donor state (blue). 

1.3.3 From kinetic rate equations to Markov chains 

There is a formal correspondence between Markov chains and linear kinetic 

networks, which is useful to derive the chain-length dependence of the MFPT.  Consider 

the following equations for the two populations [Xi Yi]T at timestep i, which are functions 

only of the populations at timestep i-1 and the transition probabilities Pi→ j :      

(1.20) 
X1 = Px→xX0 + Py→xY0
Y1 = Px→yX0 + Py→yY0

  

In vector-matrix form: 

(1.21) u1 =Mu0, u1 =
X1
Y1

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
, M =

Px→x Py→x

Px→y Py→y

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
, u0 =

X0
Y0

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

  

Moving to continuous time by using the definition of a derivative: 

(1.22) 
d
dt
u(t) = lim

Δt→0

ut+Δt − ut
Δt

= lim
Δt→0

Mut − ut
Δt

= lim
Δt→0

M − I
Δt

ut = Ku(t)   

with 

(1.22) K ≡ lim
Δt→0

M − I
Δt

  

With eqn 1.23, we have a formal definition of the rate matrix K in terms of the Markov 

matrix M:  
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(1.23) K =
−kx→y ky→x

kx→y −ky→x

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
= lim

Δt→0

Px→x −1
Δt

Py→x

Δt
Px→y

Δt
Py→y −1

Δt

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

  

Assuming the transition probabilities from each state are normalized: 

(1.24) K = lim
Δt→0

−Px→y

Δt
Py→x

Δt
Px→y

Δt
−
Py→x

Δt

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

  

where kx→y = limΔt→0

Px→y

Δt
 .   

1.3.4 The mean first-passage time of a biased random walker 

 

Figure 22: A Markov chain representing biased, diffusive hopping.  Hops to 
states with a lower number occur with probability q; hops to states with a higher 

number occur with probability p.  State 0 is the first state in the chain, and state N is 
the last state in the chain.  The total transition probabilities emerging from each state 

sum to 1, i.e. p + q = 1. For unbiased, diffusive hopping, p=q=1/2.  

We now derive the mean number of steps (Sj) that a random walker must take to 

first reach state 0 in a linear Markov chain (Fig. 3), having started on state j.  The MFPT 

τ j  is related to the mean number of steps Sj by τ j = Sj Δt , where Δt is the timestep.  

For the Markov chain of Figure 22, we start with the following recursion condition: 

(1.25) Sj = 1+ pSj+1 + qSj−1   



 

74 

where p is the probability to transition away from state 0 and q is the probability to 

transition toward state 0.  Equation (1.26) indicates that the mean number of steps to 

traverse to state 0 for the first time, having started on state j, is a function of the mean 

number of steps to state 0 from all possible states into which state j can transition.  

Multiplying the lhs of eqn. (1.26) by 1:  

(1.26) (p + q)Sj = 1+ pSj+1 + qSj−1   

and rearranging 

(1.27) Sj+1 − Sj =
q
p
(Sj − Sj−1)−

1
p

  

we find the recursion formula.  The following examples illustrate this recursion: 

(1.28) 

S1 − S0 = S1

S2 − S1 =
q
p
(S1 − S0 )−

1
p
= q
p
S1 −

1
p

S3 − S2 =
q
p
(S2 − S1)−

1
p
= q

p
⎛
⎝⎜

⎞
⎠⎟

2

S1 −
q
p

⎛
⎝⎜

⎞
⎠⎟
1
p
− 1
p

  

In general: 

(1.29) Sj+1 − Sj =
q
p

⎛
⎝⎜

⎞
⎠⎟

j

S1 +
q
p

⎛
⎝⎜

⎞
⎠⎟

j
1
p
− q

p
⎛
⎝⎜

⎞
⎠⎟

k
1
pk=0

j

∑   

We find the difference between the mean number of steps from state j+1 and state 1 by 

summation: 

(1.30) Sj+1 − S1 = Sm+1 − Sm( )
m=1

j

∑   
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Since S1-S0 = S1, 

(1.31) Sj+1 = Sm+1 − Sm( )
m=0

j

∑   

Directly summing this series, we find 

(1.32) Sj+1 = q + (p − q)(pS1 − j)+ q
q
p

⎛
⎝⎜

⎞
⎠⎟

j

(qS1 − pS1 −1)
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
(p − q)−2   

Using the following boundary condition (i.e., the chain is finite and ends at state N), we 

can solve for S1 as a function of N, p, and q: 

(1.33) SN =1+ qSN−1 + pSN   

(1.34) S1 =
1− p

q
⎛
⎝⎜

⎞
⎠⎟

N

q − p
  

We then substitute this formula for S1 into eqn (1.33) to find: 

(1.35) Sj = (p − q)
−2 p

q
⎛
⎝⎜

⎞
⎠⎟

N

j q
p

⎛
⎝⎜

⎞
⎠⎟

N

(q − p)+ (q −1) q
p

⎛
⎝⎜

⎞
⎠⎟

j

−1
⎛

⎝
⎜

⎞

⎠
⎟

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

  

Choosing j = N, we have a general formula for the mean number of steps to one end of 

the Markov chain, having started on the opposite end of the chain (SN): 

(1.36) 

SN = 1
q
aN + b K N −1( )⎡⎣ ⎤⎦

K = p
q

a = (1−K )−1

b = K(1−K )−2
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This equation is found in refs 133-135, 141, for τ N , after one substitutes p→ k−Δt  and 

q→ k+Δt , and using the definition τ N = SN Δt .  If q>>p, then SN is proportional to N, 

as in unidirectional hopping with no backward transitions.     

1.3.5 The mean-first passage time for an unbiased random walker 

For unbiased diffusion, p=q=1/2, such that eqn 1.28 becomes  

(1.37) Sj+1 − Sj = Sj − Sj−1 − 2   

leading to  

(1.38) Sj+1 − Sj = S1 − 2 j   

After substituting eqn 1.39 into eqns 1.31 and 1.32, we find 

(1.39) Sj+1 = (S1 − j)( j +1)   

With the boundary condition, 

(1.40) SN =1+ 1
2
SN−1 + SN( )   

we find S1, Sj, and SN: 

(1.41) S1 = 2N   

(1.42) Sj = j(2N − j +1)   

(1.43) SN = N(N +1)   

Using the definition τ N = SN Δt , and k = P/Δt = 1/(2 Δt), again we find 

(1.44) τ N = N(N +1)
2k
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in agreement with refs 133-135, 141.  The MFPT for unbiased, diffusive hopping through a 

chain of length N is proportional to N2.  We note finally that the Markov chain for this 

derivation does not include probabilities to remain on state j: If the random walker finds 

itself on state j, at the next time step it will be located on state j-1 or j+1 with unit 

probability (except for the terminal state N).  If this “staying” probability were included 

in the Markov chain of Figure 22, such that p+q+g = 1, with g representing the staying 

probability, these derived formulas for the MFPT will change accordingly. 

1.3.6 Insights 

These derivations discussed here allow the development of intuition concerning 

multi-step charge hopping processes in biology.  In Figure 21, we show a kinetic 

mechanism with 3 bridging units between D and A.  If the charge injection rate is slow, 

compared with the back rate, a sizeable population is never achieved on the bridge 

states.  Under these conditions, the effective rate from D to A is well-approximated as 

the residence time of D.142  Note that the residence time of D is proportional to N, the 

number of hopping steps, for unbiased, diffusive hopping, whereas the MFPT from D to 

A for the same mechanism is proportional to N2.  If one assumes very little accumulation 

of population on the bridge at any given time (e.g., in Figure 21B), then the effective rate 

from D to A is well-approximated as the inverse residence time of the population on D 

(state 1), which will closely resemble the inverse MFPT from D to A in this case (see eqn. 

1.8).  An appropriate application of this approximation would be if the system studied 
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were in the “activated” hopping regime, such as in DNA hole-hopping experiments, 

where the kinetics of hopping through the bridging units is rate-limited by charge 

injection to the bridge.138-140, 142  Indeed, a useful criterion for the validity of this 

assumption is that the backward rate of charge injection (i.e., ET from the bridge to D) 

should be an order of magnitude faster than forward charge injection into the bridge (or 

equivalently, using detailed balance, the change in free energy for charge injection to the 

bridge should be positive and > 2 kBT.). When charge injection to the bridge is 

thermodynamically favorable, as in some photoinduced ET experiments, the inverse of 

the MFPT from D to A, which does not neglect the residence times of the bridge states, 

must be used as the effective ET rate from D to A.  In this situation, the inverse residence 

time on D (1/rD) would greatly overestimate the effective rate from D to A, since the 

population spends a non-negligible amount of time on the bridging states. Figure 21 

shows the qualitative differences between these two regimes. In the activated hopping 

regime, with unbiased, diffusive hopping between bridge states, the effective rate 

between D and A decreases with distance approximately as 1/RDA, where RDA = aN , 

where a is the distance between each site.143  If charge injection is thermodynamically 

favorable, as in many photoinduced charge-hopping experiments, this effective rate 

decreases with distance as 1/RDA2, because the population on the bridge sites (and 

therefore the bridge-state residence times) is non-negligible.    
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1.3.7 Applications: Hole hopping in azurin 

The blue-copper protein azurin has been a testbed for biological ET theory,14, 144, 

145 where the protein medium acts to lower the tunneling barrier of an ET reaction 

governed by superexchange and to provide tunneling pathways between the donor and 

acceptor.146  Gray’s group tagged a powerful Re-based photooxidant to a solvent-

exposed histidine of azurin, which had enough driving force in its electronically excited 

triplet metal-to-ligand charge-transfer (3MLCT*) state to oxidize a nearby solvent-

exposed tryptophan (Figure 23).110  The tryptophan radical cation then oxidized the 

Cu(I) to Cu(II) in the interior of the protein.  An azurin protein with the Trp mutated to 

Tyr or Phe showed no formation of Cu(II).  A Trp hole-hopping mechanism (Figure 23, 

dashed line) can be simplified to the kinetic scheme of Figure 20.  As expected from the 

MFPT formalism presented above, the multi-step hole hopping from Re to Cu via 

tryptophan greatly accelerated the timescale of hole delivery to the Cu site: A predicted 

timescale of τET > 1 µs for single-step ET from Re to Cu contrasts the measured, Trp-

accelerated τET ~ 50 ns.  Using the relaxed 3MLCT* state of Figure 23 as state 1 of Figure 

20, the charge-separated state with the hole localized on Trp as state 2, and the charge-

separated state with the hole localized on the Cu as state 3, with the rates k1 = (0.5 ns)-1, k2 

= (1.4 ns)-1, and k3=(31 ns)-1 (see Figure 23), the MFPT for hole-transfer from the relaxed 

triplet MLCT state of the Re-photooxidant to the Cu is (see eqn. 1.13) 42.6 ns.   
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These azurin experiments point out that charge hopping can be very efficient to 

move charge quickly at long distance, consistent with the algebraic distance dependence 

prediction of the effective hopping rate,143 even with minimal expenditure of driving 

force.  (Gray’s experiments find a driving force of ~ 1 kBT for hole hopping from Re to 

Trp, and about 40 kBT driving force from Trp to Cu(I).)  Yet biochemical catalytic events, 

such as water oxidation, typically take ms to seconds to complete, necessitating a stable 

charge-separated state that survives for at least this long.  This requirement seems to be 

the main factor that drives the large expenditure of free energy147 for the electron 

hopping steps in photosynthesis: a reaction with a large change in free energy can be 

safely approximated as unidirectional.  Yet, might proteins manipulate forward and 

backward ET rates by mechanisms that do not involve such large “wastes” of free 

energy?  
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Figure 23: A kinetic scheme depicting hole hopping between a Re-based 
photo-oxidant, a nearby tryptophan, and the Cu(I) active site of azurin. The states 

considered in the MPFT derivation discussed in the text are circled by a green, dashed 
line.  Time constants from states outside the green line were explicitly considered by 
Gray et al110 in their kinetic analysis of hole transfer.  The figure was adapted from 

ref 110 with permission from AAAS. Copyright 2008. 

1.3.8 Conclusions 

The MFPT formalism is widely applicable throughout chemistry, physics, and 

biology.148, 149  Using Markov chains, we have provided derivations for the general 

cases of the MFPT of a biased and unbiased random walker in a 1-dimensional hopping 

network, which can be applied directly to the analysis of time-resolved spectroscopic 

data of long-range ET,110 as well as current flow through mesoscopic structures such as 

bacterial nanowires.4, 120 The MFPT to deactivate a highly reactive catalytic 

intermediate, perhaps through hole-hopping via Trp and Tyr amino acids,150 may also 
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place constraints on the timescale of catalysis.2 Mathematical modeling of multi-step 

kinetic mechanisms is indispensible to understand and predict underlying physical 

behavior.  The appropriate application of a MFPT analysis can elucidate the underlying 

hopping kinetics that give rise to a measured timescale of trapping, such as in exciton 

hopping to a photosynthetic reaction center.   For example, knowing that the MFPT of 

exciton trapping at a photosynthetic reaction center is ~ 40 ps, the MFPT formalism 

constrains the individual exciton hopping times to be < 200 fs.151 Appropriate 

application of the MFPT formalism described here will continue to provide essential 

insight into biological, chemical, and physical processes by linking microscopic and 

macroscopic timescales.  
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2. Open-access, interactive explorations for teaching 
and learning quantum dynamics 

While the research field of quantum dynamics (QD) benefits from advances in 

modern computational power, the educational field of QD paradoxically does not.  We 

have developed an open-access, interactive, electronic notebook that leverages a user-

friendly interface to engage a new generation of visual learners with QD.  We begin each 

topic (e.g., adiabaticity, light-matter interactions, and relaxation processes) with essential 

questions, issues, and background that orient the learner; we then move directly to 

visual explorations of the phenomena, where the learner can immediately manipulate 

parameters that control and drive the physics.  This notebook requires only a computer 

that can run Wolfram’s computable document format (CDF) files (both the notebook and 

CDF player are free), and enables learning in a variety of contexts and grade levels: 

flipped classrooms, small groups, high school students through advanced researchers.  

Without sacrificing rigor, Quantum Dynamics…with the Dynamics! (QDWD) aims to 

develop physical intuition, and is built in the spirit of hands-on experimentation with 

immediate and visual results.  The hierarchical structure of QDWD lends itself to 

differentiated instruction, where a motivated or advanced student can explore the 

computer code, mathematical formalism, and underpinning physics.  
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2.1 Introduction 

Traditional passive instruction can impart limited conceptual understanding, 

even for introductory physics courses on Newtonian mechanics.152 Introductory 

treatments of quantum mechanics usually focus on stationary states, or  “quantum 

statics.”  However, numerous essential phenomena, including vision and photosynthetic 

energy transduction, involve non-stationary quantum states that evolve in time.1, 153 The 

study of such quantum dynamical phenomena requires dynamics — and thus a 

purposeful departure from the static nature of textbooks.  However, teaching quantum 

dynamics (QD) lacks an accessible and intuitive means to convey, to visualize, and to 

explore these processes. Motivated by the growing number of non-traditional resources 

for STEM education,154-165 we have developed a conceptual tool, called Quantum 

Dynamics…with the Dynamics! (QDWD),3 that promotes deepened learning and intuition 

building by guiding students through a series of interactive explorations of QD 

phenomena (see Figure 24).    

QDWD explores 2- and 3-level system dynamics, classical kinetics, sudden vs 

slow change, control of quantum transitions (Fermi’s golden rule, adiabatic passage, the 

quantum Zeno effect), mixed vs pure states, and relaxation processes (described by the 

density matrix formalism).  QDWD promotes hands-on, interactive manipulation of key 

parameters that govern quantum processes, and develops intuition for how these 

parameters influence the dynamics. Student exploration is guided through Directed 
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Exploration callouts, and the learner receives immediate visual feedback concerning the 

effects of the parameters on the dynamics. She can also discover limiting dynamical 

cases that are popular in the static textbooks, without being constrained to these limited, 

special cases.  QDWD is freely available for download via the Supporting Information 

found in ref 3.  (For the best viewing experience, we recommend also installing the 

associated fonts.) 

2.2 (The lack of) currently available tools to teach QD 

Interestingly, the majority of currently available, interactive modules focusing on 

quantum mechanics deal almost exclusively with quantum statics and often require 

some amount of programming.156 The few examples of computer-based QD modules 

utilize mainly static graphical frameworks or snapshots, and the student must overcome 

a “coding barrier” to manipulate and to visualize the physical principles.157 QD 

concepts are often very non-intuitive; as such, any pedagogical attempt to help the 

learner develop a picture of the dynamics is valuable (see, e.g. ref 166 ).  Some previous 

undertakings are, however, fraught with the limitations of static frameworks,167 or lack 

a unified, user-friendly interface.168 QDWD is an attempt to leap past these technical 

and visual hurdles to enable learning, as an integrated, stand-alone, open-access 

package. 
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Figure 24: The organization of Quantum Dynamics…with the Dynamics!  Each 

unit (C1, C2, …) houses learning objectives, a Rough Guide and several quantum 
systems.  Within each quantum system are interactive modules that allow the learner 
to interface with the physics before she interfaces with any mathematical formalism 
or computer code. We guide learner investigation of these manipulatable plots via 

Directed Exploration callouts. 

2.3 Target Audience and projected use 

QDWD is a suitable tool to use as part of an introductory course in chemistry or 

physical chemistry, as well as in more specialized graduate courses in quantum 
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dynamics or spectroscopy.  The material is intended to be accessible to members of a 

diverse community of learners, from high school students to university faculty.  

We have employed QDWD in a number of contexts: as a demonstration lecture 

in the 2014 Bioelectronics Workshop at the Majorana Centre in Erice, Italy; as a means to 

activate a flipped graduate class in QD at Duke, and in colloquium lectures.  We have 

received enthusiastic feedback supporting the development of further guided 

visualizations tailored to a growing community of visual thinkers and learners.  We 

foresee using QDWD as a teaching tool to activate flipped classroom activities, to 

promote self-guided independent study, to supplement traditional lectures, to catalyze 

team-based discussion, to contextualize standard textbooks, and to facilitate the 

transition from textbook learning to independent research.  We also anticipate using 

QDWD in formative and summative assessments of student learning. For example, 

teachers can monitor student interaction with the material in a classroom setting, and 

can ask students to provide answers to the questions posed in Directed Exploration 

callouts. A final project could involve student adaptation of the provided code within 

Mathematica (which requires a license) to explore a new system.  

2.4 Learning outcomes 

Through QDWD, students will be able to identify and to relate the key 

parameters that drive the time evolution of quantum systems. Students may also 

synthesize new ideas from learned ones by splicing and editing the provided 
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Mathematica code. (Code tinkering does require a Mathematica license. Alternatively, 

open-source, python-based coding platforms could be used, but would require 

additional programming expertise.) Learners may map problems in the scientific 

literature onto the simplified models developed in QDWD.  For example, the 3-level 

system dynamics module (see Figure 25) is directly related to protein-mediated electron 

transfer problems. Students and researchers thus position themselves to better evaluate 

and understand the scientific literature.  
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Figure 25: Depiction of a user-controlled plot of oscillatory 3-level dynamics.  

Explicitly shown is one of several slide bars, with its associated value, that the learner 
may manipulate.  The learner sees how the energy gap (Δ) between the “bridging” 
state 2 (red) and the energy-degenerate states 1 and 3 (blue and green, respectively) 

affects the population transfer dynamics. A-D show the transition from “off-
resonant” (A) to “resonant” (D) dynamics.  Other parameters not explicitly displayed 

are the electronic coupling and the initial amplitudes of each state. 
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2.5 Organization of Quantum Dynamics…with the Dynamics! 

QDWD contains 4 units, labeled C1, C2, C3, and C4 (Figure 24).  Figure 24 shows 

that each unit contains learning objectives and a so-called Rough Guide.  These items 

orient the student toward the learning goals and key background materials, respectively, 

and are followed by several QD systems that the learner can explore.  The didactic 

treatment of each QD system is divided into several parts, beginning with The Dynamics!  

Clicking on this header reveals several interactive calculations, embedded within 

probing questions and specific background material. Each module within QDWD 

includes callouts entitled What you can manipulate and Directed Exploration, where the 

learner is encouraged to explore the parameter space in a way that aims to reveal core 

concepts. Figure 25 depicts how the learner interfaces with such a calculation, in 

particular with the quantum 3-level system.   Table 1 describes each section in more 

detail.  

Table 1: Description of the hierarchical structure of Quantum Dynamics…with 
the Dynamics! 

Learning Objectives. We explain the motivation for learning this particular topic.  We frame the discussion 

in terms of essential questions and understandings.
169

   

Rough Guide. Here we distill decades of textbook quantum mechanics into a page or so.  In addition to the 

classics
170-179

 and recent excellent graduate texts that emphasize QD,
180-183

 our aim is to prompt the 

reader with a minimal amount of formalism, to be used as a jumping-off point for exploration, but not to 

restate what is described so well and so often by others.  We also suggest further readings for delving 
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deeper, which is essential for differentiated learning.
169

 

The Dynamics! This is the heart of QDWD. Here we embed objects (often plots) that can be manipulated by 

the learner via slide bars or by typing specific numerical values.  The learner visualizes the interplay among 

key parameters by manipulating them herself. We guide such exploration via introductory notes and callout 

sections entitled What you can manipulate and Directed Exploration (see Figure 24).  

Surprises. When appropriate, we add statements that emphasize counter-intuitive physical findings in this 

section. 

Where did that come from? Here we derive the formalism that governs the dynamics.  At this stage, the 

learner is in a position to make meaningful connections among the equations and the physical relationships 

derived from her earlier exploration. 

Insights. To reinforce ideas and to promote the transfer of core concepts,
169

 we emphasize key 

understandings and take-home messages.   

Mathematica code. We display the annotated code that was used to generate the interactive plots.  The code 

can be modified and redeployed for a variety of research and pedagogical uses.    

 

Each part listed in Table 1 aims to transfer and reinforce key ideas. Only after the 

learner interfaces with The Dynamics! do we explain the formalism that drives these 

processes (in Where did that come from?). In this way, the learner develops a visual 

understanding onto which she can map the more formal equations.  We aim to keep the 

formalism to a minimum, and to refer the reader to the classic textbooks170-179 for 

supplementary reading.  The learner then is exposed to Insights that recapitulate 

important relationships and provide additional context for the previous investigations.  

Finally, the learner can look “under the hood” at the computational code that drives the 
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interactive computations. At this stage, the learner is reacquainted with the dynamical 

objects at a deeper level.  Often the code used is relatively simple, employing the tools of 

Mathematica.  This tactic encourages its easy repurposing without much fear of the 

intricacies associated with programming. This “part-whole-part” iteration169 is 

uniformly applied throughout QDWD, providing a consistent platform for deep 

exploration of QD concepts.  Figure 26 shows another such quantum system (related to 

sudden vs slow change) to which the “part-whole-part” iteration is applied in C2 of 

QDWD. 
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Figure 26: Speeding through degeneracy.  Explicitly shown is one of several 
slide bars, with its associated value, that the learner may manipulate: the speed (v) by 
which the energy of state 2 decreases [E2(t) = Δ – v t].  Other manipulatable parameters 

not displayed are the initial energy offset between states 1 and 2 (Δ = 10), the 
electronic coupling (V = -1) and the initial amplitudes (c1 = 1, c2 = 0) of each state. The 

double-sided black arrow denotes the time where the two energy levels are 
degenerate. After this time, the energy of state 2 continues to decrease with speed v.  

The energy of state 1 is fixed at 0.  The dynamics are solved numerically in 
Mathematica. 
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2.6 Conclusion 

QDWD provides a first step toward teaching QD to visual learners. Further 

development of a video game platform could address a host of accepted good teaching 

practices by creating opportunities for continuous feedback and accumulation of 

rewards to track progress.184  As with video games, QDWD provides students with a 

safe place to explore, to fail, and to succeed. However, no one medium has a monopoly 

on providing learning opportunities; effective learning requires diversity.185 Textbooks, 

electronic materials, and video games each are likely to play important and 

complementary roles in teaching quantum mechanics and dynamics.  We have 

developed QDWD as an open-access tool that utilizes hands-on visualization to facilitate 

the transfer of key ideas in QD, a subject that explains the molecular underpinnings of 

vision, DNA repair, and solar energy conversion.1  
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3. Physical constraints on charge transport through 
bacterial nanowires 

Extracellular appendages of the dissimilatory metal-reducing bacterium 

Shewanella oneidensis MR-1 were recently shown to sustain currents of 1010 electrons per 

second over distances of 0.5 microns.186 However, the identity of the charge carrier and 

its organization along the “nanowire" remain unknown. We use theory to predict redox 

cofactor separation distances that would permit charge flow at rates of 1010 electrons per 

second over 0.5 microns for voltage biases of ≤ 1 V, using a steady-state analysis 

governed by the non-adiabatic Marcus equation. We find the observed currents 

necessitate a multi-step hopping transport mechanism, with carrier separations of less 

than 1 nm and reorganization energies that rival the lowest known in biology.  

3.1 Introduction 

Biological systems are challenged to move charge efficiently over large 

distances.187-189 In the crowded environment of the cell, intricate redox machines 

orchestrate local charge flow coupled to energy storage and release.190  Much is known 

about single step biological electron transfer (ET) at short distances.191-193  However, 

recent work on the gram negative bacterium Shewanella oneidensis MR-1 has challenged 

our conventional view of charge flow in biology.186  

When its environment is depleted of soluble electron acceptors such as oxygen, 

S. oneidensis MR-1 grows long, pilus-like appendages that have been called “nanowires” 
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(see Figure 27).186, 194  These appendages were recently shown to be extensions of the 

outer membrane.195  By conductive probe atomic force microscopy (cpAFM), these 

membrane extensions were shown to sustain charge flow at rates of up to 1010 electrons 

per second over distances of 0.5 microns for low voltage biases (≤ 1 V).186 
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Figure 27: STM images of isolated nanowires from wild-type MR-1, with 
lateral diameter of 100 nm and a topographic height of between 5 and 10 nm.194 (A) 
Arrows indicate the location of a nanowire and a step on the graphite substrate. (B) 

Higher magnification showing ridges and troughs running along the long axis of the 
structures. Figure reproduced with permission. Copyright (2006) National Academy of 

Sciences, U.S.A. 
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What are the charge localizing sites responsible for these high currents? What is 

the mechanism of charge transport along a nanowire? Why should MR-1 be “wired” at 

all?  Strong arguments have been made that a ten-hemec-type cytochrome, MtrC, is the 

charge-localizing site responsible for the observed currents.186, 196  However, there is no 

crystal structure of MtrC available, nor is there any information concerning the packing 

density along the nanowire. 

The aim of this chapter is to explore potential mechanisms that could give rise to 

the fast charge flow rates.  Several mechanisms come to mind, ranging from fully 

incoherent hopping—characteristic of biological ET—to fully coherent band transport—

characteristic of metals and semiconducting materials. We explore the two extremes of 

this spectrum. Our theoretical analysis sheds light on the physical parameters necessary 

to give rise to the steady-state currents observed in S. oneidensis MR-1 nanowires. 

3.2 Methods 

We use two approaches to model hopping transport along “nanowires”.  In the 

first, we solve a kinetic master equation for the steady-state current.  In the second, we 

use the Einstein–Smoluchowski formula to calculate charge mobilities based on hopping 

rate constants.  Both models of charge hopping involve fitting a set of parameters to the 

experimental current–voltage measurements of El-Naggar et al.,186 an example of which 

is reprinted in Figure 29.  We aim to elucidate the charge hopping site distance and 

energetic constraints that the nanowire must satisfy. How far apart are the charge-
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hopping sites? Are they localized only on the surface or found throughout the nanowire 

interior?  We describe both hopping methods briefly below, but save the treatment of 

band transport for the results section. 

3.2.1 Kinetic master equation 

We model a donor–bridge–acceptor system, such as that shown in Figure 28, by 

solving a kinetic master equation of the form 

 

 
!Pi =

j
∑(kj→iPj (t)− ki→ jPi (t)) i =1,…,η   (3.1) 

where ki→ j  is the rate constant for the transition from site i with time-dependent 

population Pi  to site j with time-dependent population Pj , and η  is the number of 

hopping sites. 
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Figure 28: The two dimensional rate mechanism consisting of a left electrode 

(L), a set of bridge sites }{ jB , a right electrode (R), and the transitions between them 

}{k . We define a “row" as all the bridge sites with the same identifying tick mark, 
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and the total number of “rows" as rowN . A “column" is all the sites with the same 

number subscript, and the total number of “columns" is colN . Cylindrical boundary 

conditions are satisfied when the vertical transitions described by the dotted arrows 
are included. The dotted transitions connect the last row of bridge sites with the first 

row. The mechanism can be generalized to more sites coupled in from the left 
electrode }{L  and coupled out to the right electrode }{R .  

Transition rates between bridge sites are given by the non-adiabatic ET rate equation197 

 

 
ket =

2π
!
|HDA |

2 FC, FC = 1
4πλkBT

exp −(ΔG + λ)2

4λkBT
⎡

⎣
⎢

⎤

⎦
⎥   (3.2) 

where HDA  is the charge transfer integral between donor and acceptor, λ  is the 

reorganization free energy and ΔG is the change in free energy upon charge transfer.  

We use eqn (3.2) in the phenomenological form188 

 khop (s
−1) =1013 exp −β(rnn − r0 )−

(ΔG + λ)2

4λkBT
⎡

⎣
⎢

⎤

⎦
⎥   (3.3) 

where rnn  is the nearest neighbor hopping distance, r0  is the distance at van der Waals 

contact (which we take to be 0.35 nm), and 1013 s−1 is the maximum rate of activationless 

(λ = −ΔG ) charge transfer at contact. 

Both donor and acceptor in our kinetic mechanism are electrodes, which 

necessitates the use of the electrochemical form198 of the non-adiabatic ET rate equation 

for the rate constants to and from these sites (see eqns (3.21) and (3.22) in Appendix). 

The chemical potential difference (ΔµRL ≡ µR − µL ) between the two electrodes drives 

charge flow explicitly via the electrochemical rate equations and through a linear 

potential drop along the nanowire, with hopping free energies given by ΔµRL / (N +1) , 
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where N is the number of bridge sites in one dimension between the left and right 

electrodes. For transitions that are transverse to the electric field between the electrodes, 

ΔG was taken to be zero. 

If the kinetic mechanism described by the master equation ends with an 

irreversible step (i.e., kR
← = 0  in Figure 27), integration of eqn (3.1) from t = 0  to t =∞  

gives the flux balance condition199 

 −Pi (0) = 0

∞

∫ (kj→iPj (t)− ki→ jPi (t))dt = kj→iτ j − ki→ jτ i   (3.4) 

where the population on site i falls to zero at t =∞  due to the irreversible step to the 

charge sink. In eqn (3.4), τ i  is the mean residence time at site i,199, 200 

 τ i = 0

∞

∫ Pi (t)dt   (3.5) 

The sum of all the residence times normalized by the initial populations gives the mean 

first passage time, 〈t〉 , 

 〈t〉 = i
∑τ i

i
∑Pi (0)

, i ≠ sink   (3.6) 

which is the average time for a particle to traverse the bridge from the initially prepared 

state (here, an electrode) to the sinks (here, the other electrode).199-201  We define an 

effective rate constant through the pathway as keff ≡ 1/ 〈t〉 .201  We note that, as a steady-

state quantity, the mean first passage time does not necessitate finding and integrating 

the time-dependent populations from the master equation. Instead, one can work 
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directly with the nullspace202 of the matrix of rate constants, Kss
, which solves the 

equation  K
ss !p ss = 0  , where  

!p ss
  is the (η − c)×1  steady-state population vector of a 

system of η  sites with c sinks,  
!p ss = [P1

ss"Pη−c
ss ]T  (see Appendix). 

We have written MATLAB code that solves for the effective steady-state rate 

constant of a particle traversing a nonequilibrium pathway from the electrode of higher 

chemical potential to the electrode of lower chemical potential. We define the current (I) 

as 

 I ≡ −en<k
eff

  (3.7) 

where n<  is the smaller of the number of sites coupled to the left or right electrode (see 

Appendix for more detail). We explore one and two dimensional mechanisms, including 

two dimensional cylindrical boundary condtions (see Figure 28) with relevance to the 

carrier distribution on the surface of the cylindrical nanowire. 

3.2.2 Einstein relation 

MR-1 outer membrane extensions (“nanowires”) display ohmic currents in 

response to an applied voltage. We calculate this linear response by the following 

relationships: 

 R = L
AΝeµ

, I = AΝeµ
L

V = Aσ
L
V   (3.8) 

where R is the resistance, I is the current, L is the length between electrodes, A is the 

cross-sectional area of the nanowire, σ is the conductivity, e is the electron charge, Ν  is 
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the charge hopping site density and V is the applied voltage. The charge mobility, µ, has 

units of a diffusion constant per unit of applied voltage, and can be related to a hopping 

rate constant (khop, eqn (3.3)) by203 

 µ = e
kBT

khop rnn
2

  (3.9) 

where r is the distance between hopping sites.  This definition of the mobility in 3D is 

the Einstein–Smoluchowski equation with diffusion constant D ≡ khoprnn
2 .  Substitution 

of (3.9) into (3.8) gives the ohmic hopping current: 

 I =
AΝe2 khop rnn

2

kBT L
V   (3.10) 

3.3 Results 

We aim to model a particular experiment described in Figure 29 and Figure 

30.186  S. oneidensis MR-1 cells were chemically fixed and dried onto a SiO2 substrate 

with a gold microgrid electrode (Figure 29A).  A Pt/Cr-coated AFM tip was used as the 

second electrode to probe the current response of the nanowire along different lengths 

from the gold grid.  A voltage bias between the electrodes was swept from −1 to 1 V at a 

rate of 0.2 Hz.  The longest distance probed along the nanowire was 600 nm and contact-

mode AFM was used to estimate its cross-sectional area to be ∼ 80 nm2.  We use these 

parameters to explore the physical constraints that the nanowire must satisfy to sustain 

nanoAmp currents.  We employ a master equation (see eqn (3.1)) to elucidate 1D and 2D 

hopping and use the Einstein relation to explore a cylindrical shell and 3D packing. 
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type MR-1. In response to electron acceptor limitation, the
ΔmtrC/omcA mutants produced appendages morphologically
consistent with wild-type nanowires (Fig. S2). A total of seven
appendages, from seven different ΔmtrC/omcA cells and two
bioreactor samples, were contacted by nanofabricated electrodes
and tested for electrical conductivity (Fig. S2). The ΔmtrC/omcA
appendages were found to be nonconductive, showing no current
response to applied voltage down to the noise floor.

Discussion
The discovery of bacterial nanowires spawned a common ques-
tion among microbiologists, biogeochemists, and physicists: Can
nanowires transport electrons along their entire length, and with
what resistivity? To answer this question, we evaluated transport
along bacterial nanowires by two independent techniques: (1)
nanofabricated electrodes patterned on top of individual nano-
wires, and (2) CP-AFM at various points along a single nanowire
bridging a metallic electrode and the conductive AFM tip. The
S. oneidensis nanowires were found to be electrically conductive
along micrometer-length scales with electron transport rates up
to 109/s at 100 mV of applied bias and a measured resistivity on
the order of 1 Ω·cm.

Recent measurements by McLean et al. of the rate of electron
transfer per cell from S. oneidensisMR-1 to fuel cell anodes were
on the order of 106 electrons per cell per second (15). These
measurements are consistent with the specific respiration rate
estimated under the cultivation conditions used here (2.6 × 106

electrons per cell per second) (Materials and Methods). A com-
parison with our transport measurements demonstrates that
a single bacterial nanowire could discharge this entire supply of
respiratory electrons to a terminal acceptor.
A previous scanning tunneling microscopy study (8) associated

c-type cytochromes with the conductivity of bacterial nanowires
from S. oneidensis MR-1. To identify the role of cytochromes in
nanowires, we studied mutants (ΔmtrC/omcA) lacking genes for
multiheme c-type cytochromes MtrC and OmcA. We found that
these mutants produce nonconductive filaments, indicating that,
in the case of S. oneidensis MR-1, cytochromes are necessary for
conduction along nanowires. However, this finding does not
preclude other mechanisms for long-range electron transport
along bacterial nanowires from other organisms. For example,
Geobacter nanowires are presumed to be conductive as a result
of the amino acid sequence of the type IV pilin subunit, PilA,
and, possibly, the tertiary structure of the assembled pilus (7).

Fig. 3. CP-AFM of a bacterial nanowire. (A) Topographic AFM image showing air-dried S. oneidensis MR-1 cells and extracellular appendages deposited
randomly on a SiO2/Si substrate patterned with Au microgrids. (B) Contact mode AFM image showing a nanowire reaching out from a bacterial cell to the Au
electrode. (C) An I-V curve obtained by probing the nanowire at a length of 600 nm away from the Au electrode (at the position marked by the black dot in
B). (Inset) The I-V curves obtained on bare Au and SiO2, respectively. (D) A plot of total resistance as a function of distance between AFM tip and Au electrode.
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Figure 29: CP-AFM of a bacterial nanowire.186 (A) Topographic AFM image 
showing air-dried S. oneidensis MR-1 cells and extracellular appendages deposited 
randomly on a SiO2/Si substrate patterned with Au microgrids. (B) Contact mode 

AFM image showing a nanowire reaching out from a bacterial cell to the Au electrode. 
(C ) An I-V curve obtained by probing the nanowire at a length of 600 nm away from 
the Au electrode (at the position marked by the black dot in B). (Inset) The I-V curves 
obtained on bare Au and SiO2, respectively. (D) A plot of total resistance as a function 

of distance between AFM tip and Au electrode. Figure reprinted with permission. 
Copyright (2010) National Academy of Sciences, U.S.A. 



 

103 

 

 

Figure 30: Schematic of electron flow through a bacterial nanowire. The labels 
L, B and R stand for Left electrode, Bridge and Right electrode, respectively. Here, L is 

the conductive AFM tip of the experiment, B is the bacterial nanowire and R is the 
gold grid shown in Figure 29. The arrow gives the path of the electrons, with direction 

depending on the sign of the chemical potential difference between the electrodes. 
The star symbols on the nanowire represent charge carriers on the surface. The “…” 

represents the nanowire extending in length far to the left. The segment length of the 
nanowire between the electrodes is 600 nm. The height and width of the ellipsoidal 

nanowire is approximated by a diameter of 10 nm. 

3.3.1 Hopping currents via the master equation 

What controls the conductivity of the nanowire? We explored the effects of 

dimensionality and cylindrical boundary conditions on the effective net rate constant of 

charge flow between the electrodes for a given potential difference.  Shown numerically 

in Figure 31 (and proven analytically in the Appendix), the effective rate constant 

through a 1D unidirectional hopping pathway scales as 1/N, with N the number of 

hopping sites. For flow biased from the left to the right electrode, the 2D and 2D 
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cylindrical mechanisms behave identically to the 1D case if each row (see Figure 28 for 

nomenclature) has an irreversible exit channel to the right electrode. 

{1D with bias,
2Dr eg/cy l with bias (N in, N out),
2Dr eg/cy l with bias (1 in , N out)}

{1D no bias,
2Dr eg/cy l no bias (N in, N out),
2Dr eg/cy l no bias (1 in , N out)}
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Figure 31: The hopping number dependence of the mean rate through a 1 or 2 
dimensional bridge. The injection into and ejection out of the bridge were modeled as 
irreversible for each scenario in order to achieve a net flux from L to R. Lines labeled 
“with bias” have all backward rate constants set to zero. All other rate constants were 

k = 1013 s−1. “No bias” means forward and backward rate constants were equal, 
excepting the injection and ejection rate constants which have no backward rate. 2Dreg 

refers to a “regular” 2D lattice of hopping sites. 2Dcyl refers to a cylindrical and 
therefore periodic lattice of hopping sites. From the figure, one can estimate order of 

magnitude drops in the effective rate constant as a function of the number of hopping 
steps, with the assumption that all hopping rate constants throughout the kinetic 

scheme are equal. The effective rate constants decay by a power law with the number 



 

105 

of sites, N. Each line is labeled with its fitted distance dependence and a letter A 
through F, corresponding to its diagramatic representation below. 

Diffusional transport was modeled by setting equal the forward and backward 

hopping rates through the bridge while keeping an irreversible step at the left and right 

electrodes. The 1D case (Figure 31, green) shows a 1/ N 2
 dependence representative of 

diffusion.204  Slightly higher order distance dependencies were observed for the 2D 

mechanisms when only one site coupled into the bridge from the left electrode and one 

site coupled out to the right electrode (Figure 31, yellow and red). This can be 

rationalized by definition of the mean first passage time as the sum of the local residence 

times at each site.  In a 2D mechanism on a square lattice, there are N 2 − N  more sites 

than in 1D. 

Cylindrical boundary conditions slightly soften the decay with distance relative 

to the 2D mechanism without them, but do not contribute to any noticeable increase in 

transport efficiency when all rows feed into the sink. We believe that the 2D cylindrical 

model with a variable number of sites coupled to the AFM tip and the full cross-

sectional area coupled to the gold grid (see Figure 30) is the most appropriate to describe 

the experiments, but accede that the 1D case provides an indistinguishable 

approximation when all bridge rows couple to the electrode (Figure 31, green). 

The current will scale with the number of sites coupled to the electrode, as in eqn 

(3.7).  The lowest current is given by the effective rate constant itself. The maximum 

current is this rate constant multiplied by the densest concentration of sites possible at 
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the electrode.  We estimate that an AFM tip of typical radius ∼50 nm, if plunged 1 nm 

into the nanowire interior, could have a surface coverage of ∼103 carriers (for a 

maximum carrier surface density of (1/.35 nm)2, appropriate to closely packed molecular 

materials). This is similar in magnitude to the number of localizing sites that could pack 

into the cross sectional area of a nanowire approximated as a cylindrical shell of 

thickness 1 nm and outer radius 5 nm. At most we can scale by ∼103 the magnitude of 

the current given by the 2D mechanism. 

Assuming the applied potential varies linearly along the nanowire, the energetic 

driving force for charge flow would be ∼1/600 eV nm-1. Hopping sites separated by 1 nm 

would feel a driving force an order of magnitude less than thermal energy at room 

temperature.  Therefore, the charge transport along the nanowire would be dominated 

by diffusion and exhibit a ∼1/ N 2  dependence on the number of hopping sites. 

Through calculations governed by eqn (3.7), we identify restrictions on the 

charge transfer parameters given in Table 2.  The effective transport rate is sensitive to 

the distance ( rnn ) between charge localizing sites.  If rnn  increases, Ncol will decrease 

(Ncol ≡ L / rnn , where L is the distance between the electrodes), but the former gives an 

exponential dependence to the nearest neighbor hopping rate while the latter gives a 

near-inverse-quadratic dependence to the effective transport rate. Specifically, the 

effective rate constant for transport through the nanowire was found to decrease as 

∼1/ N1.85
, different from the characteristic diffusional 1/N2 dependence due to the small 
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but non-zero hopping bias.  We note that our calculations will not yield nanoAmp 

currents if the nanowire couples to the AFM tip by ten or even one hundred sites.  In this 

case, we are forced to break the non-adiabatic “speed limit”188 of 113s10= −max
hopk  in order 

to account for the rates. For ∼1000 contacts, 1<nnr  nm and 0.3≤λ  eV, the observed 

currents are described by the master equation for site to site hopping along a cylindrical 

shell of thickness 1 nm. 

Table 2: Constraints on the hopping distance between charge carriers and on 
the reorganization energy (λ ) as calculated via the master equation for the 2D 

cylindrical mechanism, assuming ∼1000 sites couple to each electrode.  

nnr  (nm) colN  λ (eV) )s( 1−!k  GΔ (eV) 

.35   1700  0.3≤    1010≥    0.0006  

.5  1200  0.21≤    1010≥   0.0008 

.7   860  0.1≤   1010≥  0.0012 

1  600  0.01≤   1010≥  0.0017 

The parameters were fit to eqn (3.7) to give a current magnitude on the order of 1010 e s-1. 
The length of the nanowire was taken as 600 nm, kBT = 1/40 eV and β = 10 nm-1. Ncol is the 
number of columns in the 2D mechanism (the maximum value of a bridge site subscript in 
Figure 28), with 1000 rows. k° is the heterogeneous electron transfer rate constant at zero 
potential bias (see Appendix). λ values listed are values for charge transfers within the 
bridge. The electrochemical λ was taken as 1/2 the value for the bridge hops. Note that the 
measured current magnitude could not be achieved for n = 10 or 100 without exceeding a 
charge transfer kinetic limit188 of 1013 s-1.   

 

3.3.2 Hopping mobility via the Einstein relation 

From the slope of the current–voltage curve in Figure 29C, the conductance (1/R) 

is approximated as ∼3.2 × 10−9 C s−1 V−1. The resistance is then 3.1 × 108 Ω, where Ω is the 
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symbol for ohms, or V/Amps. A contact resistance of 5.8 × 107 Ω between the nanowire 

and electrode was estimated by El-Naggar et al. by measuring resistance as a function of 

distance from the cpAFM tip to the gold electrode (see Figure 29D).186  The intrinsic 

resistance along the 600 nm nanowire is then ∼2.5 × 108 Ω.  Any theory accounting for 

the magnitude of these currents must establish a resistance of this order.  With R defined 

in this way, the resistivity ( ρ ) is calculated by ρ = RA / L , where A is the cross-sectional 

area of the nanowire and L is the segment length. Using the full cross-sectional area of 

the pilus, a resistivity of ρ = 30Ω cm is obtained, a value comparable to that of 

moderately doped silicon nanowires.186  If the charge-localizing sites fill the nanowire 

volume, the conductivity of the nanowire is 

 σ = 1
ρ
= 1
30

S
cm

⎛
⎝⎜

⎞
⎠⎟ = 2 ×10

10 e
nmVs

⎛
⎝⎜

⎞
⎠⎟   (3.11) 

where the units are given in parentheses and S is siemens (ohms−1).  Substituting the 

value of the conductivity from (3.11) into σ =Νeµ  and utilizing eqn (3.9), we discern 

possible restrictions on the microscopic parameters that govern charge flow, shown in 

Table 3.  We repeat the process assuming only the outer surface of the nanowire contains 

the charge-localizing sites. In this case the cross-sectional area is that of a cylindrical 

shell of width ∼1 nm and outer radius of 5 nm.  Restrictions on microscopic parameters 

for this case are also shown in Table 3. 
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Table 3: Constraints on the hopping distance between redox sites and on the 
reorganization energy (λ) for an experimentally measured resistance of 250 MΩ. 

nnr  (nm)  λ  for fullV  (eV)  λ  for shellV  (eV)  

.35   0.85≤    0.75≤   

.5   0.67≤   0.57≤   

.7  0.40≤   0.27≤   

1 0.10≤   0.01≤   

The parameters were fit to the equation σ =Νeµ  with μ given by eqn (3.9) to give the 
conductivity using (1) the cross-sectional area and volume (Vfull) of the full pilus (σ = 1/30 
S cm−1) and (2) the cross-sectional area and volume (Vshell) of the outer cylindrical shell of 
the nanowire with thickness 1 nm (σ = 1/4 S cm−1).  In both cases, the length of the 
nanowire was taken as 600 nm, kBT = 1/40 eV, β = 10 nm−1, and the number density of 
charge carriers, N, is given by Ν =1/ rnn

3 . Note that for carriers localized on the exterior 
of the nanowire, the measured conductivity could not be achieved at rnn > 1 nm even if λ 
was set to zero. 

 

We observe that for both models (Vshell and Vfull, respectively), the pilus must be tightly 

packed with charge carriers that are embedded in an environment particularly suited for 

charge transfer.  Summarizing the results obtained from the Einstein relation and from 

the master equation formalism, the large, experimentally observed currents are well 

described by a diffusive charge hopping model, assuming all available charge-localizing 

sites in the nanowire between the two electrodes contribute to the observed current, 

with λ ≤ 0.85  eV and rnn ≤1 nm. 
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3.3.3 The applicability of band theory 

Charge flow in S. oneidensis MR-1 nanowires has been proposed to occur by band 

transport.205 Charge flow via band conduction is subject to the uncertainty principle 

constraint and the condition that carriers scatter into states with energy shifts that are 

small compared to the band width:203 

  ΤW ≫ "   (3.12) 

where Τ  is the scattering time of the carriers and W is the width of the energy band, 

defined as W = 4 HDA  with HDA  the effective charge-transfer integral between the 

charge-localizing units.203  The mobility in band theory is203 

 
 
µBT =

2ernn
2 HDA

!2
Ν.   (3.13) 

Substitution of HDA  given by eqn (3.13) into eqn (3.12) gives 

 
 
µBT ≫

ernn
2

2"
  (3.14) 

which is the equation for the validity of band transport theory.  In typical π-stacked 

materials and organic polymers, rnn  is 0.35 nm.203  This value for rnn  constrains µBT to 

be greater than ∼ 1 cm2 V−1 s−1 for band theory to accurately describe the charge 

transport. The mobility is related to the conductivity (σ ) by σ =ΝeµBT , where Ν  is the 

charge carrier density.  Using a number density appropriate to closely packed molecular 

materials (Ν ≈ 25 nm−3
) and the experimentally determined conductivity of the bacterial 

nanowire (∼1 S cm−1), one arrives at a mobility of ∼10−4 cm2 V−1 s−1 for the nanowire, much 
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less than the magnitude needed for band theory to be applicable.  We note that for lower 

carrier densities, the mobility in general will increase for a given conductivity, but so 

will the uncertainty principle constraint on the magnitude of µBT .  For a uniform 

packing density equal to 1/ rnn
3

, the relationship for the rnn  that satisfies the uncertainty 

principle constraint is 

 
 

rnn
3σ
e
≫
ernn

2

2"
  (3.15) 

and for a conductivity of σ = 1 S cm−1, rnn  ≫ 103 nm.  The distance between nearest 

neighbor sites of the nanowire would need to be greater than the distance between the 

electrodes for band theory to accurately describe the charge transport! 

3.4 Discussion 

The measured currents through MR-1 pili challenge our traditional views of 

charge transfer in biology. Without a multiplicative factor of ∼1000, corresponding to the 

number of carriers in the nanowire coupled to the electrodes, a hopping model can not 

account for the reported currents of nanoAmps while hopping steps remain under the 

non-adiabatic charge transfer “speed limit.” A completely unidirectional mechanism 

that scales as 1/N could account for the current magnitude but not for its symmetry 

under sign inversion of the potential bias (see Figure 29C).  If the wire were “designed” 

to favor charge transfer in one direction, it would disfavor transfer in the other.  
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Would charge delocalization over a range of sites bolster the effective transport 

rate? Delocalization across n sites dilutes the wavefunction amplitude by 1/ n .206  The 

charge transfer rate constant depends on the squared overlap of the donor and acceptor 

wave functions, so a delocalization over n sites must be accompanied by a dilution of the 

hopping rate constant by 1/n2. If the hopping distance from delocalized site to 

delocalized site remains the same as the distance from localized to localized, the gains 

from delocalization are canceled by the diffusive nature of the transport, assuming that 

other charge transfer parameters are weakly influenced by the delocalization. Explicitly 

for a non-cofacial hopping site arrangement, a reduction by n in the number of hopping 

sites will increase the net diffusive transport rate constant by n2 but will decrease the 

hopping rate constant by 1/n2. 

How many redox sites couple to the cpAFM tip? For hopping governed by a 

master equation, ten will not suffice to describe the currents. We note that among the 

two hopping models, there is only limited disagreement in the parameter constraints. 

The master equation restricts reorganization energies to be slightly lower than those 

allowed by the Einstein relation.  However, both formalisms agree on the maximum 

distance between charge carriers of ∼1 nm.  We conclude that the charge-localizing sites 

must be very closely packed with reorganization energies at the lower limit of what is 

known in biology.207  Still, the environment probed in the experiments was not the 

native one. The bacteria were chemically fixed with aldehydes that cross-link proteins 
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and then air dried.  These conditions may lead to more rigid structures with lower 

charge transfer reorganization energies than in vivo. 

c-type cytochromes have been strongly implicated as the charge carriers along 

bacterial nanowires.186, 208, 209  Indeed, a c-type cytochrome was recently shown via 

transmission electron microscopy to be aligned along the conductive pilus of Geobacter 

sulfurreducens, albeit separated by distances prohibitive for interprotein charge transfer 

(>20 nm).210  The identity of the charge-localizing site present on the nanowire of 

Shewanella oneidensis MR-1 has yet to be conclusively shown.  Recently, the crystal 

structure of MtrF, an important decaheme cytochrome in Shewanella oneidensis MR-1, 

was solved.208  The structure reveals a linear arrangement of 8 of the 10 hemes, with 

edge-to-edge spacings less than 0.7 nm, compatible with our modeled rnn  (see Figure 

32). Could arrays of proteins such as this generate the “conductive ridges” in Figure 27? 
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Figure 32: Decaheme cytochrome MtrF from Shewanella oneidensis MR-1. 
Notice the close spacing of the Fe hemes, with typical edge-to-edge distance of ≤ 0.7 

nm. pdb: 3pmq.208 

Alternate sites of conduction along the Geobacter pilus have been proposed.209  

Charge transfer may occur through hole hopping between stacked aromatic amino acids 

of the pilus protein subunit.  However, the relative distances between stacked aromatic 

residues in the Geobacter pilus remain unknown. 

Our numerical findings can be summarized by a simple, approximate equation 

for the current (I): I = n<k
eff = n<khop / N

1.85 , with N the number of hopping steps.  To find 

the current, one must multiply the effective rate constant by a factor ( n< ) equal to the 

minimum number of contacts at both electrodes.  Explicitly, for ΔG = 0, the relationship 

for the current becomes (based on the master equation results above) 
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 I = n<
1013rnn

1.85

L1.85
exp[−β(rnn − 0.35nm)− λ / 4kBT ]   (3.16) 

The relationship between n< and rnn  is shown graphically for a few cases in Figure 33. 

For λ = 0.2 eV, rnn  = 0.35 nm, β = 10 nm−1, L = 600 nm, and kBT = 1/40 eV, about 3000 

bridge contacts with each electrode must be established to achieve a nanoAmp current. 
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Figure 33: Contour plots of the current described by eqn (3.16) as a function of 
nearest neighbor hopping distance and number of electrode contacts. The 

reorganization energy, λ, the length of the bridge, L, and the exponential decay 
constant, β, were chosen for relevance to a bacterial nanowire. For all cases, kBT was 
taken as 1/40 eV. The figure informs at a glance the distance and contact constraints 

imposed upon each 2D cylindrical system for a given magnitude of current. 

We also note that a one-dimensional biased mechanism is the most efficient for 

long-distance transport, but the most vulnerable to structural defects. Charge transfer in 

two or three dimensions is an effective means to avoid the issue of roadblocks due to 

anisotropic carrier environments, even if the net effective rate constant decreases more 

rapidly with the length of the chain than in 1D. 

Why would S. oneidensis MR-1 evolve “nanowires”? The membrane extensions 

may serve as biological “capacitors” waiting to be discharged upon attachment to a 

metal oxide or electrode surface.  They may provide a “conductive matrix” that makes 

possible the sustained growth of bacteria far from the charge sink.211, 212 The wires may 

constitute a conductive pathway for efficient, long-range cell-to-cell communication by 
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electron transfer.213  Conductive nanowires provide only one of three mechanisms for 

extracellular ET found in these bacteria.214, 215  Whatever their role in vivo, these 

nanowires challenge our understanding of mesoscale charge flow in biological systems. 

Understanding charge transfer between bacteria and metal interfaces is a grand 

challenge in biogeochemistry.216  Indeed, electrogenic bacteria are being engineered to 

produce electricity from organic waste and to store electrons from photovoltaics in 

chemical bonds with high efficiencies.5, 217  The idea of a “living catalyst” is particularly 

tantalizing. Imagine the value of a catalyst such as photosystem II that will replicate, 

repair itself and adapt to a changing environment. 

3.5 Conclusions 

Our analysis of charge flow in bacterial “nanowires” has emphasized the 

importance of multi-step hopping.  Charge-localizing sites must be closely packed and 

reorganization energies kept small in order to move charge over long distances at the 

fast rates observed.  Band theory can not accurately describe the current in these 

systems.  However, quasi-incoherent regimes intermediate between thermal hopping 

and band transport have not been excluded by our analysis.  Indeed, charge 

delocalization across hopping sites could account for the low reorganization energy—

which inversely scales with the size of the localizing site—required by the modeling.  

Several interesting issues remain.  What really is the “speed limit” of charge 

transfer in bacterial nanowires?  The possibility of relaxation-limited or adiabatic charge 
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transfer could potentially give rise to hopping rates faster than 1013 s−1.218  Furthermore, 

the non-adiabatic rate equation assumes thermally equilibrated donor and acceptor 

states, which could be challenged for ultrafast hopping rates.  The hopping networks 

described in this chapter lead us to wonder if hopping pathways can be exploited for 

multi-carrier delivery of charges to a single site.  Finally, one is left to wonder at the 

effectiveness of the bacterial nanowires compared to other quasi-1D nanostructures to 

transfer charge over long distances. 

3.6 Appendix 

3.6.1 Electrochemical electron transfers 

The electrochemical reduction and oxidation rate constants are a sum of the 

individual rates for all available energy states ρ(ε )  of the electrode, weighted by the 

Fermi–Dirac probabilities of occupancy ( f+ ) or vacancy ( f− ) of those states:198 

 f± (ε ,T ) = 1± exp e(E − ε ) / kBT( )⎡⎣ ⎤⎦
−1

  (3.17) 

with energy states of the electrode −eε  and Fermi level −eE, where E is the applied 

electrode potential.  Starting with the high temperature molecular ET rate constant given 

by eqn (3.2), we make the substitution 

  ΔG→ΔG(ε ) = e(ε − E!')   (3.18) 

where E°′ is the formal potential of the redox species.  For an electrochemical reduction, 

the electrode formally plays the role of the donor, with state occupancy f+ .  For an 
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oxidation, the electrode is the acceptor with state vacancies 1− f+ = f− .  The rate 

constants governing reduction and oxidation become 

 

 
kred =

2π
!

1
4πλkBT −∞

∞

∫ |H (ε ) |2 exp −(λ + e(ε − E"'))2

4λkBT
⎡

⎣
⎢

⎤

⎦
⎥ρ(ε ) f+ (ε )edε   (3.19) 

 

 
kox =

2π
!

1
4πλkBT −∞

∞

∫ |H (ε ) |2 exp −(λ + e(ε − E"'))2

4λkBT
⎡

⎣
⎢

⎤

⎦
⎥ρ(ε ) f− (ε )edε   (3.20) 

If the density of states, ρ(ε ) , as well as the electrode–molecule electronic interaction 

energy (H(ε)) are assumed to be constant in the energy region of interest, the following 

forms for the rate constants can then be derived with the substitutions x = e(E − ε ) / kBT  

and y = −e(E − ε ) / kBT , respectively: 

 

 
kred (E) = ckBT −∞

∞

∫
exp − x − λ + e(E − E!')

kBT
⎛
⎝⎜

⎞
⎠⎟

2
kBT
4λ

⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

1+ exp x[ ] dx   (3.21) 

 

 
kox (E) = ckBT −∞

∞

∫
exp − y − λ − e(E − E!')

kBT
⎛
⎝⎜

⎞
⎠⎟

2
kBT
4λ

⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

1+ exp y[ ] dy   (3.22) 

In (3.21) and (3.22) 

 

 
c = 2π
!

|H |2 ρ
4πλkBT

  (3.23) 

where the bar indicates an energy average of these quantities, and λ, the reorganization 

energy, is assumed to be equal for reduction and oxidation.  Upon inspection, kred and kox 

are equal when E = E°′, which must be so due to detailed balance.  A representation of 
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the energy levels involved in electrochemical electron transfer and the corresponding 

state densities is shown in Figure 34. 

 

Figure 34: The energy picture of an electrochemical electron transfer. The 
molecular redox species have state densities represented by gaussians (oxidized state: 

red, reduced state: blue). Applying a negative potential to the electrode moves the 
chemical potential µ up the energy scale. The electron transfer rate is related to the 

overlap between the Fermi function of the electrode and the gaussian density of states 
of the redox molecule. Note that at very negative applied potentials, the Fermi level of 

the electrode is far above the (red colored) gaussian of the oxidized species and the 
overlap of the two functions remains constant and saturated even when more negative 
potentials are applied. In this way, kred plateaus and saturates. Likewise for kox at large 

positive potentials. 

The symbol k° is given to the heterogeneous electron transfer rate constant at 

zero potential bias.219-222  Given an initial guess at k° and λ, c is calculated.  This 

calculated c is then used as the prefactor in the potential-dependent rate constants (3.21)

and (3.22).  Programs have been developed to iteratively arrive at a k° and λ that fit 

electrochemical data in the form of trumpet plots.219-222 
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The currents through bacterial nanowires were modeled with electrode-bridge 

injection and ejection rates given by eqn (3.21) and(3.22).  Because of the small value of λ 

needed for fast hopping rates through the bridge, the value of k° needed to be large to 

sustain the experimentally observed currents.  We note that the measured k° of MtrC,208, 

223, 224 the c-type cytochrome implicated as the charge carrier along the nanowire, from 

trumpet plot analysis is orders of magnitude less (k° ≈ 200 s−1) than what is needed for 

the observed currents (k° ≥ 1010 s−1, Table 2).  However, these discrepancies may be 

resolved by the vastly different experimental conditions under which these 

measurements were made.186, 224 

3.6.2 Steady-state kinetics 

The master equation, (3.1), can be represented in matrix form as  d
!p / dt =K !p , 

with solution 

  
!p(t) = eKt !p(0) = SeΛtS−1 !p(0), Λ = S−1KS   (3.24) 

where K  is the matrix of rate constants, S  the matrix of the eigenvectors of K , and p!  

is the 1×n  population vector for a system of n  sites, T
1 )]()([= tPtPp n!

"
. 

Solutions to all the time-dependent populations, )(tp! , are not necessary at 

steady-state.  In this case, we are interested only in the eigenvector of K  with 

eigenvalue zero.  We note that if all site-to-site transitions in the kinetic mechanism are 

reversible, this eigenvector has components that are the equilibrium populations at each 

site, which are subject to detailed balance, i.e. ijijij PkPk →→ = .  In this case there is no net 
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flux and therefore no current. A net flux necessitates an irreversible step, which we 

could impose by setting ←
Rk  equal to zero in Figure 28.  However, the following 

treatment makes this unnecessary. 

We are interested in the nonequilibrium steady-state flux through the bridge for 

a given difference in chemical potential between the left and right electrodes, RLµΔ .  We 

note that the inclusion of an irreversible step implies a net flux even for 0=RLµΔ . 

Subtraction of the net flux in the opposite direction will solve this problem only if the 

rate constants associated with the irreversible step in both directions are equal.  We 

avoid the issue of irreversibility by working with mechanisms in the form of closed 

loops.  The detailed balance condition for a looped mechanism is  

 
i
∏ k f

i

kb
i =1,

k f
i

kb
i = exp

ΔEi,i+1

kBT
⎡

⎣
⎢

⎤

⎦
⎥   (3.25)  

where i
fk  represents the clockwise rate constant from site i  to 1+i  in the closed loop 

and 
i
bk  is the counterclockwise rate constant from site 1+i  to i .  For a given chemical 

potential difference between the left and right electrodes, eqn (3.25) becomes  

 
i
∏ k f

i

kb
i = exp

ΔµRL

kBT
⎡

⎣
⎢

⎤

⎦
⎥, ΔµRL ≡ µR − µL   (3.26)  

which is a nonequilibrium condition imposing a net flow from L  to R  if RLµΔ  is 

negative or from R  to L  if RLµΔ  is positive. 
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Expanding upon the formalism of Hänngi,156 one can identify a closed loop for 

the system in Figure 28 upon replacement of the L  and R  electrode states with a single 

state ),( RL , which represents the source and sink of electrons at different chemical 

potentials.  The closed loop representation is shown schematically in Figure 35.  
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Figure 35: The familiar form of the rate mechanism (see Figure 28) is recast in 
terms of a closed loop, where state (L, R) represents the state from where an electron is 

entering or exiting. The symbols highlighted in blue are those included in a one 
dimensional bridge of length N.  Inclusion of the black states makes this mechanism 
two dimensional.  Applying the cylindrical boundary condition as described in the 

text makes this mechanism two dimensional and cylindrical. The dotted arrows 
represent transitions between the variable number of bridge sites between Bj and BN. 

The population of state ),( RL  represents the absence of the electron on the 

bridge and replaces the populations LP  and RP  in all the corresponding terms in the 

master equation (3.1) with transitions into and out of the left and right electrodes. An 

electron that traverses a full loop in this cyclical reaction mechanism will have a net 

change in free energy equal to the difference in the chemical potential of the left and 
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right electrodes, RLµΔ . In Figure 35, a complete cycle is any population flowing out of 

),( RL  in the direction of 1B  and flowing back into ),( RL  from NB . 

The application and utility of this kinetic scheme is best illustrated by example, 

for which we use a two site bridge connected between two leads as shown in Figure 36.  

L,R

B1

L B1 R
� �bridge row to the last bridge row, i.e. we include terms such as
k�L

bridge row to the last bridge row, i.e. we include terms such as
k�L

bridge row to the last bridge row, i.e. we include terms such as
k�L

bridge row to the last bridge row, i.e. we include terms such as
k�Lbridge row to the last bridge row, i.e. we include terms such as

k�R

bridge row to the last bridge row, i.e. we include terms such as
k�R

bridge row to the last bridge row, i.e. we include terms such as
k�R

bridge row to the last bridge row, i.e. we include terms such as
k�R

B2
�k1�2

k2�1

B2
k1�2

k2�1

L B1 R
� �bridge row to the last bridge row, i.e. we include terms such as
k�L

bridge row to the last bridge row, i.e. we include terms such as
k�L

bridge row to the last bridge row, i.e. we include terms such as
k�R

B2

k1�2

k2�1

�

A B

 

Figure 36: A nonequilibrium steady-state flux can be imposed on this two 
bridge rate mechanism (top) by either (A) making the last step irreversible, as is 

usually done, or (B) recasting in terms of a closed loop. In (B), the four state 
mechanism becomes a cyclical three state mechanism, from which the 

nonequilibrium steady-state flux is easily obtained without invoking irreversibility. 

Detailed balance dictates that kL
→k1→2kR

→ = kR
←k2→1kL

←  when ΔµRL = 0 .  

One first writes the rate equations, setting them equal to zero at steady-state:  

 

 

!PL ,R = 0 = −(kL
→ + kR

← )PL ,R + kL
←P1 + kR

→P2
!P1 = 0 = kL

→PL ,R − (kL
← + k1→2 )P1 + k2→1P2

!P2 = 0 = kR
←PL ,R + k1→2P1 − (kR

→ + k2→1)P2

  (3.27) 

Equations (3.27) are written in the matrix form 0K =ssss p! , with  
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 Kss =

−(kL
→ + kR

← ) kL
← kR

→

kL
→ −(kL

← + k1→2 ) k2→1
kR
← k1→2 −(kR

→ + k2→1)

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

  (3.28) 

and T
21, ][= ssssss

RL
ss PPPp! . We want solutions ssp!  that solve the matrix equation; that 

is, we are looking for the nullspace of ssK . The nullspace for these rate matrices consists 

of a single basis vector multiplied by an arbitrary constant, c , and in this example is  

 N(Kss ) = c

k2→1kL
← + k1→2kR

→ + kL
←kR

→

k1→2kL
→ + k1→2kR

← + kL
←kR

←

k2→1kL
→ + k2→1kR

← + kL
→kR

→

k1→2kL
→ + k1→2kR

← + kL
←kR

←

1

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

.   (3.29) 

We choose c  such that the steady-state populations sum to one, i.e. i
ss

i
Nc )(1/= K∑ , 

where the sum is over all i  components of the nullspace basis vector.  We are, after all, 

looking for the time it takes one particle on average to find its way to the sink under a 

constant flow.  The steady-state population vector is in general  

 

 

!p ss =

PL ,R
ss

PB1
ss

"
PBN
ss

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥

= N(Kss )

i
∑N(Kss )i

  (3.30)  

and specifically for the example  
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Θ
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  (3.31)  

 where  

 Θ = k1→2kL
→ + k1→2kR

← + kL
←kR

← + k2→1kL
← + k2→1kL

→ + k2→1kR
← + k1→2kR

→ + kL
←kR

→ + kL
→kR

→
 (3.32) 

The effective steady-state rate constant effk  is defined  

 keff = nkL
→PL ,R

ss −
j=1

n

∑kL
←PBj

ss = 1
τ

  (3.33) 

where the sum is over each j  of the n  sites that have transitions into the left electrode. 

The current I  is defined as the effective rate constant (3.33) multiplied by the electron 

charge ( e ) and by the lowest of the number of sites coupled into the bridge from the left 

or right electrode ( <n ):  

 I = −en< k
eff

  (3.34) 

The expression for the effective rate constant in our example is  

 

keff = kL
→PL ,R

ss − kL
←P1

ss

= kL
→k1→2kR

→ − kL
←k2→1kR

←

Θ

  (3.35) 
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Setting 0=←
Rk  in eqn (3.35) recovers the expression given by the more familiar but less 

general treatment of irreversible flow from L  to R . 

The looped kinetic scheme is preferable for a few reasons: 1. The effective rate 

constant through the loop is calculated directly via eqn (3.33) and does not involve 

finding effective rate constants at each site as the irreversible mechanism would require. 

2. There are no restrictions other than eqn (3.25) on the rate constants in order to achieve 

zero flux at zero chemical potential difference. 3. Integrals over the time-dependent 

populations are avoided by solving for the nullspace of the rate matrix. 

We have written Matlab code that generates the rate matrices for 1D, 2D and 2D 

cylindrical kinetic networks of any size and for any choice of rate constants. The code 

finds the nullspace of the rate matrix and calculates the current as defined in eqn (3.34). 

We use this program to calculate the hopping currents through the nanowires subject to 

the parameters: V  (potential bias), r  (hopping distance), !k  (heterogeneous charge 

transfer rate constant at zero applied bias), λ  (reorganization energy), TkB  (thermal 

energy), colN  and rowN  (number of columns and rows in a 2D kinetic mechanism, 

respectively), inN  and outN  (number of sites that couple into and out of the 2D bridge, 

respectively, see Figure 28). The results of these calculations are summarized in Table 2. 

3.6.3 Unidirectional transport 

We note that for a one dimensional, unidirectional transition process  



 

128 

 L→
Γ
B1→

Γ
Bm→

Γ
BN →

Γ
R   (3.36) 

with transitions characterized by a single rate constant, Γ , the time-dependent 

probability of occupation at each site is known exactly.225  It is the Poisson distribution: 

 Pm (t) =
(Γt)m e−Γt

m!
  (3.37) 

Defining the mean first passage time out of state m  as 

 〈tm 〉 = 0

∞

∫ tPm (t)dt

0

∞

∫ Pm (t)dt
  (3.38) 

which is equivalent to eqn (3.6), and substituting (3.37) into (3.38) leads to 

 
0

∞

∫ tPm (t)dt =
1
m!Γ 0

∞

∫ (Γt)m+1e−Γt dt

= (m +1)!
m!Γ2 = m +1

Γ2

  (3.39) 

 
0

∞

∫ Pm (t)dt =
1
m! 0

∞

∫ (Γt)m e−Γt dt

= m!
m!Γ

= 1
Γ

  (3.40) 

The mean first passage time, eqn (3.38), is then 

 〈tm 〉 =
(m +1) /Γ2

1 /Γ
= m +1

Γ
for m ≥ 0   (3.41) 

which can now be seen to be directly proportional to the number of hopping sites. 

Defining a net rate constant through the mechanism as 〉〈t1/ , the rate decreases as N1/  
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for unidirectional transport, which agrees with the result found numerically in Figure 

31. 
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4. Bio-inspired U-turn electron transfer increases the 
yield of high-energy photoproducts 

Efficient photosynthetic energy conversion requires quantitative, light-driven 

formation of high-energy, charge-separated states226.  Conventional photosystem 

designs seek to promote electron transfer (ET) by polarizing excited donor electron 

density toward the acceptor (“one-way” ET)227, 228.  Enigmatically, the excited donor of 

the archetypal R. sphaeroides reaction center polarizes its electron density away from its 

electron acceptor229: light absorption by the reaction center thus triggers a “U-turn” ET 

event.  Whatever mechanistic importance lies behind this biological U-turn ET has been 

obscured by the inability to experimentally reverse donor excited-state polarization 

within the reaction center.  Here, we show that U-turn ET produces a strikingly larger 

yield of high-energy photo-products compared to a conventional one-way ET scheme, 

by minimizing intersystem crossing to the donor triplet state.  We directly compared 

one-way vs. U-turn ET strategies via a linked donor-acceptor (DA) assembly in which 

selective optical excitation produces donor excited states polarized either toward or 

away from the acceptor.  Ultrafast spectroscopy of DA pinpoints the importance of 

realizing donor singlet and triplet excited states that have opposite electronic 

polarizations to shut down intersystem crossing, a scheme exploited by the reaction 

center of R. sphaeroides.  All known natural reaction centers employ high-energy singlet 

states as electron donors, but artificial photosystems struggle to overcome energy losses 
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associated with lower-energy triplet state formation230, 231, which critically limits solar 

energy conversion efficiency.  Our results offer an unexpected U-turn design principle, 

heralded by Nature, that averts intersystem crossing and dramatically increases the 

yield of high-energy photo-products critical for enhanced efficiency solar cells. 

4.1 Introduction 

Artificial photosystems mimic intuitive aspects of natural photosynthetic 

reaction centers: a fast, photo-induced electron-transfer (ET) event, followed by 

subsequent electron hops to secondary acceptors, produces a long-lived, charge-

separated state232. The less intuitive aspects receive little attention: the initial photo-

induced ET event in the R. sphaeroides reaction center proceeds from the lowest singlet 

excited state of a bacteriochlorophyll “special pair” that is polarized away from the 

acceptor (Figure 38a)229.  Despite this Rube-Goldberg-like trajectory, the primary ET 

event occurs in high yield, forming a charge-separated state with little-to-no driving 

force expenditure233.  Why does biology employ a U-turn ET in the initial energy-

transducing step of photosynthesis? Although this issue defines the last remaining 

mystery surrounding Nature’s design of the archetypal photosynthetic reaction center, 

experimental difficulties have hampered investigating the U-turn ET mechanism relative 

to conventional one-way ET processes, obscuring the physical underpinnings of this 

puzzling phenomenon.  Here, we use transient absorption spectroscopy and a model 

donor-acceptor system to show that U-turn ET steers photo-excited states toward useful, 
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high-energy products by routing these excited states away from states that are 

photosynthetic dead-ends. 

Two criteria are necessary to investigate one-way and U-turn ET mechanisms 

within the same molecular framework.  (i) The electron donor (D) must be a 

supermolecular chromophore possessing oppositely polarized charge-transfer (CT) 

excited states that can be optically accessed.  Selective photo-excitation of the D 

chromophore either pushes electron density away from or toward the acceptor (A), 

providing a means to both trigger and track one-way and U-turn ET reactions via pump-

probe transient absorption experiments.  (ii) High-lying singlet excited states of D (1D*) 

must survive for a sufficient time to undergo ET to A, before internal conversion to the 

lowest 1D* excited state, S1. These criteria are not easily achieved in natural 

photosynthetic reaction centers; for instance, the primary D of the R. sphaeroides reaction 

center can only be selectively excited into its lowest energy S1 state, encumbering the 

experimental investigation of higher-lying 1D* excited states229.  Consequently, chemical 

modifications of the protein surrounding D have been carried out to probe the energetics 

and directionality of ET in photosynthetic reaction centers, although native-like ET 

kinetics are rarely maintained234-237.  A linked DA molecule, RuPZn−NDI (Figure 38, b 

and c), sidesteps the experimental intricacies that are characteristic of natural 

photosystems and enables the spectroscopic investigation of both U-turn and one-way 

mechanisms in one molecular structure by excitation of D with different colors of light. 
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4.2 Methods 

4.2.1 Ultrafast (fs-ns) pump-probe transient absorption spectroscopy   

Ultrafast transient absorption spectra were obtained using standard pump-probe 

methods 238-242. Optical pulses (≥ 120 fs) centered at 775 nm, were generated using a 

Ti:Sapphire laser (Clark-MXR, CPA-2001, Dexter, MI, USA), which consisted of a 

regenerative amplifier seeded by a mode-locked fiber oscillator. The output of the 

regenerative amplifier was split to feed an optical parametric amplifier (Light 

Conversion Ltd., TOPAS-C, Vilnius, Lithuania), which generates excitation pulses 

tunable in wavelength from the UV through the NIR region. The pump beam was 

chopped at half the laser repetition rate (~500 Hz). A fraction (<5%) of the output from 

the regenerative amplifier was passed through an optical delay line, and focused onto a 

3 mm c-cut sapphire plate to generate a white light continuum, which was used as the 

probe beam. The polarization and attenuation of the pump and probe beams were 

controlled by half-wave plate and Rochon prism polarizer pairs. The polarization was 

set to the magic angle (54.7°) for these experiments. The pump beam was focused into 

the sample cell with an f = 20 cm lens, while the probe beam was focused with a 

parabolic mirror. The pump spot size diameter was ~ 0.3 mm. The beam diameter was 

determined using the razor-blade method. The excitation pump power was measured 

using a power meter (Coherent, LabMax Top with PS19 head). After passing through 

the sample, the probe light was adjusted using a neutral density filter to avoid 
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saturating the detector, and focused onto the entrance slit of a computer-controlled 

image spectrometer (Acton Research Corporation, SpectraPro-150, Trenton, NJ, USA). A 

CCD array detector (1024 x 128 elements, Roper Scientific, Trenton, NJ, USA), interfaced 

to the spectrometer, recorded the spectrum of the probe light from the UV (~370 nm) to 

the NIR (~1100 nm), providing spectral resolution better than 0.5 nm. Pairs of 

consecutive spectra were measured with (Ion(λ)) and (Ioff(λ)) to determine the 

difference spectrum, ΔA = log(Ioff(λ)) / (Ion(λ)). All these experiments utilized a custom-

built 2 mm-path-length fused-silica sample cell; all transient optical studies were carried 

out at 21 ± 1 °C in HPLC grade acetonitrile solvent received from Sigma-Aldrich. All 

transient spectra reported represent averages obtained over 3-5 scans, with each scan 

consisting of ~300 time delays spaced on a log scale, with each time delay an average of 

3000 frames. In these experiments, the optical delay line utilizes a computer-controlled 

delay stage. Delay times up to 4 ns were achieved using a Compumotor-6000 (Parker). 

The baseline noise level in these transient absorption experiments corresponded to ~ 0.2 

mOD per second of signal accumulation. The time resolution is probe wavelength 

dependent; in these experiments, the FWHM of the instrument response function (IRF) 

varied between 140–200 fs (e.g., at 680 nm, the IRF was 150 ± 6 fs). Following all pump-

probe transient absorption experiments, electronic absorption spectra verified that the 

samples were robust.  All reported pump-probe experiments were repeated at least 

three times with separately prepared samples.   
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4.2.2 Nanosecond-microsecond pump-probe transient absorption 
spectroscopy   

Nanosecond transient absorption spectra were acquired utilizing an Edinburgh 

Instruments LP920 Laser Flash Photolysis Spectrometer and Edinburgh L900 Software. 

Pump pulses were generated from a Q- switched Nd:YAG laser (Quantel, Brilliant) and 

a dual-crystal OPO (OPOTEK, Vibrant LDII). The temporal width of the pump pulses 

was ~ 5 ns; the energy of the pulses exiting the OPO was controlled using neutral 

density filters. A Xe flash-lamp was used as a white light probe source, and a CCD array 

detector enabled acquisition of transient data over the 400 - 800 nm wavelength domain. 

A PMT detector coupled to an oscilloscope allowed for high-resolution data acquisition 

in “kinetic mode.” Both the LP920 and Opotek OPO are computer interfaced and 

controlled by the L900 software. Transient spectra reported derive from data acquired 

over ~20-50 scans. Samples were prepared in 1 cm quartz cells and de-aerated by 3 

freeze-pump-thaw-degas cycles prior to excitation. Excited-state lifetimes were 

calculated via mono-exponential fitting using Origin 9.1 software. 

4.2.3 Chirp-correction procedure   

Because the sapphire window and sample cuvette have finite thicknesses, the 

white light continuum obtains a wavelength-dependent temporal chirp, despite using 

all-reflective optics 243-245.  We corrected the wavelength-dependent time-zero by 

collection of the pump-probe transient signal of neat acetonitrile solvent under identical 

experimental conditions as the molecular experiments.  The wavelength-dependent 
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coherent artifact (e.g., stimulated Raman absorption and emission) near time-zero was 

fit to a Gaussian and its first and second derivatives 243, 246.  The extracted time-zeros 

from these fits were then fit to a linear chirp in the frequency domain. All reported 

pump-probe data were chirp-corrected by interpolation in the time domain using this 

linear fit to define the new time-zero at each wavelength.    

4.2.4 Treatment of coherent artifact   

While the coherent artifact (CA) from acetonitrile is useful for determination of 

the wavelength-dependent temporal chirp, the CA signal superimposed on the 

molecular response may hinder data analysis of the molecular response at short time 

delays (< 1 ps). Scaling and subtracting the CA signal acquired in neat solvent gave 

unsatisfactory results, derived from the fact that RuPZn and RuPZn−NDI absorb 

broadly and strongly in the visible region.  Explicit fitting of the CA (on top of the 

molecular response) via a Gaussian function and its first and second derivatives did not 

satisfactorily reproduce the CA spectra in neat solvent.  The following method led to a 

satisfactory and general solution: The (RuPZn, RuPZn−NDI, and 

TIPS−Ethyne−PZn−NDI) pump-probe spectrum at each time delay less than 2 ps was 

smoothed in the wavelength domain with a weighting scheme drawn from the CA 

signal in neat solvent.  At each time delay, wavelengths with CA signal in neat solvent 

greater than 2 standard deviations from the mean were given zero weight in the 

smoothing function.  This method preserves the noise structure of the data in the time 
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domain, while removing the dominant contributions of the CA signal from the 

molecular response data.     

4.2.5 Lifetime density analysis   

Lifetime density analysis (LDA) is a general method for transforming pump-

probe transient absorption data into “lifetime space” 246-249. Compared with 

conventional multi-wavelength global fitting, LDA more appropriately treats transient 

dynamics with a large degree of rovibrational relaxation, appropriate to RuPZn, 

RuPZn−NDI, and TIPS−Ethyne−PZn−NDI.  The kinetic trace at each wavelength is fit 

with 150 exponentials, with lifetimes uniformly distributed on a log scale.  Because this 

fit is necessarily over-determined, a regularization technique is required for a 

meaningful solution 246.  We utilized lasso-elastic-net regularization 250 as implemented 

in Matlab to downward bias the number of exponentials with non-zero amplitude. The 

method minimizes a modified least squares function:  

min�0,�(
1

2N

PN
i=1(yi � �0 � x

T
i �)

2 + �P↵(�)) 

where 

P↵(�) =
Pp

j=1(
1�↵
2 �2

j + ↵|�j |) 

Here, N is the number of data points and p the number of fit parameters 

(amplitudes).  Lasso-elastic-net combines lasso regularization with Tikhonov 

regularization, useful when variables have a large degree of correlation, as they do here 

250.  For the LDA maps reported here, we used an alpha of 0.9; λ for each wavelength 
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was chosen via cross-validation: 100 different values of λ were distributed on a log scale 

and used to fit the data. 10-fold cross-validation was employed to generate the mean 

squared error (mse) of each λ-dependent fit.  We chose the λ that produced a mse 1 

standard deviation larger than the minimum mse. 

4.2.6 Global analysis of pump-probe data   

Pump-probe transient dynamical data, collected between 410 nm – 1100 nm, 

were globally fit via in-house Matlab code that accounts for probe chirp (< 1 ps) and a 

Gaussian instrument response.  Globally fitting the data to a discrete number of 

exponentials is an approximation that assumes discrete absorbing states 244, 245.  Due to 

extensive rovibrational relaxation of the molecules described in this report, this 

approximation is not rigorously upheld.  Nevertheless, global fitting provides a measure 

of the significant time scales of excited state population flow in these systems. The 

number (n) of exponentials of each fit was determined by convergence of the percentage 

variance accounted for by the fit, i.e. convergence of [var(data)-var(data-

fit(n))]/var(data). The decay-associated difference spectra (DADS) and evolution-

associated difference spectra (EADS) are also chirp-free. EADS, which follow a 

sequential kinetic mechanism, were obtained from the DADS by a linear transformation 

244 coded in Matlab. These spectra are given in Figure 44. The error bars associated with 

each lifetime represent ± 1 standard deviation as derived from the Jacobian of the non-

linear least squares optimum fit. Due to the extensive amount of hot ground-state 



 

139 

formation upon S0→S2 and S0→S1 excitation of TIPS−ethyne−PZn−NDI, only LDA maps 

of the data are shown (Figure 48).  The Matlab code used for our data analysis in this 

report is available upon request.  

4.2.7 Synthetic materials  

All manipulations were performed under argon prepurified by passing through 

an O2 scrubbing tower packed with Schweizerhall R3-11 catalyst and a drying tower 

packed with Linde 3 Å molecular sieves. Air-sensitive solids were weighed in a Braun 

150-M glovebox. Standard Schlenk techniques were employed to manipulate air-

sensitive solutions. Tetrahydrofuran (THF) was purchased from Sigma-Aldrich 

(Inhibitor free, HPLC grade) and all other solvents utilized in synthesis described in this 

work were purchased from Fisher Scientific (HPLC grade). Triethylamine and 

acetonitrile were dried over calcium hydride and distilled. All other reagents were used 

as received (Aldrich or Fisher). Chromatographic purification (silica gel 60, 230-400 

mesh, EM Science, and Bio-Beads S-X1, 200-400 mesh, BioRad) of all newly synthesized 

compounds was accomplished on the benchtop. 

4.2.8 Chemical synthesis of RuPZn−NDI 

RuPZn and RuPZn−NDI in this manuscript were synthesized as the (PF6−)2 salts 

of RuPZn2+ and RuPZn−NDI2+.  The synthesis of RuPZn−NDI was accomplished 

according to Figure 37. Synthesis of [5-amino-10,20-bis(2,6-bis(3,3-dimethyl-1-

butyloxy)phenyl)porphinato]zinc(II) (3), N-(n-octyl)-naphthalene-1,8-
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dicarboxyanhydride-4,5-dicarboximide (4) and ruthenium(II) (4’-bromo-2,2’;6’,2”-

terpyridine)(2,2’;6’,2”-terpyridine) bis(hexafluorophosphate) (6) were performed as in 

previous studies240, 251, 252. 

4.2.8.1 Characterization instrumentation 

A 400 MHz Brüker spectrometer was used to obtain NMR spectra for all 

synthesized compounds. Chemical shifts for 1H NMR spectra are reported relative to 

residual proton in deuterated solvent (δ (residual) = 7.26 ppm in CDCl3, δ (residual) = 

1.94 ppm in CD3CN). All J values are reported in Hertz. Reported mass spectra were 

acquired with a Perspective Voyager DE instrument at the Department of Chemistry in 

Duke University. Samples were prepared as micromolar solutions in acetone, using 

HABA (2-(4-Hydroxyphenylazo)benzoic acid) as the matrix. Electronic absorption 

spectra were acquired on a Shimadzu Pharmaspec UV-1700 spectrometer. Cyclic 

voltammetry and differential pulse voltammetry experiments were performed on a BASi 

EC Epsilon working station, using an Ag/AgCl (3M NaCl) reference electrode, a Pt wire 

counter electrode, and a glassy carbon working electrode. The ferrocene/ferrocenium 

redox couple (0.43 V vs. SCE) was used as an internal standard in these experiments. 
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Figure 37: Synthetic route for RuPZn−NDI. All ionic compounds have PF6- as 
anions.	

4.2.8.2 [5-Nitro-15-triisopropylsilylethynyl -10,20-bis(2,6-bis(3,3-dimethyl-1-
butyloxy)phenyl)porphinato]zinc(II) (2)  

A 1000 mL round bottom flask equipped with a stirbar was charged with 1 (250 

mg, 0.226 mmol) under Ar. After adding 300 ml DCM and 120 ml MeCN to the flask, the 

flask was cooled in an ice bath. Iodine (48 mg, 0.189 mmol) dissolved with 30 ml DCM 

was added. The reaction flask was then shielded with foil. After 5 min, AgNO2 (52.2 mg, 

0.339 mmol) in 50 ml MeCN was added dropwise. The reaction was terminated when 

TLC showed the starting material 1 was completely consumed. Water was added to the 

reaction mixture and it was extracted with DCM. The solvent was evaporated and the 
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compound was purified by silica gel chromatography (DCM/Hexane = 4:1). The second 

band was collected and evaporated to dryness to yield green product (232 mg, 89%).  

1H NMR (400 MHz, CDCl3) δ(ppm) 9.69 (d, 2H, J = 4 Hz), 9.21 (d, 2H, J = 4 Hz), 

8.90 (d, 2H, J = 4 Hz), 8.86 (d, 2H, J = 4 Hz), 7.71 (t, 2H, J = 8 Hz), 7.00 (d, 4H, J = 8 Hz), 

3.91 (t, 8H, J = 8 Hz), 0.82 (t, 8H, J = 8 Hz), 0.32 (s, 36H). 

C67H87N5O6SiZn: m/z=1151.93, MALDI-TOF-MS: m/z = 1152.97 [2+H]+ 

4.2.8.3 [5-Amino-15-triisopropylsilylethynyl -10,20-bis(2,6-bis(3,3-dimethyl-1-
butyloxy)phenyl)porphinato]zinc(II) (3)   

A 250 mL two-neck round bottom flask equipped with a stirbar was charged 

with 2 (219 mg, 0.190 mmol) under Ar. 70 ml DCM and 70 ml methanol were added. 

After that, 10% Pd/C (6.5 mg) was added. NaBH4 was added in portions (1eq, 7.16 mg, 

0.19 mmol) and stirred for 10 min before adding another portion. When TLC showed the 

reaction was complete, saturated NH4Cl was added to neutralize the reaction solution. 

The product was extracted with DCM. The solvent was evaporated and the compound 

was purified by silica gel chromatography (DCM). The major band was collected and 

evaporated to dryness to yield green product (196 mg, 87%). 

1H NMR (400 MHz, CDCl3) δ(ppm) 9.36 (d, 2H, J = 4 Hz), 8.65 (d, 2H, J = 4 Hz), 

8.27 (d, 2H, J = 4 Hz), 8.13 (d, 2H, J = 4 Hz), 7.68 (t, 2H, J = 8 Hz), 6.99 (d, 4H, J = 8 Hz), 

4.99 (br, 2H), 3.94 (m, 8H), 0.99 (t, 8H, J = 8 Hz), 0.38 (s, 36H). 

C67H89N5O4SiZn: m/z= 1121.95, MALDI-TOF-MS: m/z = 1123.12 [3+H]+ 
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4.2.8.4 N-(n-octyl)-naphthalene-1,8-dicarboxyanhydride-4,5-dicarboximide (4)   

1,4,5,8-Naphthalenetetracarboxydianhydride (15.094 g, 0.056 mol) was refluxed 

under Ar with stirring in 150 ml DMF. Octylamine (9.42 ml, 0.057 mol) in 40 ml DMF 

was added dropwise. The reaction was terminated after refluxing for 15 h. The reaction 

was then filtered, and the filtrate was dried. The orange product was recrystallized in 

DCM (5.73 g, 26.8%).  

1H NMR (400 MHz, CDCl3) δ(ppm) 8.82 (s, 4H), 4.20 (t, 2H, J = 8 Hz), 1.74 (m, 

2H), 1.2~1.5 (m, 10H), 0.88 (m, 3H). 

4.2.8.5 N-[5-[15-(2-triisopropylsilylethynyl)-10,20-bis(2,6-bis(3,3-dimethyl-1-butyloxy) 
phenyl)porphinato]zinc(II)-N’-(octyl)naphthylene diimide (5)   

A 100  mL round-bottom-flask equipped with a stirbar was charged with 3 (180 

mg, 0.160 mmol) and 4 (121.7 mg, 0.320 mmol) under Ar. 50 ml dry DMF and 5 ml 

triethylamine were added. The reaction mixture was refluxed overnight. After cooling to 

room temperature, the mixture was diluted with chloroform and washed with water. 

The organic phase was dried with anhydrous Na2SO4 and evaporated to dryness. The 

compound was purified by silica gel chromatography (THF/hexanes = 15:85). The major 

band was collected and evaporated to dryness to yield green product (104 mg, 43.7%).  

1H NMR (400 MHz, CDCl3) δ(ppm) 9.71 (d, 2H, J = 4 Hz), 8.97 (dd, 4H, J1 = 8 Hz, 

J2 = 20 Hz), 8.89 (d, 2H, J = 4 Hz), 8.88 (d, 2H, J = 4 Hz), 8.81 (d, 2H, J = 4 Hz), 7.66 (t, 2H, J 
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= 8 Hz), 6.94 (d, 4H, J = 8 Hz), 4.30 (t, 2H, J = 8 Hz), 3.88 (m, 8H), 1.83 (m, 2H), 1.2~1.5 (m, 

10H), 0.91 (t, 8H, J = 8 Hz), 0.36 (s, 36H).  

C89H108N6O8SiZn: m/z= 1480.73, MALDI-TOF-MS: m/z = 1481.81 [5+H]+ 

4.2.8.6 Ruthenium (II) 5-[4’-ethynyl-(2,2’;6’,2”-terpyridinyl)]-15-(N-(N’-
octyl)naphthylene diimide)bis[10,20-bis(3,3-dimethyl-1-
butyloxy)phenyl)porphinato]zinc(II)-bis(2,2’;6’,2”-terpyridine)2+ bis-
hexafluorophosphate (RuPZn−NDI)   

Compound 7 (see Figure 37) derives from the deprotection reaction of 5 in a 

similar procedure as reported252. A 100 mL Schlenk flask equipped with a stirbar was 

charged with 7 (from 104 mg 5), 6 (98.2 mg, 0.105 mmol), Pd2(dba)3 (6.4 mg, 0.007 mmol) 

and AsPh3 (21.44 mg, 0.07 mmol) under Ar. 20 ml THF, 20 ml acetonitrile and 5 ml 

diisopropylamine were mixed together and added after being degassed by 3 freeze-

pump-thaw cycles. The mixture was heated at 60 °C overnight. When the reaction was 

complete, most of the solvent was removed. A small amount of acetonitrile was added 

to dissolve the mixture. Saturated ammonium hexafluorophosphate was added to 

precipitate the product. The crude product was filtered and dried. The compound was 

then purified by silica gel chromatography (acetonitrile/THF/water/saturated KNO3 

water solution = 60/30/9/1). The brown band was collected and evaporated to 30 ml and 

saturated ammonium hexafluorophosphate was added to precipitate the product, which 

was then filtered and dried to give a brown-greenish solid  (95 mg, 62%, based on 5).  

1H NMR (400 MHz, CD3CN) δ(ppm) 10.00 (d, 2H, J = 4 Hz), 9.39 (s, 2 H), 9.11 (d, 

2H, J = 4 Hz), 8.99 (d, 2H, J = 4 Hz), 8.89 (s, 4H), 8.77 (d, 4H, J = 8 Hz), 8.71 (d, 2H, J = 4 
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Hz), 8.51 (d, 2H, J = 8 Hz), 8.45 (t, 1H, J = 8 Hz), 8.04 (t, 2H, J = 8 Hz), 7.95 (t, 2H, J = 8 Hz), 

7.78 (t, 2H, J = 8 Hz), 7.55 (d, 2H, J = 8 Hz), 7.41 (d, 2H, J = 8 Hz), 7.22 (dd, 4H, J = 8 Hz), 

7.13 (d, 4H, J = 8 Hz), 4.42 (t, 2H, J = 8 Hz), 3.95 (m, 8H), 1.80 (m, 2H), 1.2~1.5 (m, 10H), 

0.81 (t, 8H, J = 8 Hz), 0.22 (s, 36H).  

C110H108N12O8RuZn: m/z= 1891.68, MALDI-TOF-MS: m/z = 1893.40 

[RuPZn−NDI+H]+, 2037.53 [RuPZn−NDI+PF6–]+ 

4.3 Results and discussion 

The existence of oppositely polarized CT excited states within the same 

chromophore is unusual.  In this regard, the supermolecule RuPZn is exemplary (Figure 

38, b and c, and Figure 42)239, 240, 252.   
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Figure 38: U-turn and one-way electron-transfer schemes.  a, The 
bacteriochlorophyll special pair (green, PLPM) in the photosynthetic reaction center of 
R. sphaeroides (pdb 1AIJ) undergoes U-turn ET to the monomeric bacteriochlorophyll 
(blue, BL) down the L-branch to maximize the yield of singlet ET products (1D+A−) and 

avoid formation of the deleterious donor-localized triplet state (3D*A). b, In U-turn 
ET, donor (D) electron density is pushed away from the acceptor (A) in order to slow 
intersystem crossing (ISC) to 3D*A, characterized by an oppositely oriented electric 
dipole moment, and thereby maximize the yield of 1D+A−.  c, Light absorption that 

polarizes donor (RuPZn) electron density toward the acceptor (NDI) in a “one-way” 
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electron-transfer (ET) mechanism results in a low yield of 1D+A−, due to fast ISC to 
similarly polarized 3D*A.  Slow triplet ET from 3D*A of RuPZn−NDI then produces 

triplet ET products (3D+A−). (S0, ground electronic state; S1 and S3, first and third 
singlet excited states, respectively. Note that 1D+A− corresponds to the relaxed, charge-

separated singlet state.) 

The RuPZn chromophore consists of ruthenium(II)polypyridyl (Ru) and 

(porphinato)zinc(II) (PZn) units connected via an ethyne bridge. This connectivity aligns 

the Ru and PZn transition dipoles in a head-to-tail arrangement, enforcing extensive 

excited-state interpigment electronic communication that gives rise to significant CT 

character in the lowest three 1D* excited states (S1, S2, and S3)239, 240, 252.  The large 

dynamic hyperpolarizability (βλ) at 1300 nm incident irradiation (Figure 42b), together 

with the small βλ at 800 nm, indicate that S1 and S3 have electric dipole moments that 

point in opposite directions252, 253.  S3 features electron density pushed from Ru toward 

PZn, while S1 features electron density oppositely polarized from PZn toward Ru 

(Figure 38, b and c and Figure 42b).  2- and 3-level models for βλ
252, 253, along with 

energetic considerations of the CT transitions252, support these assignments.  Indeed, the 

dipole magnitudes of S1, S2, and S3 are substantial, calculated to span a 13-43 Debye 

range253.  Accordingly, RuPZn satisfies criterion (i) for D: S0→S3 excitation with blue 

light pushes electron density toward PZn (as does S0→S2 excitation, see Supplementary 

Information), while S0→S1 excitation with red light pushes electron density toward Ru. 

In order to employ both S3 and S1 of RuPZn as distinct donor states, ET from S3 

must be faster than internal conversion to S1.  Because S3-to-S1 internal conversion 
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proceeds on a 1.1 ps timescale (Figure 47), an ultrafast (< 1 ps) ET reaction satisfies 

criterion (ii) for D.  We therefore directly linked a naphthalene diimide (NDI) electron 

acceptor to the PZn unit of RuPZn (Figure 38, b and c).  The steric hindrance between the 

PZn unit and NDI carbonyl groups imparts a large torsional angle between the least 

squares planes of PZn and NDI251, 254; consequently, the DA molecule RuPZn−NDI 

retains the chromophoric properties inherent to RuPZn (Figure 49), allowing us to 

investigate the effects of 1D* polarization on an ultrafast ET reaction. 

The pump-probe transient dynamics of RuPZn−NDI following electronic 

excitation into its oppositely polarized, RuPZn-localized singlet states (1D*A) show that 

U-turn ET produces a substantially higher yield of the high-energy, singlet charge-

separated state (1D+A−) than does one-way ET (Figure 39).   
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Figure 39: Excited-state evolution of RuPZn−NDI upon triggering one-way and 
U-turn electron-transfer events.  a, c, Pump-probe transient absorption difference 
(ΔAbs.) spectra of RuPZn−NDI in acetonitrile solvent following S0→S3 and S0→S1 
excitation, respectively, at 3 time delays; color-coded labels denote the state that 

makes the dominant contribution to transient spectrum.  S0→S3 excitation poises a 
one-way electron-transfer (ET) event, while S0→S1 excitation poises a U-turn ET event.  

Arrows point in the direction of spectral evolution.  The inverted, scaled electronic 
absorption spectrum of RuPZn−NDI is shown at the top of a, c.  b, d, Upper panels 

display two kinetic traces of the pump-probe data in a, c.  Gold traces primarily track 
the RuPZn-localized triplet state (3D*A); purple traces primarily track A− absorption 

of the singlet and triplet charge-separated states (1D+A− and 3D+A−, respectively). 
Lengths of the horizontal bars in the bottom panels denote the time windows where 

these states are populated.  Time delay is a log scale after the axis break. 

A narrowband, blue pump pulse (400 ± 5 nm) prepares a one-way ET reaction from S3 

(Figure 39a), whereas a red pump (650 ± 5 nm) poises a U-turn ET event from S1 (Figure 

39c).  These pump pulses partially depopulate the electronic ground state of 
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RuPZn−NDI, observed as negative signal (ground-state bleach); the formation of 

transient excited states is revealed by positive signal (excited-state absorption). Excited-

state evolution is monitored via the rise and decay of distinct spectral features, as a 

function of pump-probe time delay.  One-way ET (Figure 39, a and b) from S3 is 

outcompeted by intersystem crossing to the RuPZn-localized triplet state (3D*A, cyan 

spectrum), which has the spectroscopic hallmark of broad, high-oscillator-strength, near-

IR absorption (Figure 43).  Ultrafast formation of 3D*A from 1D*A leads to slow, 

thermodynamically viable triplet ET (orange arrows), producing the lower-energy 

triplet charge-separated state (3D+A−, orange spectrum), which has spectral signatures 

analogous to 1D+A− (prominent 480 and 610 nm absorption bands) associated with A− 255.  

At 1 ps time delay (black spectrum), the large ratio of the 930 nm signal (predominantly 

3D*A) to the 480 nm signal (predominantly 1D+A−) indicates that ultrafast intersystem 

crossing cripples one-way ET to 1D+A−.  Indeed, the rise of the 480 nm absorption on a 

130 ps timescale (Figure 39b, Figure 44, and Figure 45), which occurs concomitantly with 

the loss of the 930 nm absorption, shows a large yield of 3D+A− instead.  These 3D+A−  

states, produced in high yield, decay through charge recombination with a time constant 

of 30 ns (Figure 46).  Conversely, photo-preparation of S1, which pushes electron density 

of 1D* away from A, predominantly achieves ultrafast ET to 1D+A− (Figure 39c).  The 

spectral signatures of 1D+A− overwhelm the 1 ps transient spectrum (black); a weak 

transient spectrum at 10.5 ps time delay (cyan) indicates extremely attenuated 3D*A 
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formation, from which 3D+A− is formed (orange spectrum).  The fast rise and decay of 

1D+A−, observed at the 480 nm signature of A− during time delays less than 10 ps, 

overshadows the slower (> 100 ps) rise of A− associated with 3D+A− (Figure 39d, purple 

trace).  Upon S0→S1 excitation, most of the excited 1D*A population is funneled away 

from 3D*A and into 1D+A−, shown also by the severely diminished 930 nm signature of 

3D*A at time delays greater than 10 ps (Figure 39d, gold trace), relative to that found 

after S0→S3 excitation (Figure 39b, gold trace).  Indeed, the ratio of the quantum yields of 

formation of 1D+A− relative to 3D+A− is 5:1 via U-turn ET from S1, and only 1:2 via one-

way ET from S3. These data indicate that excited-state polarization of the asymmetrical 

supermolecular RuPZn chromophore is key to the vastly disparate ET yields shown here 

(Figure 39; see also control experiments described in Figure 48). 

The pivotal electronic factor governing singlet ET efficiency in RuPZn−NDI is 

spatial wave function overlap between the singlet and triplet excited states of D (1D*A 

and 3D*A).  In the isolated RuPZn molecule, the 1D* states undergo intersystem crossing 

to a highly polarized, long-lived, metal-to-ligand CT triplet state (3D*) in high yield239, 

240.  While high yields of triplet state formation are a general and characteristic feature of 

metal-polypyridyl chromophores, the highly polarized nature of the triplet 3D* state is a 

unique characteristic of the asymmetrical RuPZn supermolecule.  Pump-probe transient 

absorption data indicate that the intersystem crossing timescale of RuPZn is sub-

picosecond from S3 (Figure 40b, Figure 47d, and Figure 45) and ~ 4 ps from S1 (Figure 40c 
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and Figure 47, e-g), consistent with S3 and 3D* possessing similar Ru-to-PZn CT 

character.   
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Figure 40: Intersystem crossing is controlled by excited-state polarization. a, 
Qualitative parabolic surfaces of RuPZn singlet and triplet excited states, relevant to 

U-turn and one-way electron-transfer (ET) reactions in RuPZn−NDI.  Parabola 
minima indicate the energies of these relaxed states.  S3 (dark gray) shares similar 

equilibrium nuclear coordinates with 3D* (cyan), due to similar electronic 
polarizations. b, c, Pump-probe transient absorption difference (ΔAbs.) spectra of 

RuPZn in acetonitrile solvent following S0→S3 and S0→S1 excitation, respectively, at 2 
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time delays, with dominant character indicated by the color-coded state labels.  The 
inverted, scaled electronic absorption spectrum of RuPZn is shown at the top of b, c. 

The identical polarizations of S3 and 3D* ensure that the nuclear potential energy 

surfaces of these states are similar, in contrast to the potential surfaces of oppositely 

polarized S1 and 3D* (Figure 40a), thereby engendering a larger degree of wave function 

overlap between S3 and 3D*.  By pushing electron density toward the acceptor, one-way 

ET from S3 of RuPZn−NDI is intercepted by intersystem crossing to a similarly polarized 

3D*A.  The opposite dipole moments of S1 and 3D*A severely attenuate spatial wave 

function overlap, dramatically slowing the intersystem crossing rate.  Consequently, U-

turn ET becomes not only viable from a longer-lived S1 but also maximizes the yield of 

1D+A− (Figure 38b).  Intuitively, engineering electronic state wave functions to “look 

alike” has long been a design goal to maximize the transition rate between states; 

however the success of U-turn ET shown here emphasizes a consideration of equal 

importance for engineering state wave functions to “look different.”  The 3D*A states of 

RuPZn−NDI eventually transition to 3D+A− (see Figure 38c and Figure 39, a and b), but 

for some organisms that undergo light-driven ET reactions—such as the purple 

bacterium R. sphaeroides—triplet ET is not thermodynamically viable256, 257; in this case, 

the formation of long-lived 3D*A is not only energetically wasteful, it is physically 

harmful to the organism. 

The photophysics of RuPZn−NDI sheds light on the ostensibly counter-

productive U-turn ET mechanism mustered by the photosynthetic reaction center of R. 
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sphaeroides.  In the reaction center, ET proceeds from an electronically excited 

bacteriochlorophyll “special pair” (PMPL) to a monomeric bacteriochlorophyll acceptor 

(BL) exclusively down the L-branch (Figure 38a)235, 258.  Boxer’s group has shown that S1 

of PMPL has a substantial amount of PM−PL+ CT character229, i.e. 1D* is polarized away 

from BL, toward the M-branch.  Furthermore, the 3D* excited triplet state of PMPL is 

delocalized between both bacteriochlorophylls of the special pair, with excess electron 

density polarized toward BL (Figure 38a)259.  1D*A and 3D*A of the reaction center are 

oppositely polarized.  We have shown that singlet and triplet spatial wave functions, 

sculpted this way, minimize intersystem crossing (Figure 38 and Figure 40), 

safeguarding against 3D*A formation from 1D*A:  In R. sphaeroides, 3D*A lacks the 

driving force to generate 3D+A−, and is known to sensitize singlet oxygen, which can 

react with the protein to the detriment of the organism256, 257.  Indeed, the formation of 

3D*A via intersystem crossing from 1D*A in the reaction center of R. sphaeroides is almost 

completely absent, even when ET to BL is blocked237, 260, 261. The opposite polarization 

of 3D* and 1D* shuts down this intersystem crossing pathway.  This cunning protection 

mechanism manifests as the U-turn scheme of the primary ET event, where favorable U-

turn energetics (Figure 41) breaks the apparent symmetry of the reaction center and 

directs ET down the functional L-branch. 
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Figure 41: Parabolic surfaces of one-way vs. U-turn electron transfer. a, A 
hypothetical one-way electron-transfer (ET) trajectory of the primary ET event in the 

photosynthetic reaction center of R. sphaeroides. b, The U-turn ET trajectory of R. 
sphaeroides.  By lowering both the free energy (ΔG) and reorganization energy (λ), 

relative to a one-way ET reaction, U-turn ET reduces the activation energy for charge 
separation (EA(CS)) and raises the activation energy for charge recombination (EA(CR)). 

In general, the activation energies of one-way and U-turn ET will differ because 

of the disparate charge-separation distances between initial and final states.  Figure 41 

illustrates the energetics of one-way vs. U-turn ET for the reaction center of R. 

sphaeroides.  U-turn ET capitalizes on strong Coulomb interactions of the close electron-

hole pair of 1D+A− to increase the driving force (−ΔG) and reduce the reorganization 

energy (λ), relative to a one-way ET reaction that separates the electron-hole pair by a 

larger distance.  These effects conspire in the U-turn mechanism (Figure 41b) to lower 

the activation free energy for the charge-separation reaction (EA(CS)) and raise the 

activation free energy for the charge-recombination reaction (EA(CR)), relative to their one-
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way ET counterparts (Figure 41a).  U-turn ET from the homo-dimeric special pair 

superdonor PMPL would produce a lower activation barrier than one-way ET, whereas 

wasteful charge recombination following U-turn ET would be slowed due to a more 

inverted nature of the recombination reaction.  U-turn ET therefore plays two pivotal 

photosynthetic roles:  (i) it minimizes energetically wasteful intersystem crossing, and 

(ii) it promotes the formation of a stable, charge-separated state.  

Modeling suggests that the U-turn mechanism is most advantageous in a low 

dielectric environment, where Coulomb interactions are stronger (Figure 50).  If the 

decay of electronic coupling with distance is weak, as in covalently linked donor-bridge-

acceptor systems and bonded chromophore/electrode assemblies, U-turn ET may 

provide over an order of magnitude enhancement in the ET rate, relative to one-way ET.  

Indeed, even in the relatively high dielectric solvent acetonitrile, U-turn ET (τcs = 0.8 ps) 

is faster than one-way ET (τcs = 1.0 ps) (Figure 47h).  Because organic photovoltaics are 

low dielectric materials, we anticipate this unconventional U-turn design motif to drive 

this field toward higher efficiency solar energy conversion devices, which strive to: i) 

produce a unit quantum yield of charge-separated states for every photo-excited 

chromophore, and ii) maximally preserve the energy of the absorbed photon in the 

resultant charge-separated state226.  Indeed, current state-of-the-art “sensitizers” for 

dye-sensitized solar cells262, 263, light absorbers for solar fuel cells231, and materials for 

organic photovoltaics230, suffer from high intersystem crossing yields to low-energy 
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triplet states that limit solar energy conversion efficiency.  Asymmetrical superdonors, 

such as RuPZn, where molecular design may achieve oppositely polarized singlet and 

triplet states that mimic the engineering behind the reaction center special pair, offer an 

unprecedented level of control over donor intersystem crossing rates, and enable U-turn 

ET events that drive the formation of high-energy, long-lived, charge-separated singlet 

states.  Unraveling the reaction center’s last mechanistic mystery thus enables a critical 

step forward to achieve maximally efficient solar energy conversion. 

4.4 Supplementary information 

4.4.1 RuPZn and RuPZn−NDI excited-state dynamics 

The singlet excited states of RuPZn have oppositely oriented electric dipole 

moments. Dynamic hyperpolarizability experiments and quantum chemical calculations 

demonstrate that S3 and S2 possess dipole moments (from negative to positive charge) 

pointing from PZn toward Ru, whereas S1 has a dipole moment pointing from Ru 

toward PZn (Figure 42)252, 253.   
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Figure 42: The excited states of RuPZn have oppositely oriented electric dipole 
moments. a, The electronic absorption spectrum of RuPZn displays distinct 

absorption manifolds into S1 (red), S2 (green) and S3 (blue) excited states.  Arrows 
demark the excitation (pump) wavelengths of RuPZn used in the pump-probe 

experiments of this report, which are also the two-photon-resonant wavelengths of 
the dynamic hyperpolarizability (βλ) experiments (boxes) in (b). b, βλ spectrum (gold) 

of RuPZn determined from 3 experimentally measured values (boxes) 252.   

A blue photon is energetically capable of formally removing an electron from the Ru 

metal and placing it on the PZn ring.  A red photon is energetically capable of removing 

an electron from the PZn ring and placing it on the terpyridyl unit (see Figure 42b).  As 

S2 and S3 share similar dipole moments, the electron-transfer (ET) dynamics to NDI 

initiated from these states are nearly indistinguishable in RuPZn−NDI, bearing credence 

that the polarizations of these states are key to the dynamics, rather than energetics 

alone.   



 

158 

The excited 1D* states of RuPZn undergo ultrafast intersystem crossing to a low-

lying triplet excited state (3D*) with near unity quantum yield239, 240; in RuPZn−NDI, 

ultrafast electron transfer (ET) is also kinetically competent. Figure 43 shows a side-by-

side comparison of the pump-probe spectra of RuPZn (left column: a, c, e) and 

RuPZn−NDI (right column: b, d, f) for excitations into the lowest three singlet excited 

states of each.   

 

Figure 43: Transient absorption of RuPZn and RuPZn-NDI. Chirp-corrected 
pump-probe transient absorption spectra at representative time delays of RuPZn (left) 
and RuPZn−NDI (right) for excitation into S3 (a, b), S2 (c, d), and S1 (e, f), via a narrow-
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band (± 5 nm) pump pulse centered at 400 nm, 532 nm, and 650 nm, respectively. The 
time delay between pump and probe pulses associated with each spectrum is shown 
to the right of each plot.  The constant ΔmOD offset (15 or 20 mOD) between spectra 

in each plot is shown with doubled-sided arrows.  Brown bands highlight the 
3RuPZn* (3D* in the main text) triplet absorbance; blue band in (e, f) denotes the 

1RuPZn* (1D* in the main text) singlet absorbance; purple bands in (b, d, and f) denote 
NDI− anion absorbances. The long-time-delay 3RuPZn* T1→Tn spectrum of RuPZn at 

3.5 ns is labeled in (a, c, and e).  Experimental conditions: Magic angle polarization, T= 
21 °C, pump fluence = 990 µJ/cm2 (λex = 400 nm), 745 µJ/cm2 (λex = 532 nm), 610 µJ/cm2 
(λex = 650 nm).  These fluences achieve identical photon densities for each excitation 

wavelength. R = R1 = 2’,6’-bis(3,3-dimethyl-1-butyloxy)phenyl , R2 = octyl. 

The transient spectra evinced upon electronic excitation of RuPZn show distinct ground 

state bleaching signatures at 450 nm, 520 nm, and 640 nm, corresponding the ground-

state electronic absorption spectrum of RuPZn239, 240 (see Figure 42).  A weak, positive 

transient absorption is observed between the two bleaches at 520 nm and 640 nm.  The 

strong, broad transient absorption feature in the near-IR (800-1100 nm) is indicative of 

the RuPZn 3D* state239, 240, and is evident in the long-time-delay transient absorption 

spectra of Figure 43, a, c, and e (labeled T1 →Tn).  Essentially no recovery of the ground 

state bleach of RuPZn is observed on timescales < 4 ns, and the lifetime of the lowest 

RuPZn 3D* state is 44 µs in oxygen-free acetonitrile239, 240. Upon photo-excitation, the 

RuPZn-localized singlet and triplet excited states of RuPZn−NDI (1D*A and 3D*A, 

respectively) access two additional decay channels relative to RuPZn: singlet ET to the 

NDI acceptor (A), (1D*A → 1D+A−), and triplet ET to A (3D*A → 3D+A−).  The spectral 

signatures of the NDI anion (A−, highlighted in purple in Figure 43, b, d, and f) are 

readily observed at 480 nm and 610 nm254, 255.  The kinetic traces at these wavelengths 
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show clear rise and decay dynamics, distinct from those of RuPZn (see Figure 44, m-r). 

Upon S0→S3 and S0→S2 excitation, which polarizes RuPZn electron density toward NDI, 

a large majority of the excited-state population undergoes slow (>100 ps) triplet ET to 

NDI (Figure 43, b and d, Figure 44, n and p).   
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Figure 44: Global, multi-exponential fits of the pump-probe data in 
acetonitrile. a-f, Decay-associated difference spectra (DADS) of RuPZn (left column) 
and RuPZn−NDI (right column). DADS labels show the predominant excited-state 

character. (1CT and 3CT are 1D+A− 3D+A− in the main text, respectively.) g-l, Evolution-
associated difference spectra (EADS) of RuPZn (left column) and RuPZn−NDI (right 

column). m-r, kinetic traces with associated global fits. a, b, g, h, m, and n, S0→S3, c, d, 
i, j, o, and p, S0→S2, e, f, k, l, q, and r, S0→S1 excitation. The ΔmOD difference (15 or 20 

mOD) between tic-marks in each plot is shown with doubled-sided arrows. The 
ΔmOD = 0 line of each spectrum is drawn in the same (but fainter) color.  The 

lifetimes associated with each spectrum are labeled in the inset. Long = constant offset 
spectrum, also known as an infinite lifetime.  (Note that the DADS and EADS 

associated with the fastest lifetime (τ1 ≈ 80 fs) in (b, d, and f) is not shown for clarity. 
This fast DADS/EADS is likely associated with artifacts due to imperfect time-zero 
corrections.) The electron-transfer (ET) kinetics of RuPZn−NDI, i.e., fast singlet and 

slow triplet ET (1ET and 3ET, respectively) to NDI, are labeled with arrows. 

Contrastingly, S0→S1 excitation, which polarizes RuPZn electron density away from 

NDI, induces a majority of the excited-state population to undergo ultrafast (< 1 ps) 

singlet ET to NDI (see Figure 43f and Figure 44r).  The characteristic timescales of these 

excited-state processes are found via global fitting across the entire 400-1100 nm spectral 
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domain (Figure 44 5a-l), as well as via lifetime density analysis (LDA) maps (Figure 45), 

single-wavelength fitting (Figure 47d), bleaching band minimum shift (Figure 47g), 

probe-power-dependent pump-probe stimulated emission (Figure 47, e-f) and the 

(weak) fluorescence excitation spectrum of RuPZn (Figure 47, a-b).  These time constants 

were used to derive the time constant of S3 to 1D+A− one-way ET (1.0 ps), by formulating 

a system of kinetic equations based on the scheme shown in Figure 47h and using the 

experimentally determined 1D+A− : 3D+A− yields as a constraint. 

4.4.2 LDA maps 

 

Figure 45: Lifetime density analysis (LDA) maps of the pump-probe transient 
dynamics of RuPZn and RuPZn-NDI. a-c, sub-100 fs – 104 ps LDA maps shown for 

RuPZn pumped into (a) S3 (400 nm), (b) S2 (532 nm), and (c) S1 (650 nm).  Yellow 
shading denotes positive amplitude and blue shading denotes negative amplitude 

associated with the corresponding ordinate lifetime. Note that infinite lifetime 
amplitudes are not shown, although these are substantial due to the long-lived T1 

(3D*) state of RuPZn. d-f, zoom of the 0.1- 10 ps lifetime region of a-c. g-i, LDA fits to 
the pump probe data of RuPZn at indicated wavelengths. j-l, sub-100 fs – 104 ps LDA 



 

163 

maps shown for RuPZn-NDI pumped into (a) S3 (400 nm), (b) S2 (532 nm), and (c) S1 
(650 nm).  White labels correspond to the dominant kinetic process at these lifetimes.  

ISC = intersystem crossing, 1ET = singlet electron transfer, 1CR = singlet charge 
recombination, 3ET = triplet electron transfer, 3CT = triplet charge-transfer state.  

Contour lines in a-f and j-l lie along 5%, 15%, 30%, 45%, 60%, 75%, and 90% of the 
total LDA amplitude.  m-o, LDA fits to the pump probe data of RuPZn-NDI at 

indicated wavelengths.  

The LDA maps of RuPZn (Figure 45, a-f) are fingerprints of its excited-state 

dynamics.  For instance, a characteristic ~ 20 ps lifetime is attributed to torsional 

relaxation (planarization) of the PZn and terpyridyl least squares planes in the 3D* 

state239, 240.  The 3D* oscillator strength (T1 →Tn) increases on this timescale due to 

extended conjugation.  Under different wavelengths of excitation, the maps show a 

distinct difference in early lifetime (Figure 45, d-f).  Two photophysical processes 

contribute to the early dynamics of RuPZn: intersystem crossing (ISC) to 3D* and 

internal conversion (IC) from higher lying singlet states (e.g. S3 and S2) to S1.  Excitation 

into S3 via a laser pulse centered at 400 nm (Figure 45, a,d) is dominated by ISC, 

evidenced by very little amplitude in the LDA map near ~2 ps lifetime.  Excitation into S2 

via a 532 nm laser pulse (Figure 45, b,e) shows slightly more amplitude near ~2 ps 

lifetime, due to IC from S2 to S1, although ultrafast (< 1 ps) ISC from S2 to 3D* dominates 

the kinetics.  Finally, excitation into S1 via a 650 nm laser pulse (Figure 45, c,f) shows a 

large amount of lifetime amplitude near 2 ps, associated with ISC from S1 to 3D*. Figure 

45, g-i, shows excellent kinetic fits to the pump-probe data of RuPZn at various 

wavelengths via LDA analysis.  These LDA maps show that S1 of RuPZn is afforded a 
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slightly longer lifetime than S2 and S3, due mostly to an attenuated rate of intersystem 

crossing to 3D*.  (Note also that the transient signal of RuPZn at 480 nm remains 

negative in these experiments, which is relevant in comparison to the transient signals of 

RuPZn−NDI.)  These conclusions are also borne out in the emission and excitation 

spectra of RuPZn (Figure 47, a-c).  RuPZn, is only weakly fluorescent (Figure 47a), due 

to fast ISC. Its highly polarized metal-to-ligand charge-transfer 3D* state, which elicits 

little Franck-Condon overlap with the electronic ground state, is only weakly 

phosphorescent (Figure 47a).  The excitation spectrum monitoring fluorescence at 720 

nm (Figure 47b), as a function of excitation wavelength, while displaying identical 

absorption manifolds associated with excitation into S1, S2 and S3, shows that excitation 

into the S1 manifold (~ 640 nm band) of RuPZn is more efficient at producing a 

fluorescent state than is excitation into S3 (~ 420 nm band) and S2 (~510 nm band).  The 

excitation spectrum tracking phosphorescence from 3D* at 850 nm, however, is identical 

to the ground state electronic absorption spectrum in relative peak heights, emphasizing 

the facile ISC from S1, S2, and S3 states (Figure 47c).  These results independently confirm 

that S1 is afforded a longer lifetime than S2 and S3 due to slower ISC.  

In contrast to RuPZn, RuPZn−NDI exhibits a large degree of ground state 

recovery on time scales < 100 ns, with excitation-wavelength-dependent kinetics (Figure 

44 and Figure 45).  The DADS and EADS of RuPZn−NDI (Figure 44, b,d,f,h,j,l) show 

timescales of singlet ET and charge recombination of ~ 0.8 ps and 2 ps, respectively.  
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These spectra also show timescales of triplet ET (~ 135 ps) and relaxation of the 3D+A− 

state (> 4 ns).  The recombination lifetime of the 3D+A− state was characterized via 

nanosecond pump-probe transient absorption spectroscopy and was found to be 30 ± 1 

ns (Figure 46).  LDA maps of RuPZn−NDI (Figure 45, j-l) show that S0→S3 (j) and S0→S2 

(k) excitation results in kinetics described by longer lifetimes than S0→S1 (l) excitation. 

Figure 45, j,k, shows large amplitudes for lifetimes near 135 ps and > 4 ns, associated 

with the formation and relaxation of the 3D+A− state.  Here, the excited state population 

of S3/S2 is efficiently funneled to the triplet manifold, after which a slower triplet ET 

takes place.  Contrastingly, the LDA map of the dynamics following S0→S1 excitation 

shows essentially no amplitude for lifetimes greater than 10 ps, emphasizing the high 

efficiency of singlet ET to A from S1 (Figure 45l).  Excellent LDA fits to the kinetics of 

RuPZn−NDI are shown at various wavelengths in Figure 45m-o.  Note that the transient 

signal at 480 nm, indicative of A−, grows positively due to charge separation and 

subsequently decays due to charge recombination.   
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Figure 46: Nanosecond pump-probe transient absorption spectra of 
RuPZn−NDI in acetonitrile.  Dynamics evinced upon S0→S2 excitation of RuPZn–NDI 
via a pump pulse centered at 515 nm.  Arrows point in the direction of decrease of the 

pump-probe signal amplitude.  The inset shows kinetics at representative 
wavelengths overlaid with a global, single-exponential fit (τCR = 30 ± 1 ns). The sample 

was freeze-pump-thaw-degassed three times. 

4.4.3 Single-wavelength fitting of RuPZn intersystem crossing 

We precisely determined the instrument response function (time zero and 

Gaussian full-width half maximum) for single wavelength (930 nm) probe by measuring 

the coherent artifact signal in pure solvent.  With this information, we can accurately 

determine an ultrafast time constant of intersystem crossing in RuPZn following S0→S3 

and S0→S2 excitation (Figure 47d). S0→S3 excitation elicits a ~ 0.3 ps triplet rise time, 

whereas S0→S2 excitation elicits a ~ 0.2 ps triplet rise time.  Conversely, S0→S1 excitation 

shows no ultrafast component; instead, the 20 ps rise, nominally attributed to triplet 
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torsional relaxation between the PZn and terpyridyl least squares planes, can be 

dissected into two components: a 4 ps rise and a 29 ps rise, which are attributed to the 

lifetime of the S1 state (see also Figure 47, e-g) and torsional relaxation, respectively.         

4.4.4 Fluorescence excitation spectrum of RuPZn 

If internal conversion from high-lying singlet states to the emitting state S1 

occurred with unit quantum yield, the RuPZn excitation spectrum (Figure 47b) should 

be identical to its electronic absorption spectrum (Figure 42a). Comparison of the 

fluorescence excitation spectrum and electronic absorption spectrum shows that the 

S0→S3 and S0→S2 manifolds of the excitation spectrum are attenuated relative to the 

absorption spectrum.  By comparing the ratio of the S0→S3 to S0→S1 extinction coefficient 

maxima (Figure 42a) and the ratio of the S0→S3 to S0→S1 excitation spectra bands, the 

yield of S3→S1 internal conversion is 27% (73% of S3 population is diverted to 3D*.).  

Assuming the excited-state population of S3 is funneled to only S1 or 3D*, and knowing 

the intersystem crossing time constant from S3 (0.3 ps, see Figure 47d), a 1.1 ps time 

constant of internal conversion from S3 to S1 can be deduced.   
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Figure 47: Intersystem crossing and internal conversion of RuPZn.  a-c, room-
temperature emission and excitation spectra of RuPZn in acetonitrile solvent. a, Weak 

emission bands associated with fluorescence from 1D* (< 780 nm) and 
phosphorescence from 3D* of RuPZn.  b, Excitation spectrum monitoring 1D* 

fluorescence at 720 nm.  c, Excitation spectrum monitoring 3D* phosphorescence at 850 
nm. All spectra are corrected for wavelength-dependent instrument detection 

sensitivity.  The sample was freeze-pump-thaw-degassed three times.  d, Pump-probe 
traces of RuPZn in acetonitrile at 930 nm probe for S0→S3 (blue), S0→S2 (green), and 

S0→S1 (red) excitation. Note that these traces are not chirp-corrected and are scaled to 
match at 100 ps time delay.  The lower box contains the exponential fits (and relative 

amplitudes) of each trace.  Note that the red trace can also be fit to a 4 ps and 29 ps 
component.  e, Probe-power-dependent stimulated emission of RuPZn in acetonitrile 
solvent. f, Difference of the two 780 nm probe signals displayed in e, which isolates 
the pump-probe signal due to stimulated emission.  g, RuPZn S0→S1 bleaching band 

minimum shift as a function of pump-probe time delay.  The inset shows the fit at 
longer time delays. h, i, Kinetic scheme of RuPZn−NDI in acetonitrile solvent 
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showing time constants (h) and product yields (i) of one way (blue) and U-turn (red) 
electron transfer reactions.  

4.4.5 Bleaching band minimum shift of RuPZn 

The S0→S1 bleaching band of RuPZn shows a dynamic blue shift upon excitation 

of its red edge at 650 nm (Figure 47g).  RuPZn is only very weakly emissive, such that its 

stimulated emission signal in pump-probe experiments is weak.  Nevertheless, the time 

scale upon which the bleaching band blue shifts can be used to deduce the stimulated 

emission—and thus S1 state—lifetime.  The S0→S1 bleaching band of the transient spectra 

of RuPZn, in wavenumber, was fit to a Gaussian function with an offset (Figure 47g).  

The band minimum is defined as the center of the Gaussian fit.  The function plotted is 

the difference in the band minimum at each time-delay minus the band minimum at 

long-time-delay.   The minima are normalized by the difference between the initial and 

long-time-delay bleaching band minimum values. The fit shows three timescales of blue 

shifting of the bleaching band: The fastest (~ 0.6 ps) is due to solvational dynamics in 

acetonitrile, the 4 ps time constant is attributed to the S1 state lifetime, and the 29 ps time 

constant is due to torsional relaxation of RuPZn.  These assignments are supported by 

probe-power-dependent pump-probe stimulated emission experiments.   

4.4.6 Probe-power-dependent pump-probe stimulated emission of 
RuPZn 

The strength of the stimulated emission is proportional to both pump and probe 

power.  Because increasing the pump power also increases the probability of two-
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photon absorption, the better method to intensify a weak stimulated emission signal is 

to increase the probe power.  We measured single wavelength pump-probe dynamics of 

RuPZn in acetonitrile under S0→S1 excitation, with constant pump power and varying 

probe power (Figure 47, e-f).  We probed in the red edge of the RuPZn fluorescence 

spectrum (Figure 47a) at 780 nm.  Because the coherent artifact (e.g., due to stimulated 

Raman emission and absorption of the solvent) is also proportional to pump and probe 

power, we analyzed the pump-probe signal after the ultrafast rise and decay of the 

coherent artifact (Figure 47f, green).  The low and high probe power transient absorption 

signals converge at time delays > 25 ps (Figure 47, e-f).  By subtracting the signal of high 

probe power from the signal with low probe power, we isolate the pure stimulated 

emission signal (Figure 47f).  A fit to a single exponential gives an S1 state lifetime of ~ 4 

ps, consistent with the bleaching band minimum shift analysis of Figure 47g.  

4.4.7 TIPS−ethyne−PZn−NDI excited-state dynamics 

As a control experiment, we investigated the excited-state dynamics of 

TIPS−ethyne−PZn−NDI upon excitation into its PZn-localized S2 and S1 singlet excited 

states (Figure 48).  Figure 48, a,b, shows pump-probe data for S0→S2 excitation with a 

400 nm pump pulse (a) and S0→S1 excitation with a 620 nm pump pulse (b) in 

acetonitrile solvent.  Charge separation occurs in both cases in < 300 fs, evidenced by the 

spectral signatures of the NDI anion (480 nm, 610 nm) and PZn cation (680-720 nm) at 

early time delays.  Fast charge recombination to the S0 electronic ground state populates 
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vibrationally hot sublevels (evident at ΔA = 450 nm264), and is followed by thermal 

cooling. The LDA maps of Extended Data Fig. 8c-d display lifetime “band bending,” 

especially near 450 nm, indicative of vibrational cooling in the hot ground-state 

manifold.  Charge recombination after excitation into S2 produces a larger degree of non-

thermalized ground states, as expected from an initially prepared singlet state with 

excess energy. Positive (yellow) amplitude at 1.1 ps lifetime denotes the charge 

recombination process; negative (purple) amplitude < 1 ps lifetime denotes charge 

separation. Figure 48c-d shows that no significant changes to the ET dynamics occur in 

TIPS−ethyne−PZn−NDI upon excitation into S2 vs. S1, save for a larger degree of hot 

ground state formation upon charge recombination from the charge-separated state 

populated via S2.  Excellent LDA fits to the kinetics of TIPS−ethyne−PZn−NDI are shown 

at various wavelengths in Figure 48, e-f.  These experiments emphasize that the 

disparate yields of ET products following S0→S3 and S0→S1 of RuPZn−NDI (Figure 39) 

are integrally tied to the supermolecular photophysics of the donor RuPZn.  
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Figure 48: Transient absorption of TIPS−Ethyne−PZn−NDI.  a, b, Chirp-
corrected pump-probe transient absorption spectra at representative time delays of 

TIPS−Ethyne−PZn−NDI for (a) S0→S2 (400 nm) excitation, and (b) S0→S1 (620 nm) 
excitation. Experimental conditions: Magic angle polarization, T= 21 °C, pump fluence 

= 990 µJ/cm2 (λex = 400 nm), 590 µJ/cm2 (λex = 620 nm). R1 = 2’,6’-bis(3,3-dimethyl-1-
butyloxy)phenyl , R2 = octyl.  c, d, Lifetime density analysis (LDA) maps of the pump-
probe transient dynamics of TIPS−Ethyne−PZn−NDI upon excitation into (c) S2 (400 

nm) and (d) S1 (620 nm).  Yellow shading denotes positive amplitude and blue 
shading denotes negative amplitude associated with the corresponding ordinate 

lifetime. Contour lines lie along 1%, 5%, 15%, 30%, 45%, 60%, 75%, and 90% of the 
total LDA amplitude. e, f, Pump-probe transient signals of TIPS−Ethyne−PZn−NDI in 
acetonitrile at various wavelengths, with overlaid fits from lifetime density analysis 

(LDA). 

4.4.8 Yield ratios of 1D+A− to 3D+A−   

To calculate the yield ratio for singlet and triplet ET products in RuPZn−NDI 

pump-probe experiments, we compared the ratios (R) of the 447 nm (ground state 

bleach) transient absorption signal at 250 fs and 10 ps time delay for RuPZn and 

RuPZn−NDI.  Due to the similar, ultrafast time scales of singlet ET in RuPZn−NDI 

following all excitation conditions, the population remaining at 10 ps time delay is 



 

173 

predominately RuPZn-localized 3D*A states.  Our data indicate that these 3D*A states 

undergo triplet ET to NDI with near-unity quantum yield.  The yield of singlet ET was 

calculated as 1− RRuPZn / RRuPZn-NDI.  The calculated yields of singlet ET for S0→S3, S0→S2, 

and S0→S1 excitation are 32%, 34%, and 83%, respectively. The 1D+A−:3D+A− ratios are 

then: 1:2 (S0→S3 excitation), 1:2 (S0→S2 excitation), 5:1 (S0→S1 excitation). 

4.4.9 Hyperpolarizability spectrum of RuPZn  

The hyperpolarizability (βλ) spectrum  (Figure 42b) was calculated from a fit to 

the 3 measured βλ values at 1300 nm, 1024 nm, and 800 nm incident irradiation252.  We 

fit these points to a two-level model of the hyperpolarizability253, 265-267: 

��(Einc) =
3X

k=1

ak�E2
k

(�E2
k � E2

inc + i�)(�E2
k � (2Einc)2 + i�) 

where ΔEk is the energy (in eV) of the k-th singlet excited state of RuPZn.  The iΓ term 

(We used Γ = 0.07 eV for the fit.) assures the hyperpolarizability does not diverge at one- 

and two-photon resonance energies.  With 3 equations and 3 unknowns (ak), the solution 

is uniquely determined.  The resulting βλ spectrum is the real part of the solution to 

these equations, and accurately predicts the hyperpolarizability at 1500 nm incident 

wavelength (500 x 10-30 esu).  For a more rigorous 3-level treatment of the 

hyperpolarizability of RuPZn, see ref 253. 
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4.4.10 Excitation wavelength selectivity at 400 nm: 

The extinction coefficient of RuPZn at 400 nm is 40,000 M-1cm-1 (ref. 252), whereas 

that of NDI is < 500 M-1cm-1 255.  This leads to an excitation selectivity ratio at 400 nm of 

greater than 80:1 (RuPZn : NDI).  Consequently, the dynamics evinced from 400 nm 

excitation of RuPZn−NDI can be safely attributed to selective RuPZn-localized S0→S3 

excitation.  Moreover, the dynamics evinced from S0→S3 excitation of RuPZn−NDI track 

that of S0→S2 excitation, where the absorbance of NDI (at 532 nm) is essentially zero.   

4.5.11 Activation free energy (EA) for U-turn ET and one-way ET of 
RuPZn−NDI: 

Despite the disparate energies of the Sn excited states of RuPZn, the activation 

free energies of one-way and U-turn ET are expected to be similar.  The semi-classical ET 

rate is proportional to exp(-EA/kBT), where kBT is thermal energy and EA, the activation 

free energy, is written1, 146, 268:  

EA =
(�G+ �)2

4�  

with the free energy of reaction (ΔG) defined: 
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where EoxD is the oxidation potential of the donor, EredA is the reduction potential of the 

acceptor, E0,0 is the energy of the excited state of the donor, RDA is the donor-acceptor 

distance, and εs is the static dielectric constant of the solvent.  Figure 49 shows the 

relevant redox potentials of RuPZn-NDI. 
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The reorganization energy (λ) is defined 90, 268: 
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where n is the refractive index of the solvent,  rD is the donor radius, and rA is the 

acceptor radius.  The following parameters were used to calculate ΔG and λ (and 

therefore EA) for one-way ET from S3 of RuPZn−NDI:  

rA = 4 Å, rD = 4 Å, RDA = 20 Å, n = 1.34, EoxD = 1.41 V vs SCE, EredA = −0.51 V vs SCE, E0,0(S3) = 

2.8 eV, n= 1.34, εs  = 35. 

For these values, EA of one-way ET is predicted to be 60 meV (ΔG = −0.9 eV and λ 

= 1.5 eV).  The parameters used to calculate ΔG and λ (and therefore EA) for U-turn ET 

from S1 of RuPZn−NDI were identical to those above, with the following differences: 

RDA = 10 Å, Eox
D = 0.92 V vs SCE, E0,0

(S1) = 1.9 eV 

For these values, EA of U-turn ET is predicted to be 82 meV (ΔG = −0.5 eV and λ = 

1.1 eV).  The difference (22 meV) between EA of U-turn ET and EA of one-way ET is less 

than thermal energy at room temperature (kBT = 25 meV when T = 294 K, i.e. the 

temperature at which the pump-probe experiments were conducted), such that the 

difference in EA between one-way and U-turn ET is not expected to appreciably 

influence the kinetics of ET for one mechanism vs. the other.       
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Figure 49: Optical and potentiometric properties of RuPZn-NDI.  a, Electronic 
absorption spectra of RuPZn−NDI and RuPZn in acetonitrile solvent.  Blue peaks at 

360 nm and 380 nm are characteristic absorptive signatures of NDI.  b, Potentiometric 
data of RuPZn−NDI (vs. SCE) in 0.1 M TBAPF6/acetonitrile electrolyte/solvent system.  

Red line represents data from cyclic voltammetry. Green line represents data from 
differential pulse voltammetry.  c, Redox potentials (vs. SCE) of RuPZn (upper row) 

and RuPZn−NDI (bottom row) in 0.1 M TBAPF6/acetonitrile electrolyte/solvent. 

4.5.12 Ratio of rates for U-turn ET and one-way ET: 

The semi-classical ET rate is written 1, 146, 268:  

kET =

2⇡

~ |V |2
exp(� (�G+�)2

4�kBT )

p
4⇡�kBT

=

2⇡

~ |V |2FCWD
 

The functional form of electronic coupling term (|V|2) is approximated by: 
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 |V|2 = |V0|2 exp[-α(RDA-RDA
0)], where |V0|2 is the value of |V|2 at the donor-acceptor 

contact distance (RDA
0) (ref. 120). For photo-induced ET, the functional form of ΔG is254, 

269:  
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where EoxD is the oxidation potential of the donor, EredA is the reduction potential of the 

acceptor, E0,0 is the energy of the excited state of the donor, RDA is the donor acceptor 

distance, εs is the static dielectric constant of the solvent, rD is the donor radius, rA is the 

acceptor radius, εrefD  and εrefA are the static dielectric constant of the solvent in which the 

redox potentials of the donor and acceptor were measured, respectively.   

The functional form of λ is90, 268: 
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where n is the refractive index of the solvent. RDA within ΔG and λ (which we will call 

RDA(G)) is the distance between the hole and electron in the charge-separated state, 

whereas RDA within |V|2 (which we will call RDA(V)) is the distance between the average 

electron density on the excited donor and the reduced acceptor270. Figure 50a shows a 

contour plot of the ratio of the U-turn ET to one-way ET rate constants.  For this plot, we 

chose RDA(G) = 8 Å and RDA(V) = 12 Å.  For one-way ET, we chose RDA(G) = 12 Å and RDA(V) = 

8 Å. These distances are illustrated in Figure 50.  
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The ratio of the rates of UET and one-way ET can then be written: 
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In Figure 50a, we determined kETU-turn/kETone-way for the following parameters, 

which are consistent with a donor-acceptor molecule such as RuPZn−NDI:  

rA = 4 Å, rD = 4 Å, RDA(U-turn)(G) = 8 Å, RDA(U-turn)(V) = 12 Å, RDA(one-way)(G) = 12 Å, RDA(one-way)(V) = 8 

Å, n = 1.4, EoxD = 0.83 V vs SCE, EredA = -0.53 V vs SCE, E0,0 = 1.9 eV, εref = 35, kBT = 0.025 

eV. 

The contour plot of Figure 50a shows that for low values of the static dielectric constant 

of the solvent (εs) and electronic coupling decay parameter (α), the rate of U-turn ET can 

be as much as 7 times faster than the corresponding rate of one-way ET. 

 

Figure 50: Relative kinetic advantage of U-turn ET over one-way ET. a, 
Contour plot of the ratio of the U-turn ET rate constant (kET(U-turn)) to the one-way ET 

rate constant (kET(one-way)), as a function of solvent dielectric constant (εs) and electronic 
coupling decay parameter (α), for parameters consistent with a molecule such as 

RuPZn−NDI. Contour lines are drawn for kET(U-turn) equal to or greater than one-way 
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kET(one-way) by factors of 1 through 7. b, Donor-acceptor distance dependencies of one-
way and U-turn ET.  RDA(V) = electronic coupling distance between donor and acceptor; 

RDA(G) = distance between the hole and electron in the charge-separated state. The 
dashed circle describes the sphere that approximates the hole localization. 
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5. Photoinduced electron transfer elicits a change in the 
static dielectric constant of a de novo designed protein 

We provide a direct measure of the change in effective dielectric constant within 

a protein matrix after a photoinduced electron transfer (ET) reaction. A linked donor-

bridge-acceptor molecule, PZn-Ph-NDI, consisting of a (porphinato)Zn donor (PZn), a 

phenyl bridge (Ph), and a naphthalene diimide acceptor (NDI), is shown to be a ‘meter’ 

to indicate protein dielectric environment. We calibrated PZn-Ph-NDI ET dynamics as a 

function of solvent dielectric, and computationally de novo designed a protein SCPZnI3 

to bind PZn-Ph-NDI in its interior. Mapping the protein ET dynamics onto the calibrated 

ET catalogue shows that SCPZnI3 undergoes a switch in the effective dielectric constant 

following photoinduced ET, from εS ~8 to ~3. 

5.1 Introduction 

Anisotropic protein interiors are often described by an effective, uniform static 

dielectric constant (εs) of 2-15.271-274 The magnitude of εs influences critically biological 

electron-transfer (ET) reactions.268, 275 Through its effect on the pKa of buried amino-acid 

residues, εs also impacts proton-coupled ET and proton-transfer processes.1, 271, 276, 277 

Theoretical and experimental studies of ET in proteins typically assume εs does not 

change as a result of the ET event.278-280 In this report, we provide direct evidence for a 

change in the protein εs following ET that occurs within a de novo designed protein 

matrix.  
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To interrogate dynamical changes in the magnitude of protein εs upon 

photoinduced charge separation, we utilize a donor-bridge-acceptor (DBA) molecule,254 

with ET dynamics displaying marked sensitivity to: (i) solvent εs; (ii) axial metal 

coordination; and (iii) deuteration of water (kinetic isotope effect). We calibrated these 

effects for the DBA molecule (5,15-diphenyl-10-(4'-[N-yl-(N'-(11-hydroxy-3,6,9-

trioxoundecyl)-naphthalene-1,4,5,8-tetracarboxylate diimide)]phenyl-porphinato)zinc(II) 

(PZn-Ph-NDI, Figure 52 and Figure 59) in a variety of organic solvents, and 

computationally designed a tetra-α-helical protein SCPZnI3 to bind PZn-Ph-NDI in its 

interior. 

5.2 Methods 

5.2.1 Chemical synthesis of PZn-Ph-NDI 

1-Amino-11-hydroxy-3,6,9-trioxoundecane was synthesized in three steps from 

commercially available tetraethylene glycol via modified literature procedures.281 5,15-

Diphenyl-10-pinocolatoborolanyl-porphinato zinc(II) was synthesized according to 

established procedure.282 

5.2.1.1 (BrPh-NDI) N-(11-hydroxy-3,6,9-trioxoundecyl)-N'-(4-Bromophenyl)-
naphthalene-1,4,5,8-tetracarboxylate diimide   

A suspension of naphthalene tetracarboxylate dianhydride (2.13 g, 7.95 mmol) in 

DMF (~25 mL) was heated to 90 0C.  A solution of 1-amino-11-hydroxy-3,6,9-

trioxoundecane (1.54 g, 7.95 mmol) and p-bromoaniline (1.36 g, 7.95 mmol) in 20 mL 

DMF was added via addition funnel over the course of several hours.  The reaction 
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mixture was stirred at 90 0C overnight, then cooled to room temperature.  The mixture 

was filtered to remove insoluble material, which was rinsed thoroughly with CH2Cl2 and 

saturated sodium bicarbonate solution.  The combined filtrate was washed with brine 

several times in a separatory funnel, dried with sodium sulfate, and concentrated at 

reduced pressure.  The resulting residue was chromatographed twice over silica eluting 

with 4% methanol/CH2Cl2 and finally with a gradient from 0%-3% methanol in CH2Cl2.  

The resulting off-white residue (~490 mg) contained BrPh-NDI and 1-amino-11-

hydroxy-3,6,9-trioxoundecane in 1:1.18 mol ratio as determined by NMR but could be 

used for the remaining step without further purification. (BrPh-NDI, 5.94x10-4 mol, 355 

mg, 7.4% yield) 1H NMR (δ, 400 MHz, CDCl3) : 8.79 (s, 4H, NDI), 7.716 (d, J = 8.7 Hz, 2H, 

Ph 3,5), 7.236 (d, J = 8.7 Hz, 2H, Ph 2,6), 4.492 (t, J = 5.8 Hz, 2H, N-CH2), 3.890 (t, J = 5.8 

Hz, 2H), 3.79-3.59 (m, 10H), 3.538 (t, J = 4.6 Hz, 2H). 

5.2.1.2 (PZn-Ph-NDI)(5,15-Diphenyl-10-(4'-[N-yl-(N'-(11-hydroxy-3,6,9-trioxoundecyl)-
naphthalene-1,4,5,8-tetracarboxylate diimide)]phenyl-porphinato)zinc(II)  

Zinc-porphyrin boronate (58 mg, 8.9x10-5 mol), BrPh-NDI (60 mg, 10-4 mol), and 

PdCl2(dppf) (22 mg, 3.0x10-5 mol) were placed in a 25 mL pear flask which was topped 

with a septum and purged with argon for 20 minutes.  In a separate flask, K2CO3 (42 mg, 

3.0x10-4 mol) was dissolved in 3 mL of water and deoxygenated by bubbling argon 

through for 20 minutes.  Argon was bubbled through DMF (12 mL) for 20 minutes, then 

this was cannulated into the flask containing the reactants, followed by the aqueous 

potassium carbonate solution.  The mixture was stirred under argon overnight at 95 0C, 
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then cooled to room temperature.  The solution was diluted with brine (100 mL) and 

extracted three times with CH2Cl2.  The combined extract was washed three times with 

brine, dried with sodium sulfate, and all solvents removed at reduced pressure.  The 

residue was chromatographed over silica eluting with 4% MeOH in CH2Cl2.  The 

product was further purified with a preparative GPC column (BioBeads SX-1 eluted 

with THF) followed by a final silica column (1% THF, 4% MeOH, CH2Cl2) and recovered 

as reddish crystals.  1H NMR (δ, 500 MHz, CDCl3/1% pyridine) : 10.062 (s, 1H), 9.310 (d, J 

= 4.4 Hz, 2H), 9.156 (d, J = 4.6 Hz, 2H), 9.02-9.00 (m, 4H), 8.379 (d, J = 8.1 Hz, 2H), 8.30-

8.28 (m, 4H), 7.925 (d, J = 7.5 Hz, 2H), 7.868 (d, 7.5 Hz, 2H), 7.803 (m, 6H), 7.543 (d, J = 8.1 

Hz, 2H), 4.412 (t, J = 5.8 Hz, 2H,), 3.829 (t, J = 5.8 Hz, 2H), 3.74-3.70 (m, 4H), 3.66-3.62 (m, 

J = 5.5 Hz, 4H), 3.60-3.56 (m, 4H), 3.534 (t, J = 5.0 Hz, 2H). 
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Figure 51: Structure, proton NMR spectrum in CDCl3 solvent, and assignments 
for BrPh-NDI. 
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Figure 52: Structure, proton NMR spectrum in CDCl3/1% pyridine-d5 solvent, 
and assignments for PZn-Ph-NDI. 

5.2.2 Ultrafast pump-probe spectroscopy experiments  

Ultrafast transient absorption spectra were obtained using standard pump-probe 

methods.238 Optical pulses (≥ 120 fs) centered at 775 nm, were generated using a 

Ti:Sapphire laser (Clark-MXR, CPA-2001, Dexter, MI, USA), which consisted of a 

regenerative amplifier seeded by a mode-locked fiber oscillator. The output of the 

regenerative amplifier was split to feed an optical parametric amplifier (Light 

Conversion Ltd., TOPAS-C, Vilnius, Lithuania), which generates excitation pulses 
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tunable in wavelength from the UV through the NIR region. The pump beam was 

chopped at half the laser repetition rate (~500 Hz). A fraction (<5%) of the output from 

the regenerative amplifier was passed through an optical delay line, and focused onto a 

2 mm c-cut sapphire plate to generate a white light continuum, which was used as the 

probe beam. The polarization and attenuation of the pump and probe beams were 

controlled by half-wave plate and Rochon prism polarizer pairs. The polarization was 

set to the magic angle (54.7°) for these experiments. The pump beam was focused into 

the sample cell with an f = 20 cm lens, while the probe beam was focused with a concave 

mirror. The spot size diameter was 0.2−0.3 mm. The beam diameter was determined 

using the razor-blade method. The excitation pump power was measured using a power 

meter (Coherent, LabMax Top with PS19 head). After passing through the sample, the 

probe light was adjusted using a neutral density filter to avoid saturating the detector, 

and focused onto the entrance slit of a computer-controlled image spectrometer (Acton 

Research Corporation, SpectraPro-150, Trenton, NJ, USA). A CCD array detector (1024 x 

128 elements, Roper Scientific, Trenton, NJ, USA), interfaced to the spectrometer, 

recorded the spectrum of the probe light from the UV (~370 nm) to the NIR (~1100 nm), 

providing spectral resolution better than 0.5 nm. Pairs of consecutive spectra were 

measured with (Ion(λ)) and (Ioff(λ)) to determine the difference spectrum, ΔA = 

log(Ioff(λ)) / (Ion(λ)). All these experiments utilized a custom-built 2 mm-path-length 

fused-silica sample cell; all transient optical studies were carried out at 20 ± 1 °C in 
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HPLC grade solvents received from Sigma-Aldrich. All transient spectra reported 

represent averages obtained over 3-5 scans, with each scan consisting of ~100-200 data 

points, with each point an average of 3000 frames. In these experiments, the delay line 

utilizes a computer-controlled delay stage. Delay times up to 4 ns were achieved using a 

Compumotor-6000 (Parker). The baseline noise level in these transient absorption 

experiments corresponded to ~ 0.2 mOD per second of signal accumulation. The time 

resolution is probe wavelength dependent; in these experiments, the FWHM of the 

instrument response function (IRF) varied between 140–200 fs (e.g., at 680 nm, the IRF 

was 150 ± 6 fs). Following all pump-probe transient absorption experiments, electronic 

absorption spectra verified that the samples were robust. 

5.2.3 Global fitting of ultrafast pump-probe data  

Pump-probe transient dynamical data, collected between 440 nm – 810 nm, were 

globally fit via in-house Matlab code that accounts for probe chirp (typically less than 

600 fs for the wavelength window described here), IRF, as well as any coherent artifact 

near time zero, evident at various solvent-dependent wavelengths.244, 245 The resultant 

decay-associated difference spectra (DADS) and species-associated difference spectra 

(SADS) are therefore chirp-free. The coherent artifact was modeled as a superposition of 

a Gaussian with its first and second derivatives.246, 283 SADS can be obtained from the 

DADS by a linear transformation.244  We have written Matlab code that transforms the 

DADS to an SADS characteristic of a sequential mechanism, relevant to the electron-
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transfer (ET) dynamics in this chapter.  Depending on the system, the employment of 

DADS or SADS is more prudent. For example, due to independently decaying 

populations of excited states in SCPZnI3 in this report, DADS is more appropriate to 

describe the spectra (and, therefore, relative amplitudes) of the charge-separated states 

in the holo-monomer and holo-dimer.  The Matlab code used for our data analysis in 

this chapter is available upon request.  

5.2.4 Bootstrapping of pump-probe data for confidence intervals  

Because kinetic isotope effects in pure ET reactions can be small (1±0.5), a means 

to measure the statistical spread in the optimally determined time constants is necessary. 

Confidence intervals (CIs) of transient dynamical data for all time constants in this work, 

including those for KIE calculations, were determined by bootstrapping the residuals of 

the optimum global fit, and refitting each of the bootstrapped datasets.284, 285 Typically, 

the refitted time constants are different than the optimal time constants, leading to a 

statistical distribution for each time constant.  The number of such KIE-relevant 

bootstrapped datasets for this work was 1000. These include all time constants listed in 

Table 4. CIs for all other reported time constants utilized a bootstrapped dataset size of 

100, as higher numbers showed convergence to the reported CI. The CIs reported in this 

work are the 16% and 84% percentiles of the bootstrapped lifetime distributions (Table 4, 

Figure 66, Figure 67, and Figure 68).  For a Gaussian distribution, these percentiles 

correspond to a  1 standard deviation from the optimum time constant.  The 
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bootstrapped distributions are not restricted to a pure Gaussian shape, so this general 

method is able to produce asymmetries in the upper and lower bounds of the CI.   If the 

CIs of a time constant measured in a solvent with H2O vs. D2O do not overlap, the KIE 

is, in this sense, statistically significant.  For example, Figure 66 shows that the CI of 

τCSH2O and τCSD2O do not overlap, so the KIE is significant.  Conversely, Figure 68 shows 

that the CI of τCSH2O and τCSD2O in SCPZnI3 do overlap, so the KIE is not significant.   

 

5.2.5 Computational protein design 

5.2.5.1 Single-chain protein backbone geometry  

The scaffold used to generate a single-chain protein was generated as previously 

described.113, 286, 287 Briefly, a tetrameric poly-alanine helical bundle with ideal bond 

lengths, angles, dihedral angles, and 3.5 residues per turn was constructed (see Figure 

53a). The axial metal coordination position was created using a histidine residue that 

was constrained to adopt a distance and side chain orientation consistent with Zn 

coordination. A hydrogen bond with threonine was constrained to stabilize the histidine 

orientation (see Figure 53b). Exploiting the D2-symmetry of the bundle, four parameters 

were optimized by a Monte Carlo simulated annealing protocol, i.e., bundle radius, 

offset displacement between the antiparallel helix pairs, rotational phase of the helix, 

and squareness of the bundle.288 The interactions involved in the optimization are helix-

helix van der Waals interactions,289 helix-cofactor van der Waals interactions, and the 
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hydrogen bond involving histidine and threonine residues. A single, low-energy helical 

tertiary structure was identified.  

 

Figure 53: Design of a single-chain four-helix bundle protein for the specific 
binding of the PZn-Ph-NDI cofactor. a) The single-chain four-helix structure with the 
residues (His, Thr) involved in the metal binding site colored in orange. b) Top view 

of the protein with the residues involved in the metal binding site highlighted in 
orange: H45 and T8. c) Structure of the cofactor Porphinato-Zn(II)-ph-
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naphthalenediimide, PZn-Ph-NDI. d) Sequences of the template and the 
computationally designed structures. The helical regions are indicated by the gray 

rectangles. e) Depiction of the designed structure highlighting the heptad positions, 
helical segments (black circles), and loop segments (gray circles). Residue numbers 

are shown at the end of the segments. Bold circles represent positions 10, 20, … , 100. 

To create a single chain protein, known loop structures from a protein database 

with reduced redundancy (PDB Select) were considered.290 The criterion used to 

discriminate among possible candidates was the root mean square difference (rmsd) 

involving Cα atoms of the helices termini and the loops termini (helix-loop-helix). 

Suitable loops having at least five Cα positions overlapping at the loop-helix interfaces 

were considered. The selected connecting loop for helices 1-2 and 3-4 was from the 

structure with PDB accession code 1QQF, chain A, residues 1238-1253 (rmsd = 0.35 Å). 

For the case of the loop connecting helices 2-3, the selected loop was from 1EA3, chain A, 

residues 130-143 (rmsd = 0.56 Å).  Connecting points for the helices and loops were 

identified by visual inspection, and points with the highest overlap between the 

backbone atoms were selected. Steepest descent optimization using CHARMM was used 

to relax the interfacial helix-loop regions.291 PROCHECK was used to assess the 

geometry of the final structure.292 

5.2.5.2 Computational sequence design of the SCPZnI3 protein  

In order to provide the axial coordination site for the PZn unit of the PZn-Ph-

NDI cofactor, the identity of positions 45 and 8 were fixed to His and Thr, respectively 

(H45, T8, see Figure 53). The residue identities of the remaining 106 positions in the 
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peptide were determined with the aid of a computational design algorithm that 

identifies the probabilities of amino acids at variable positions as previously 

described.293  For the first design calculation, the identities of 17 amino acids were 

allowed. Cysteine, proline and histidine residues were excluded in the helical segments 

to avoid oxidation issues, helix disruption and alternative coordination sites for the 

cofactor, respectively. In positions 32, 33, 87 and 88 (loops), proline residues were also 

allowed because the identities of these positions in the template loops were proline.  At 

most 10 side chain conformational states (rotamers) were considered at each site.  

As in previous work, the specification of sequence proceeded via an iterative 

series of sequence calculations where more of the sequence is specified with each 

iteration.  After a first sequence calculation, the identities of 14 positions were fixed at 

sites where one amino acid was highly favored: the probability of the amino acid 

exceeded 0.5 and the second most probable amino acid was less than half the probability 

of the most probable.  This specified the following residues: L2, G9, A16, I19, M38, V42, 

A49, E57, G64, I67, I74, G18, M93, and L103. Additionally, positions from the longer loop 

that connects helix 2 and 3 were fixed to the identities of the template loop structure, 

which were among the probable amino acids at each site: Y50, N51, R52, Q53, E54, A55, 

A56, T58 and E59.  A second calculation was performed and the residue identity of 37 

additional positions were identified from the most probable amino acids at each site: L5, 

E11, I12, I15, R20, I22, K25, G26, D27, D28, L34, E37, R46, Y50, N51, R52, Q53, E54, A55, 
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A56, T58, E59, I60, E66, I70, A71, R75, K80, G81, D82, K83, L89, E92, V97, R101, and 

G108.  The identities of remaining undetermined positions were restricted based upon 

location and amino acid properties. Positions 4, 7, 17, 33, 40, 43, 47, 62, 69, 72, 86, 88, 95 

and 98 (mostly at position c and f in the helical heptad repeat) were restricted to 

nonionizable amino acids (AFGILMNQSTVWY). Positions (mostly at position d and a in 

the heptad repeat) were limited to hydrophobic residues (hydrophobic: AFILMV). Due 

to the possible formation of salt bridges identified in previous calculations, positions 10, 

32, 65 and 91 were restricted to acidic residues (DE) while positions 18, 44, 73 and 99 

were restricted to basic residues (KR). The identities of other loop positions were fixed: 

D29, S30, D82, D84 and S85. A glycine residue was selected as the helix-capping residue 

at position 108.  A third calculation identified amino acids at 46 additional positions 

subject to these constraints: E1, E3, K4, R6, Q7, E10, Q14, Q17, K18, E21, L23, D24, D29, 

S30, L31, E32, Q33, E36, Q40, L41, Q43, R44, Q47, L48, Q62, E65, Q69, Q72, K73, E76, D79, 

D84, S85, E87, Q88, M90, E91, Q95, L96, Q98, K99, L100, E102, E105 and K107.   In a 

fourth sequence calculation, positions 13, 32, 68, 94 and 104 were constrained to 

hydrophobic residues. Positions 77 and 78 are located in the vicinity of the polyethylene 

glycol (PEG) tail of the cofactor, so at this stage these positions were restricted to 

noncharged residues. This calculation identified L13, M35, M39, M61, L68, A86, M94, 

F104 and K106. I77 and L78 were selected in the vicinity of the PEG tail of the cofactor.  
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5.2.5.3 Source of gene and gene expression 

The gene was purchased from GenScript and was cloned into a kanamycin 

resistant pET-28a vector using the Nde I restriction site. The pET-28a vector motif 

contains an IPTG-inducible T7 promoter, a six consecutive histidine residue tag (6His-

Tag), and a thrombin cleavage recognition site between the 6His-Tag and the protein 

sequence. The initial sequence was mutated at two positions, Y50W and F104Y, 

suggested from the calculations, in an effort to enhance the UV extinction coefficient at 

280 nm. Finally, the vector was mutated a third time to remove the His from the Nde I 

restriction site, resulting in a protein sequence with only a single His residue and 

position for the PZn-Ph-NDI cofactor to bind.  The three mutations, were performed 

using Integrated DNA Technologies primers and an Agilent QuikChange Site Directed 

Mutagenesis kit. This recombinant DNA was transformed into BL21(DE3) Escherichia coli 

expression cells, and the protein was overexpressed and pelleted by centrifugation.  

5.2.6 Protein purification 

Cell pellets were lysed for 30 minutes in a combination of 5mL/g pellet of 

Novagen BugBuster Master Mix, 5µL/g pellet of 100mM PMSF, and 100µL/g pellet of 

CalBioChem Protease Inhibitor Cocktail Set VII. Post centrifugation, the supernatant 

crude was filtered (0.22µm) and injected on a HisPrep FF 16/10 Ni affinity column using 

(20mM imidazole, 20mM Tris, 150mM NaCl, pH 7.5) as the mobile phase and (500mM 

imidazole, 20mM Tris, 150mM NaCl, pH 7.5) as the elution phase to separate the protein 



 

195 

with the 6His-Tag. The neat mobile phase was run upon injection in order to capture the 

protein and wash out unbound sample. After five column volumes, the elution phase 

was raised to 60% to release the captured the protein. 

The semi-purified protein was buffer exchanged to 20mM Tris, 2.5mM CaCl2, 

150mM NaCl, pH 7.5 using a HiPrep 26/10 desalting column. The protein was 

concentrated using an Amicon 10kMWCO spin concentrator to a concentration of 

5mg/mL as determined by UV-Vis absorption spectroscopy (ε280=6970). The 6His-Tag 

was cleaved from the protein using 0.5µg thrombin protease per 1mg protein for 16 

hours at 20°C static incubation. At the end of 16 hours, CalBioChem Protease Inhibitor 

Cocktail Set VII was added to halt the cleavage.  

The cleaved protein was buffer exchanged to 20mM Tris, 2.5mM CaCl2, pH 7.5 

using a HiPrep 26/10 desalting column. The cleaved protein was injected on a Mono Q 

5/50 GL ion exchange column using 20mM Tris, 2.5mM CaCl2, pH 7.5 mobile phase and 

1M NaCl, 20mM Tris, 2.5mM CaCl2, pH 7.5 elution phase. Two column volumes after 

complete injection, elution phase was increased from 0% to 75% over twenty column 

volumes. The cleaved protein eluted as a sharp peak at 42% elution phase.  Purified 

protein was buffer exchanged to 50mM sodium phosphate, 150mM NaCl, pH 7.5 using a 

HiPrep 26/10 desalting column for cofactor binding and spectroscopy measurements.  

SDS-PAGE was run on fractions at various points of the purification to confirm purity. 

Final purified protein estimated to be >95% pure by SDS-PAGE.  
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5.2.7 Protein/cofactor complex preparation 

Two equivalents of the PZn-Ph-NDI cofactor were added from a 1mM DMSO 

stock solution to protein in 50mM sodium phosphate, 150 mM NaCl, pH 7.5 buffer with 

added 0.2% TritonX-100.  TritonX-100 was found to retard the aggregation of PZn-Ph-

NDI in aqueous solution. After each addition, samples were immediately vortexed one 

minute.  The samples were then heated at 50˚C for one hour in a water bath, and left 

undisturbed at 20 °C overnight. Samples were centrifuged for 30 minutes at 16,100 rcf 

and 20 °C, and supernatant was washed with CalBioSorb, a proprietary surfactant 

removal media. The samples were then filtered (0.22µm) and Amicon 10k MWCO spin 

concentrated.  Volumes (2 mL) were injected on a HiPrep Sephacryl S200 gel filtration 

column using 50mM sodium phosphate, 150 mM NaCl, pH 7.5 mobile phase at 1.3 

mL/min to further purify the sample from any remaining surfactant and aggregate 

cofactor too small to be caught by filtration. All peaks were collected and further 

analyzed by analytical gel filtration to determine oligomeric state. The monomer peak 

was collected, concentrated, and analyzed by UV/Vis, circular dichroism (CD), and 

transient absorption (TA) spectroscopies. 
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Figure 54: Sephacryl S200 gel filtration step of the PZn-Ph-NDI binding 
process.  Holo-monomer and dimer peaks were collected separately for analytical gel 

filtration. 

5.2.8 Methods of protein characterization 

5.2.8.1 Spectroscopy: Electronic absorption and CD 

All spectroscopy was performed on samples in 50 mM sodium phosphate, 

150mM NaCl, pH 7.5 buffer while spectroscopy on unbound PZn-Ph-NDI was 

performed in neat DMSO due to aqueous insolubility.  Protein concentration, as well as 

shifts in PZn-Ph-NDI Soret and Q-bands, was monitored at room temperature using a 

Cary 100 Bio UV-visible spectrophotometer. In each scan, a protein absent reference was 

subtracted.   

Circular Dichroism (CD) measurements were performed using an AVIV Circular 

Dichroism Spectrometer Model 410. Isothermal wavelength scans were collected at 20 

°C. For CD Tmelt scans, the molar ellipticity at 222 nm was monitored while the 



 

198 

temperature was changed incrementally over the range of 1° C to 94 °C, and then after a 

5 min hold back to 1°C. The temperature change increment was 2 °C with a heating rate 

of 1 °C/min and equilibration for 2 minutes at each step.  

Quartz cuvettes having 0.1 cm path length were used for CD measurements and 

1.0 cm path length were used for UV-Vis measurements. 

5.2.8.2 FPLC 

FPLC was performed using a GE Healthcare AKTA FPLC System.  Apo and holo 

forms of protein were analyzed by analytical gel filtration using a Superdex75 10/300 GL 

column. Injections were 100µL using 50mM sodium phosphate, 150mM NaCl, pH 7.5 

mobile phase flowing at 0.75 mL/min. Apparent molecular weights were calculated from 

the retention volumes of calibration standards blue dextran, void; ribonuclease A, 13,700 

g/mol; carbonic anhydrase, 29,000 g/mol; and conalbumin, 75,000 g/mol. 

5.2.8.3 Lowry assay 

The UV-Vis absorbance profile of PZn-Ph-NDI has several broad absorbance 

features which overlap with the absorbance of tryptophan(ε280), as well as regions used 

for common colorimetric assays [Bradford(ε595), BCA(ε562), Biuret(ε540), o-phthalaldehyde 

(340nm Excite, 455 nm Emit)].  The 700 nm absorbance of the Lowry assay does not 

overlap with any of the absorbance bands of PZn-Ph-NDI.  Thus, for experiments 

requiring holo protein concentration, a Lowry assay was performed using a Micro 

Lowry Kit with Peterson’s Modification purchased from Sigma-Aldrich. When 
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comparing concentrations of apo and holo protein sample, the Lowry assay was used for 

both the apo and holo samples. 

5.2.9 Characterization of apo and holo proteins 

5.2.9.1 FPLC and oligomerization state 

Both holo and apo forms were found to exist in an equilibrium of monomeric 

and dimeric states. During cofactor loading (See protein/cofactor complex preparation 

section), holo monomer and dimer peaks of the prep-scale Sephacryl S200 gel filtration 

were collected separately and analyzed by analytical gel filtration (Figure 55). Both the 

collected dimer and monomer peaks showed re-equilibration. The apo and holo protein 

forms eluted in two species, first at ~10.7 mL and second at ~12.5 mL, yielding apparent 

molecular weights of ~30 kDa and ~17 kDa respectively. These roughly correspond to 

the monomer and dimer states of the protein, 13,129 g/mol and 26,258 g/mol.  

The transient absorption data fitting in Figure 5B of the main text also provides 

an independent verification of the monomer/dimer distribution in solution. The 

different CR time constants of PZn-Ph-NDI within the monomer/dimer species of 

SCPZnI3 enables a direct measure of the ratio of monomer to dimer under the conditions 

and concentrations of the transient absorption experiment. The ratio of the CR time-

constant amplitudes for monomer and dimer (1:2 monomer:dimer, Figure 63B) are 

consistent with the ratio of monomer to dimer as derived from analytical gel filtration.  

To our knowledge, few studies have utilized and benefitted from pump-probe-derived 
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amplitude ratios as an independent measure of protein oligomerization state.  It is 

important to underscore that contributions to the ET kinetics from protein aggregates 

would result in non-exponential excited-state dynamics, which were not observed in the 

pump-probe experiments reported here.  Non-exponential dynamics are expected for ill-

defined ensembles that span a continuous range of conformations, e.g. in a molten 

globule protein. Computational protein design limits the SCPZnI3 protein ensemble to a 

monomer/dimer equilibrium, where each oligomer gives a unique mono-exponential CR 

time constant (Figure 63B), indicative of a well-defined state.   

 

Figure 55: Superdex75 analytical gel filtration. Top) Apo protein. Middle) 
Collected holo monomer from HiPrep Sephacryl S200 column. Bottom) Collected holo 
dimer from HiPrep Sephacryl S200 column. All samples in 50 mM sodium phosphate, 

150 mM NaCl, pH 7.5 buffer. 
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5.2.9.2 CD spectra 

	

	

 

Figure 56: Circular dichroism. Mean residue ellipticities of protein secondary 
structure region.  Inset:  Circular dichroism of visible/Soret region. 

Circular dichroism wavelength scans of the apo and holo forms show strong 

alpha-helical characteristic peaks at 208 nm and 222 nm consistent with the 4-helix 

bundle design of the protein. (See Figure 56) The negligible difference in the apo and 

holo monomer scans fits within the error of the Lowry assay used to determine the 

protein concentration used in the mean residue ellipticity (MRE) normalization. 

The ratio of 222 nm/208 nm circular dichroism is often indicative of helical twist, 

where a ratio of 0.83 is found for straight helices294 and the ratio shifts towards 1 as a 

helix bends or multiple helices twist into a bundle.295 Both the apo and holo forms have 

a 222 nm/208 nm ratio of ~0.95 in good agreement with the intended 4-helix bundle 

design. 

The insert of Figure 56 shows the CD mean residue ellipticity of the Soret band 

region for the cofactor bound protein. The optical rotation data centered around the 
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Soret band max absorbance are highly characteristic of the Cotton Effect. This data is 

consistent with the PZn-Ph-NDI cofactor residing in a chiral environment: the 4-helix 

bundle core.113 

CD melting temperature scans performed on the apo protein show a minimal 

gradual change in the 222 nm signal over the 1˚C-94˚C temperature scale consistent with 

stable helical conformation (Figure 57).113, 296 The high thermal stability is consistent 

with a rigid protein bundle and minimal change in the CD wavelength scan profile upon 

uptake of the PZn-Ph-NDI cofactor.  

 

Figure 57: Mean residue ellipticity at 222 nm as a function of temperature for 
the apo protein in 50mM sodium phosphate, 150 mM NaCl, pH7.5  Solid circles: 

Increasing temperature.  Open circles: decreasing temperature. 

5.2.9.3 Electronic absorption data 

 PZn-Ph-NDI is fully insoluble in the aqueous buffers used herein, as shown by 

the UV-Vis spectra (Figure 58). UV-Vis spectra also show that the protein is able to 

solubilize PZn-Ph-NDI, consistent with incorporation of PZn-Ph-NDI into the designed 
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interior of the protein.  PZn-Ph-NDI bound in the designed protein has a Soret band 

maximum of 427nm and the Q-band maximum of 561nm. Relative to the absorption 

maxima in DMSO, the electronic absorption spectrum of PZn-Ph-NDI displays a 5 nm 

redshift in the Soret band and an 8nm redshift in the Q-band in the SCPZnI3 protein. 

These shifts are consistent with Zn axial coordination by histidine in the bundle 

interior.297, 298 

	

 

Figure 58: UV-Vis spectra of PZn-Ph-NDI in 50mM phosphate buffer, 150mM 
NaCl, pH 7.5 (green), in neat DMSO (red), and in the designed protein in the same 

buffer (blue). 

 

5.3 Results and discussion 
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Figure 59: Pump-probe transient dynamics of PZn-Ph-NDI in 99:1 1,4-
dioxane:N-methylimidazole. (A) Transient dynamical data at various pump-probe 
time delays, which are labeled on the right. Each spectrum is offset by 15 mOD for 

clarity. (B) Species-associated difference spectra (sans laser scatter at 560±5 nm) with 
associated ET time constants. Experimental conditions: λex = 560 nm, Pex = 850 nJ / 

pulse, T = 21 °C, magic angle polarization. 

PZn-Ph-NDI exhibits signature photoinduced ET dynamics following 

preparation of the PZn-localized S1 excited state, 1(PZn)*-Ph-NDI (Figure 59A). In the 

low εs solvent system 99:1 1,4-dioxane:N-methylimidazole (NMI), 1(PZn)*-Ph-NDI 

evolves to the charge-separated state +�PZn-Ph-NDI�	 with a charge separation (CS) time 
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of τCS = 12 ps. Charge recombination (CR) to the ground state is comparatively slow: τCR 

= 102 ps. The ET dynamics are tracked by the rise and subsequent decay of sharp 

spectral features centered at 480 and 610 nm, characteristic of the NDI�	 radical anion.255 

Species-associated difference spectra (Figure 59B), derived from a global fitting of the 

multi-wavelength transient absorption data to a sequential kinetic mechanism, also 

show clear signatures of the NDI�	 anion (red spectrum, prominent absorbance maxima 

at 480, 610, and 780 nm).  

 

Figure 60: ET time constants τCS and τCR of PZn-Ph-NDI as a function of solvent 
static dielectric constant (εs). All solvents include 1% N-methylimidazole (NMI). εs is a 

volume-fraction weighted sum of component εs values. Shaded line widths indicate 
confidence intervals of the fitted time constants (bounded at 16% and 84% percentiles 

of the bootstrapped lifetime distributions). For the SCPZnI3 holo-monomer, τCR is 
denoted with a green X. Green vertical lines mark the range of dielectric constants 
consistent with the measured value of τCS in the SCPZnI3 holo-monomer. Purple 

arrows display an exemplary reduction of ET time constant magnitudes that occur 



 

206 

upon NMI coordination, shown explicitly for anisole solvent. Inset: expected 
dielectric dependence of τCS (blue) and τCR (red) according to ET rate theory (see 

Supporting Information). DMM = dimethoxymethane, THF = tetrahydrofuran, 2-
MeTHF = 2-methylTHF, DCM = dichloromethane, PhCN = benzonitrile, DMF = N,N-

dimethylformamide, DMSO = dimethylsulfoxide.    

Figure 60 displays the CS and CR time constants of PZn-Ph-NDI measured in 

organic solvents with 1% NMI. CR dynamics (red) depend strongly on εs, with τCR 

decreasing monotonically from 102 ps to 4 ps.  CS dynamics (blue) show a τCS minimum 

near εs = 9.  Indeed, the observed trends for τCS and τCR are in agreement with those 

expected from the Marcus activated factor of ET rate theory268, 299 (Figure 60, inset), 

using parameters appropriate for PZn-Ph-NDI (see Table 6). While the ET dynamics of 

PZn-Ph-NDI displayed in Figure 60 approach the low ps time regime in some solvents, 

all time constants are well above solvent relaxation times, such that ET is not limited by 

dynamic solvent effects.300, 301  

NMI coordination to the PZn moiety accelerates CS and CR relative to dynamics 

evinced in neat solvents (Figure 60, purple, and Figure 64), resulting from the more 

negative oxidation potential of PZn when bound to the electron donating imidazole 

ligand.302 ET kinetics measured in solvents with 1% NMI provide a reference for 

comparison to kinetics measured within the protein environment of SCPZnI3, where 

PZn is coordinated by histidine. Accounting for axial coordination effects allows us to 

isolate the εs contribution to the ET dynamics within the SCPZnI3 protein. 
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The τCS of PZn-Ph-NDI exhibits a kinetic isotope effect (KIE) in 9:1 1,4-

dioxane:H(D)2O mixtures (Figure 3). The KIE = τCS(D2O) / τCS(H2O) decreases from 1.4 to 

1.2 upon NMI coordination to PZn. Interestingly, although τCR decreases with increasing 

water content, consistent with the dielectric dependence in Figure 2, τCR does not display 

a KIE (Table 4, Figure 65, Figure 66, Figure 67, and Figure 68). These observations 

suggest that CS is more tightly coupled than CR to water H-bond interactions with the 

imide carbonyls.303, 304 The τCS KIE is an experimental probe of PZn-Ph-NDI water 

solvation within ground-state SCPZnI3. 

 

Figure 61: Distributions of CS time constant τCS displayed by PZn-Ph-NDI 
within various solvation environments. Distributions are derived from bootstrapping 
the residuals of the global fit of the pump-probe data (see Supporting Information). 
Measurements in 1,4-dioxane contain 10% H2O or D2O. Measurements with SCPZnI3 

were carried out in 50 mM NaPi / 150 mM NaCl buffer with 100% H2O or D2O. 
Confidence intervals in gray display 16% and 84% percentiles of the bootstrapped 

lifetime distributions. The optimum time constant is shown as the middle, vertical 
line. Black lines overlaying the bootstrap histograms are Gaussian fits to the 

distributions. 
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To explore ET dynamics in a protein environment, the tetra-α-helical protein 

SCPZnI3 was computationally de novo designed113, 286, 287, 293, 296 to bind PZn-Ph-NDI 

in an interior consisting of hydrophobic amino acids (Figure 62 and see Methods). 

Electronic absorption and circular dichroism spectra of the complex in aqueous buffer 

confirm 1:1 binding of PZn-Ph-NDI to the interior of a helical protein and verify 

histidine coordination of the PZn moiety (Figure 62, B and C, Figure 56, Figure 57, and 

Figure 58).  Thus the electronic environment of PZn-Ph-NDI is consistent with that of a 

protein interior. 

 

Figure 62: (A) Model of SCPZnI3 showing interior hydrophobic residues 
(green) surrounding PZn-Ph-NDI (orange). (B, C) Circular dichroism spectra of 

SCPZnI3 holoprotein. (B) Molar ellipticity per residue is consistent with a helical 
structure. (C) Molar ellipticity (Cotton effect) in visible region indicates achiral 

cofactor resides in a structured, chiral environment (see Figure 56). 



 

209 

The ET dynamics of PZn-Ph-NDI within the protein interior was monitored 

following electronic excitation of the PZn-Ph-NDI / SCPZnI3 complex in D2O buffer and 

analyzed via decay-associated difference spectra derived from global fitting of the multi-

wavelength transient data (Figure 63). The CR dynamics of PZn-Ph-NDI in SCPZnI3 are 

bi-exponential: we assign the dominant CR time τCR = 22 ps to the SCPZnI3 holo-dimer, 

and the CR time τCR = 69 ps to the SCPZnI3 holo-monomer, as their respective 

amplitudes track with the approximate 2:1 dimer:monomer ratio determined from 

analytical gel filtration (see Methods). CS occurs in monomer and dimer with the same 

time constant τCS = 7.5 ps. The overlapping distributions of τCS for SCPZnI3 / H(D)2O 

buffer (Figure 61) do not exhibit a KIE, indicating the lack of a significant role played by 

water in the CS event. On the basis of this observation, we conclude that PZn-Ph-NDI is 

sequestered from solvent within a well-packed protein interior in both the dimer and 

monomer.  

By comparison with Figure 60, each ET time constant exhibited by PZn-Ph-NDI 

can be mapped to an effective εs. In the SCPZnI3 holo-monomer, CS and CR time 

constants (τCS = 7.5 ps, τCR = 69 ps) cannot be uniquely mapped to a single effective εs that 

jointly recovers both time constants. Two distinct εs values are needed (Figure 60, green). 

Accounting for the relative errors in the measured time constants (Supporting 

Information), as well as the non-monotonic nature of the CS dependence on solvent 

dielectric, the range of the effective εs that describes CS (τCS = 7.5 ps) is 8.3 to 13.4. We 
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take εS(CS) = 8.3 as a lower limit. The effective εs describing CR is well defined (εS(CR) = 3.0 

0.1). Indeed, CS resembles that in 99:1 THF:NMI (εs ≈ 8), whereas CR resembles that 

in 99:1dimethoxy-methane:NMI (εs ≈ 3). Importantly, these assignments do not depend 

on any underlying model: they result from mapping dynamical data acquired for the 

SCPZnI3 holoprotein onto an extensive body of analogous data obtained for PZn-Ph-

NDI in widely varying dielectric environments. While a protein interior is not a uniform 

dielectric material, these εS values reflect the effective dielectric probed by PZn-Ph-NDI 

buried in the SCPZnI3 interior, both pre- and post-charge separation.    
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Figure 63: Pump-probe transient dynamics of PZn-Ph-NDI / SCPZnI3 complex 
in D2O buffer. (A) Transient dynamical data at pump-probe time delays labeled on 

the right. Each spectrum is offset by 10 mOD for clarity. (B) Decay-associated 
difference spectra (sans laser scatter at 560±5 nm) with associated τCR and τCS. D and M 
superscripts refer to dimer and monomer, respectively. Experimental conditions: λex = 

560 nm, Pex = 920 nJ / pulse, T = 21°C, magic angle polarization. 

How can the protein achieve such changes in dielectric on these fast (< 100 ps) ET 

time scales? These results suggest a rigidification of the protein sidechains upon 

formation of the +�PZn-Ph-NDI�	 CS state. Interestingly, the reduction in εS after the ET 

event suggests little solvational contribution to the CS state from polar water, despite the 

protein’s small size, and contrary to commonly accepted views.272 The dielectric 

constant is a key parameter affecting CS and CR rates in biological proteins. A εS 

switching mechanism may warrant a reexamination of the energetic and electronic 

parameters derived from measurements of biological ET rates. Dielectric switching may 

provide a means to independently manipulate forward and back ET rates in natural 

catalytic proteins and artificial photosynthetic devices.  Indeed, the ET time scales of 

PZn-Ph-NDI are similar to that of the primary ET in photosynthesis;235, 258, 305 a 

decrease in protein εS upon the primary CS event would further slow wasteful inverted-

regime CR in the photosynthetic reaction center. 

5.4 Supplementary information and figures 

5.4.1 Supporting figures and tables 
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Figure 64: Electron-transfer time constants of PZn-Ph-NDI in neat organic 
solvents as a function of solvent dielectric.  Shaded line widths indicate confidence 

intervals of the fitted time constants (bounded at 16% and 84% percentiles of the 
bootstrapped lifetime distributions).  Note the breaks and changes in (linear) scaling 

of both axes.  DMM = dimethoxymethane, THF = tetrahydrofuran, 2-MeTHF = 2-
methylTHF, DCM = dichloromethane, PhCN = benzonitrile, DMF = N,N-

dimethylformamide, DMSO = dimethylsulfoxide. 
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Figure 65: Electron-transfer time constants of PZn-Ph-NDI in 1,4-dioxane with 
varying percent H2O, as a function of effective solvent dielectric. Red and blue lines 
show charge-recombination and charge-separation time constants, respectively, for 

solvents with 1% N-methylimidazole (N-MI). Dielectric constant is a volume-fraction 
weighted sum of component solvent dielectric constants.  Shaded line widths indicate 
confidence intervals of the fitted time constants (bounded at 16% and 84% percentiles 

of the bootstrapped lifetime distributions). 
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Table 4: Kinetic isotope effect of PZn-Ph-NDI in 1,4-dioxane/water mixtures 
and lack thereof in SCPZnI3 protein 

Dioxane with: τcs (ps)a KIEcsb τcr  (ps)a KIEcrb 

10% H2O 18.8 (17.3,22.7) 1.4 36.1 (32.6,37.9) 1 

10% D2O 26.7 (25.2,29.2) 35.7 (33.1 37.3) 

10% H2O / 1% NMI 9.1 (9.0,9.3) 1.2 24.7 (24.5,24.9) 1 

10% D2O / 1% NMI 10.9 (10.2,12.3) 25.4 (24.1,26.3) 

SCPZnI3 / H2O buffer 7.1(6.8,7.4) 1 21.7 (21.1,22.3), 69.0 

(65.3,73.2) 

1, 1 

SCPZnI3 / D2O buffer 7.5 (7.4,7.7) 22.0 (21.3,22.6), 68.8 

(65.3,71.9) 

aOptimum lifetimes from global fitting are shown, with time constants bounded at 16% 

and 84% percentiles of the bootstrapped lifetime distributions in parentheses (see SI: 

Bootstrapping of Pump-Probe Transient Data for Confidence Intervals).  NMI = N-

methylimidazole. bIf the confidence intervals overlap, the KIE is not statistically significant 

and is reported as 1. 
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Figure 66: Distributions of ET lifetimes of PZn-Ph-NDI in 1,4-dioxane/ 10% 
D2O and 10% H2O, as a result of 1000 independent fits of bootstrapped residuals; 

confidence intervals of 16% and 84% percentiles of the bootstrapped lifetime 
distributions are shown as vertical lines connected with a dotted line; the optimum 
time constant is shown as the bolded, middle, vertical line. (A) CS lifetimes, (B) CR 

lifetimes. 
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Figure 67: Distributions of ET lifetimes of PZn-Ph-NDI in 1,4-dioxane/ 1% N-
methylimidazole (N-MI) / 10% D2O and 10% H2O, as a result of 1000 independent fits 

of bootstrapped residuals; confidence intervals of 16% and 84% percentiles of the 
bootstrapped lifetime distributions are shown as vertical lines connected with a 
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dotted line; the optimum time constant is shown as the bolded, middle, vertical line. 
(A) CS lifetimes, (B) CR lifetimes. 
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Figure 68: Distributions of ET lifetimes of PZn-Ph-NDI in SCPZnI3 / D2O and 
H2O buffers, as a result of 1000 independent fits of bootstrapped residuals; 

confidence intervals of 16% and 84% percentiles of the bootstrapped lifetime 
distributions are shown as vertical lines connected with a dotted line; the optimum 

time constant is shown as the bolded, middle, vertical line.  (A) CS lifetimes (B) 
monomer-derived CR lifetimes (C) dimer-derived CR lifetimes. 
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Table 5: Electron-transfer time constants of PZn-Ph-NDI in various dielectric 
environments. 

Solvent τCS (ps)a τCR (ps)a εSb λex 

(nm) 

Pump 

pulse 

energy 

(nJ)  

SCPZnI3 / D2O buffer 7.5 (7.4,7.7) 22.0 (21.3,22.6), 68.8 

(65.3,71.9) 

See 

main 

text 

560 920 

SCPZnI3 / H2O buffer 7.1 (6.8,7.4) 21.7 (21.1,22.3), 69.0 

(65.3,73.2) 

See 

main 

text 

560 930 

1,4-dioxane 25.9 (25.6, 26.1) 360.3 (357.6, 362.6)  2.3 550 400 

1,4-dioxane / 1% NMIc 12.0 (11.9, 12.1) 102.1 (101.5, 102.5) 2.6 560 850 

dimethoxymethane 34.8 (31, 38) 136.2 (132.8, 142.9) 2.7 550 460 

1,4-dioxane / 1% H2O 26.6 (26.3, 27.5) 201.3 (197.5, 202.2) 3.0 550 425 

dimethoxymethane / 1% NMI 12.6 (12, 14.1) 53.8 (51, 54.7) 3.1 550 520 

1,4-dioxane / 1% H2O / 1% 

NMI 

12.1 (12, 12.2) 69.5 (69.4, 69.7) 3.4 560 850 
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Anisole 25.1 (24.4, 26.6) 73.2 (70.8, 74.3) 4.3 550 800 

Anisole / 1% NMI 15.8 (15.6, 16.3) 39.6 (38.9, 39.9) 4.7 550 

 

785 

1,4-dioxane / 5% H2O 23.3 (22.6, 24.5) 59.4 (57.6, 60.2) 6.1 550 345 

2-MeTHF 20.0 (19.7, 20.5) 37.1 (36.6, 37.4) 7.0 550 715 

2-MeTHF / 1% NMI 13.8 (13.5, 14.2) 19.9 (19.5, 20.2) 7.3 550 715 

THF 11.7 (11.3, 12.3) 30.9 (30.1, 31.3) 7.6 550 350 

THF / 1% NMI 9.0 (8.5, 9.9) 18.3 (17.3, 18.8) 7.9 560 370 

DCM 8.0 (7.8, 8.4) 29.5 (28.9, 29.8) 8.9 550 460 

DCM / 1% NMI 5.0 (4.9, 5.1) 12.8 (12.7, 12.9) 9.2 550 430 

1,4-dioxane / 10% D2O 26.7 (25.2,29.2) 35.7 (33.1 37.3) 10.0 550 650 

1,4-dioxane / 10% H2O 18.8 (17.3, 22.7) 36.1 (32.6, 37.9) 10.0 550 650 

1,4-dioxane / 10% D2O / 1% 

NMI 

10.9 (10.2,12.3) 25.4 (24.1,26.3) 10.4 560 920 

1,4-dioxane / 10% H2O / 1% 

NMI 

9.1 (9, 9.3) 24.7 (24.5, 24.9) 10.4 560 920 

1,4-dioxane / 20% H2O / 1% 

NMI 

7.0 (6.9, 7.1) 19.9 (19.8, 20) 17.8 560 920 

PhCN 22.7 (21.8, 24.9) 12.7 (10, 14) 26 555 325 

PhCN / 1% NMI 15.1 (13.4, 16.5) 12.0 (10.5, 13.5) 26.1 550 730 

DMF 30.2 (30, 30.6) 13 (10.9, 15.2) 36.7 550 340 
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DMSO / 1% NMI 24.6 (23.8, 24.9) 4.3 (4.1, 5.9) 46.6 560 1040 

DMF / 1% NMI 23.0 (22.8, 23.3) 7.7 (5.8, 8.7) 36.7 560 860 

DMSO 27.5 (27.4, 27.6) 5.5 (5.4, 5.6) 46.7 560 350 

 aOptimum lifetimes from global fitting are shown, with time constants bounded at 16% and 84% 

percentiles of the bootstrapped lifetime distributions in parentheses (see SI: Bootstrapping of Pump-Probe 

Transient Data for Confidence Intervals). bDielectric constants of solvent mixtures were calculated as the 

volume-fraction weighted sum of each component dielectric constant, e.g. DCM / 1% NMI = 0.99 * 8.9 + 0.01 

* 40, where 40 is the dielectric constant of NMI. cNMI = N-methylimidazole. 
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Figure 69: Pump-probe transient dynamical data of PZn-Ph-NDI in SCPZnI3 / 
D2O buffer. (A) Kinetic traces at select wavelengths, overlaid with a 3 exponential 
global fit with an offset (labeled as a 4th exponential here). (B) Species associated 

difference spectra corresponding to a sequential kinetic mechanism, with associated 
ET lifetimes, as a result of global fitting of the multi-wavelength pump-probe data. 
Note that τlong is considered an offset. (C) Pump-probe dynamical spectra at various 

time delays.  Arrows indicate the direction of spectral evolution. Experimental 
conditions noted on inset; T = 21 °C. 
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Figure 70: Pump-probe transient dynamical data of PZn-Ph-NDI in SCPZnI3 / 
H2O buffer. (A) Kinetic traces at select wavelengths, overlaid with a 3 exponential 

global fit with an offset (labeled as a 4th exponential here). (B) Decay associated 
difference spectra corresponding to a parallel kinetic mechanism, with associated ET 
lifetimes, as a result of global fitting of the multi-wavelength pump-probe data. Note 
that τ4 is considered as an offset. (C) Pump-probe dynamical spectra at various time 
delays.  Arrows indicate the direction of spectral evolution. Experimental conditions 

noted on inset; T = 21 °C. 
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Figure 71: Pump-probe transient dynamical data of PZn-Ph-NDI in 1,4-
dioxane. (A) Kinetic traces at select wavelengths, overlaid with a 2 exponential global 
fit with an offset (labeled as a 3rd exponential here). (B) Decay associated difference 
spectra corresponding to a parallel kinetic mechanism, with associated ET lifetimes, 
as a result of global fitting of the multi-wavelength pump-probe data. Note that τ3 is 

considered as an offset. (C) Pump-probe dynamical spectra at various time delays.  
Arrows indicate the direction of spectral evolution. Experimental conditions noted on 

inset;  T = 21 °C. 
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Figure 72: Pump-probe transient dynamical data of PZn-Ph-NDI in 1,4-dioxane 
/ 10% H2O. (A) Species associated difference spectra corresponding to a sequential 
kinetic mechanism, with associated ET lifetimes, as a result of global fitting of the 

multi-wavelength pump-probe data. Note that τlong is considered an offset. (B) Kinetic 
traces at select wavelengths, overlaid with a 2 exponential global fit with an offset 

(labeled as a 3rd exponential here). (C) Pump-probe dynamical spectra at various time 
delays.  Arrows indicate the direction of spectral evolution. Experimental conditions 

noted on inset; T = 21 °C. 
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Figure 73: Pump-probe transient dynamical data of PZn-Ph-NDI in 1,4-dioxane 
/ 10% D2O. (A) Species associated difference spectra corresponding to a sequential 
kinetic mechanism, with associated ET lifetimes, as a result of global fitting of the 

multi-wavelength pump-probe data. Note that τlong is considered an offset. (B) Kinetic 
traces at select wavelengths, overlaid with a 2 exponential global fit with an offset 

(labeled as a 3rd exponential here). (C) Pump-probe dynamical spectra at various time 
delays.  Arrows indicate the direction of spectral evolution. Experimental conditions 

noted on inset; T = 21 °C. 
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Figure 74: Pump-probe transient dynamical data of PZn-Ph-NDI in 1,4-dioxane 
/ 10% H2O / 1% N-methylimidazole (N-MI). (A) Species associated difference spectra 
corresponding to a sequential kinetic mechanism, with associated ET lifetimes, as a 
result of global fitting of the multi-wavelength pump-probe data. Note that τlong is 

considered an offset. (B) Kinetic traces at select wavelengths, overlaid with a 2 
exponential global fit with an offset (labeled as a 3rd exponential here). (C) Pump-
probe dynamical spectra at various time delays.  Arrows indicate the direction of 

spectral evolution. Experimental conditions noted on inset;  T = 21 °C. 
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Figure 75: Pump-probe transient dynamical data of PZn-Ph-NDI in 1,4-dioxane 
/ 10% D2O / 1% N-methylimidazole (N-MI). (A) Species associated difference spectra 
corresponding to a sequential kinetic mechanism, with associated ET lifetimes, as a 
result of global fitting of the multi-wavelength pump-probe data. Note that τlong is 

considered an offset. (B) Kinetic traces at select wavelengths, overlaid with a 2 
exponential global fit with an offset (labeled as a 3rd exponential here). (C) Pump-
probe dynamical spectra at various time delays.  Arrows indicate the direction of 

spectral evolution. Experimental conditions noted on inset; T = 21 °C. 
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Figure 76: Pump-probe transient dynamical data of PZn-Ph-NDI in 
dichloromethane (DCM) / 1% N-methylimidazole (N-MI). (A) Species associated 

difference spectra corresponding to a sequential kinetic mechanism, with associated 
ET lifetimes, as a result of global fitting of the multi-wavelength pump-probe data. 

Note that τlong is considered an offset. (B) Kinetic traces at select wavelengths, overlaid 
with a 2 exponential global fit with an offset (labeled as a 3rd exponential here). (C) 

Pump-probe dynamical spectra at various time delays.  Arrows indicate the direction 
of spectral evolution. Experimental conditions noted on inset; T = 21 °C. 
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Figure 77: Pump-probe transient dynamical data of PZn-Ph-NDI in 1,4-dioxane 
/ 1% N-methylimidazole (N-MI). (A) Decay associated difference spectra, with 

associated ET lifetimes, as a result of global fitting of the multi-wavelength pump-
probe data. Note that τlong is considered an offset. (B) Kinetic traces at select 

wavelengths, overlaid with a 2 exponential global fit with an offset (labeled as a 3rd 
exponential here). (C) Pump-probe dynamical spectra at various time delays.  Arrows 
indicate the direction of spectral evolution. Experimental conditions noted on inset; T 

= 21 °C. 

 



 

229 

	

	
	

A

B

C

 

Figure 78: Pump-probe transient dynamical data of PZn-Ph-NDI in 
dimethoxymethane (DMM) / 1% N-methylimidazole (N-MI). (A) Species associated 
difference spectra corresponding to a sequential kinetic mechanism, with associated 
ET lifetimes, as a result of global fitting of the multi-wavelength pump-probe data. 

Note that τlong is considered an offset. (B) Kinetic traces at select wavelengths, overlaid 
with a 2 exponential global fit with an offset (labeled as a 3rd exponential here). (C) 

Pump-probe dynamical spectra at various time delays.  Arrows indicate the direction 
of spectral evolution. Experimental conditions noted on inset; T = 21 °C. 
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5.4.2 Marcus theory modeling of dielectric dependence of the 
electron-transfer dynamics 

The electron-transfer time constants are proportional to exp(EA/kBT), where 

EA =
(ΔG(εS )+ λ(εS ))

2

4λ(εS )
 .1, 146, 268  Here, ΔG and λ (in units of eV) both 

depend on the static dielectric constant (εs), as well as other parameters described below: 

  ΔGCS (εS ) = ΔG ′! + ΔGcoul + ΔGsolv   

  ΔG
′! = Eox

(D ) − Ered
(A) − E0,0   

 ΔGcoul = − 14.4
εSRDA

  

 ΔGsolv = b × 7.2 ×
1
rA
+ 1
rD

⎛
⎝⎜

⎞
⎠⎟
1
εS

− 1
εS
(ref )

⎛
⎝⎜

⎞
⎠⎟

  

 ΔGCR(εS ) = −ΔGCS (εS )− E0,0   

 λ(εS ) = 14.4
1
2rA

+ 1
2rD

− 1
RDA

⎛
⎝⎜

⎞
⎠⎟

1
εop

− 1
εS

⎛

⎝⎜
⎞

⎠⎟
  

where Eox(D) and Ered(A) are the oxidation potential of the donor (PZn) and reduction 

potential of the acceptor (NDI), respectively. RD,A is the center-to-center distance, in 

angstroms, of the donor to the acceptor; rA and rD are the radii of the acceptor and donor, 

respectively; E0,0 is the energy of the S1 excited state (typically taken as the wavelength at 

which the normalized absorption and emission bands overlap), εs(ref) is the dielectric 

constant of the solvent in which the redox potentials were measured; b is a scaling 

parameter in order to account for the over-estimation of the solvation energy at low 
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dielectric constant. We attenuate the Born solvation term by a reasonable amount of 

0.35.306 For the reorganization energy λ, we choose an average optical dielectric constant 

of 2.0, typical of an organic solvent.  The inset of Figure 60 in the main text is a plot of 

exp(EA/kBT) vs static dielectric constant for the parameters listed in Table 6.  

Table 6: PZn-Ph-NDI relevant parameters for Marcus theory dependence of 
charge transfer time constants on dielectric constant 

Parameter Value 

Eox(D) 0.87 V vs SCE
254

 

Ered(A) - 0.5 V vs SCE
254

 

RD,A 12.5 Å 

rA 4.0 Å 

rD 3.4 Å 

E0,0 2.05 eV 

εs(ref) 8.9
254

 

b 0.35 

εop 2.0 

kBT 0.025 eV 
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6. The de novo design of a structurally characterized 
porphyrin-binding protein for phototriggering the 
formation of amino acid radicals 

6.1 Introduction 

Proteins utilize amino acid radicals to catalyze chemical reactions like water 

oxidation or DNA synthesis (see the Introduction of this dissertation.).1, 41  The work 

presented in this chapter aims to develop a model system by which to probe how 

proteins control tryptophan (Trp) radical chemistry.  Designing proteins from scratch 

provides a powerful means to test mechanistic hypotheses using a robust framework, 

such as 4-helix bundles, where changes to the amino acid sequence are highly tolerated.  

Indeed, a simple “heptad-repeat” of hydrophobic-hydrophilic amino acid patterning 

provides a design principle by which to create a 4-helix bundle from scratch.307  

However, structurally characterizable, de novo designed, porphyrin-binding 4-helix 

bundles are more elusive than this simple prescription may imply.  In fact, the structure 

of a de novo designed 4-helix bundle in the porphyrin-bound state has not been 

reported, despite many efforts.  The work in this chapter defines the first structurally 

characterized, de novo designed, 4-helix bundle in the porphyrin-bound state.  This 

successful design utilized significant advances from previous work in the DeGrado and 

Saven groups,113, 114, 296, 308, 309 which resulted in a monomeric form of a single-chain, 4-

helical bundle (SCRPZ-2) that bound a non-linear optical chromophore, RuPZn (Figure 

79 and see also Chapter 4 of this dissertation).293   



 

233 

The de novo design work presented in this chapter is a redesign of the RuPZn-

binding protein SCRPZ-2,293 where most of the solvent-exposed amino acids were 

unchanged, except to mutate Trp or Tyr residues (Figure 79).  The protein, Trp355, was 

designed to bind an electron deficient porphyrin,310 [5,10,15,20-

Tetrakis(trifluoromethyl)porphinato]zinc(II) (abbreviated as (CF3)4PZn in this chapter, 

see Figure 80), as a photo-oxidant thermodynamically capable of oxidizing Trp or Tyr 

amino acids after absorption of a red photon.  Trp and Tyr amino acids possess 

oxidation potentials around 1 V vs NHE in water at low (< 7) pH,16 and the reduction 

potential of the first singlet excited state of (CF3)4PZn (1(CF3)4PZn*) is 1.56 V vs NHE in 

THF solvent,310 which suggests a large driving force for the photo-induced hole-transfer 

event (The hole is transferred from the photo-excited porphyrin to the Trp, in this case.).  

Although the Trp355 protein binds (CF3)4PZn in its interior, within van der Waals (vdW) 

contact of a buried Trp (vide infra), the photo-induced hole transfer was not observed.  

Some hypotheses that explain this observation are offered in the Discussion.  The goal of 

this work was to create 4-helix bundles from scratch with a desired function (single-step 

hole transfer from PZn to Trp) and evolve the structures toward more elaborate multi-

step hole hopping (Figure 81), akin to the hole-hopping triad in DNA photolyase and 

cryptochromes.89  Such multi-Trp structures may ultimately provide a general 

framework by which to study proposed mechanisms of long-distance hole transfer in 

natural proteins.  Although the holo-Trp355 protein was not capable of photo-triggering 
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Trp radical formation, it defines a critical step toward achieving these ends through 

protein or chromophore redesign.    

 

 

Figure 79: (A) SCRPZ-2, a de novo designed protein containing the RuPZn 
cofactor.293 (B) Picosecond time domain magic angle pump–probe transient 

absorption spectra recorded at several time delays for holo-SCRPZ-2. Experimental 
conditions: ambient temperature, λpump = 660 nm; solvent, 50 mM phosphate buffer, 

150 mM NaCl, pH 7.5. A scaled steady-state absorption spectrum (inverted, red line) is 
displayed for comparison. (B, inset) The interior residues of SCRPZ-2 on either side 

of the Zn-porphyrin moiety; rendered in green are the side chains of the Zn-
coordinating histidine, the threonine to which this histidine forms a hydrogen bond, 

and the leucine on the distal side of the porphyrin. 
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Table C1. Tryptophan and Tyrosine structures, redox data (vs NHE), and estimated 
driving forces for photo-induced hole transfer using Figure C4 photooxidants 

Measured Oxidation Potential  Driving force for HT (-!G) 
Molecule Structure 

Aqueous In Protein Aqueous In Protein 

Tryptophan 
(trp, W) 

 

 1.05 V 
 at pH 7.0 

1.38-1.5 V 
for azurin and 
photolyase at pH 7

 
~ 0.5-0.7 eV ~ 0.1-0.3 eV 

Tyrosine 
(tyr, Y) 

 

 0.94 V 
 at pH 7.0

 

1.1-1.2 V 
for Yz in PSII 
at pH 7

 
~ 0.6-0.8 eV ~ 0.3-0.5 eV 

 
 

1. DeFelippis, M. R., C. P. Murthy, et al. Pulse radiolytic measurement of redox 

potentials: the tyrosine and tryptophan radicals. Biochemistry, 1989. 28(11): 

4847-4853. 
2. Shih, C., et al., Tryptophan-accelerated electron flow through proteins. Science, 

2008. 320(5884): p. 1760-2. 
3. Byrdin, M., et al., Quantum Yield Measurements of Short-Lived Photoactivation 

Intermediates in DNA Photolyase: Toward a Detailed Understanding of the Triple 
Tryptophan Electron Transfer Chain. Journal of Physical Chemistry A, 2010. 
114(9): p. 3207-3214. 

4. Liu, F., et al., Mechanisms of water oxidation from the blue dimer to photosystem 
II. Inorg Chem, 2008. 47(6): p. 1727-52. 
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Figure 80: An electron-deficient chromophore for photoinduced hole transfer 
reactions: (A): (CF3)4PZn= [5,10,15,20-Tetrakis(trifluoromethyl)porphinato]zinc(II). (B): 

Corresponding modified Latimer diagram (potentials vs. NHE).310 
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Figure 81: (A) Evolution of de novo protein designs for hole hopping via Trp 
(green) and Tyr (blue) residues. Electronic excitation of (CF3)4PZn (orange) triggers 

hole hopping. (B) Protein design for vectorial HT (red arrow). (C) Flickering 
resonance model for charge transport through protein in (B).125 The red arrow 

demarks the energy width (δE) comparable to the size of energetic interactions (V) 
between hole hopping pathway components. 
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6.2 Methods 

6.2.1 De novo protein design with the Rosetta design suite 

6.2.1.1 General design features and creation of backbone ensemble 

The Trp355 protein was designed in Rosetta 3.5.  We redesigned the single-chain, 

4-helix bundle SCRPZ-2, because SCRPZ-2 is monomeric. As such, we did not change 

the surface exposed amino acids of SCRPZ-2 (except to mutate any Trp or Tyr residues); 

we focused instead on redesigning the protein interior for (i) tight packing of (CF3)4PZn 

and amino acid sidechains, (ii) highly probable sidechain rotamer states, and (iii) low 

Rosetta energy.  To achieve these aims, we wrote a custom RosettaScript311 for flexible 

backbone design.  The geometry of (CF3)4PZn was DFT-optimized (B3LYP/6-31g*) from 

the crystal structure of a related (Rf)4PZn, where the fluoroalkyl groups were truncated 

to fluoromethyl.310 In order to accommodate the ruffled macrocycle that is characteristic 

of (CF3)4PZn, the first step in the design process utilized Rosetta BackRub to create an 

ensemble of 200 protein conformers with varying degrees of backbone and sidechain 

torsional relaxation.  We used the Rosetta Score12 energy function weights for the 

backrub, and Score13 (with modifications, see below) for all other aspects of the design.  

To determine allowed positions of Trp within the protein interior, we performed fixed 

backbone design on each member of the backrub ensemble.  We disallowed His, Cys, 

Met, and Tyr at all positions and constrained amino acids 8 and 45 to be Thr and His, 
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respectively.  (His45 is responsible for axial coordination of Zn, and Thr8 H-bonds with 

His for proper positioning.)  We analyzed the propensity of each amino acid for Trp 

accommodation by examination of the frequencies of designed amino acids at each 

position (Figure 82).  We selected residue 67 (residue 68 in the expressed Trp355 

sequence, due to an N-terminal Ser from TEV cleavage of a His-tag) due to its relatively 

high frequency of occurrence in the 200 designs, its buried environment, and its close 

proximity to the porphyrin (vdW contact).   

6.2.1.2 Flexible backbone design 

The next steps of the design process involved a custom-scripted flexible 

backbone design with the identities of residues 8, 45 and 67 constrained as Thr, His, and 

Trp respectively (Figure 83).  No other Trp was allowed in the design. The design 

utilized angle and distance constraints between the Zn and His to restrict the design 

space to those consistent with the DFT-optimized imidazole-Zn distance of 2.1 Å. We 

used an energy term (hack_aro = 1) that models quadrupolar interactions between 

aromatic sidechains in every stage of the flexible backbone design protocol.  We also 

used an energy term (rg = 2) that penalizes bundles with a large radius of gyration.  We 

noticed a propensity within Rosetta to output bundles that received good packing scores 

(via Packstat or Rosetta Holes) but displayed helices separated by large distances (large 

rg).  The packing algorithms could not differentiate between interior or exterior when 

the helix-helix interfaces were very wide, and often inappropriately gave good packing 
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scores when the designed bundle was qualitatively poorly packed.  The inclusion of the 

radius of gyration term ameliorated this issue.  Figure 83 illustrates the flexible backbone 

protocol.  Distance and angle constraints between His and Zn were loaded 

(atom_pair_constraint = angle_constraint = 1), the model was repacked without 

mutations, the backbone was relaxed via Rosetta Backrub, three trials of a Monte Carlo 

flexible backbone design sub-protocol (see below) were performed, and models with 

native protein-like packing (i.e., a Rosetta PackStat score ≥ 0.58) were output. The 

PackStat score was calculated 3 times per trial to account for its stochastic behavior. 170 

distinct designs were output from 500 runs through the protocol.  We analyzed these 170 

models for packing, radius of gyration, energy, and rotamer state probability within 

Matlab to select Trp355 for expression. 
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1). Replace RuPZn 
with (CF3)4PZn

2). Create backbone 
ensemble via Rosetta 
Backrub (removes 
clashes with new 
cofactor)

3). Run fixed backbone 
design on each member 
of ensemble to discover 
probable AA identities of 
TRP and TYR

4). Select preferred 
location of single TRP for 
design, then run flexible 
backbone design allowing 
only TRP at that location. 
Exclude any Cys, Met, 
Tyr and extra His, Trp 
from the design.

1

2
3

4

Designing Trp355: Overview

 

Figure 82: First steps of the design protocol of Trp355. 1). Replace RuPZn with 
(CF3)4PZn. 2). Create backbone ensemble via Rosetta Backrub. 3). Run fixed backbone 

design on each member of the ensemble to discover probable locations within the 
sequence for Trp. 4). Select probable location of single Trp for further rounds of 

design:  Run flexible backbone design allowing only Trp at that position.  Exclude 
any Cys, Met, Tyr, and additional Trp or His from the design. 

 

6.2.1.3 Flexible backbone design protocol 

The flexible backbone design sub-protocol consists of 3 Monte Carlo trials of (i) 

fixed backbone design with soft weights (decreased vdW interactions, i.e., 

soft_rep_design weights within Rosetta), (ii) sidechain minimization via MinMover, (iii) 

fixed backbone design with Score13 weights, where the electrostatic term (fa_pair) is 

replaced by hack_elec (hack_elec = 0.55), and the addition of extra rotamer sampling 
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around χ1 (ex1, level 3, i.e., sampled between 2 std of the mean chi angle value for each 

rotamer) and χ2 (ex2, level 3) sidechain dihedrals, (iv) backbone minimization via 

MinMover, (v) repetition of step (iii) (due to propensities of Rosetta to design a 

particular sequence to a particular backbone).   At the end of step (v), the model is 

filtered for native structure-like packing via PackStat (If 1 of 3 trials of PackStat score is > 

0.58, the model passes the filter).  In all energy functions for flexible backbone design, 

hack_aro is set to 1 and rg is set to 2.  The final, designed sequence selected for protein 

(Trp355) expression was 108 amino acids: 

EFEKLRQTGDELVQAFQRLREIFDKGDDDSLEQVLEEIEELIQKHRQLFDNRQEAADT

EAAKQGDQWVQLFQRFREAIDKGDKDSLEQLLEELEQALQKIRELAEKKN  
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Figure 83: Rosetta flexible backbone design protocol for single-chain, 4-helix 
bundles that bind (CF3)4PZn.  Throughout, we penalized bundles with large radius of 

gyration (Rg) and utilized an approximation to aromatic quadrupolar interactions 
(hack_aro). 

6.2.2 Protein expression and purification 

The gene coding for the protein sequence of Trp355 was ordered from GenScript, 

which was cloned (cloning site NdeI-BamHI) into the inducible pet-11a plasmid.  The 

gene also coded for an N-terminal 6xHis-tag followed by a TEV protease cleavage 

sequence, followed finally by the designed sequence.  The cloned gene sequence is: 

CATATGCATCACCATCACCATCACGAAAACCTGTATTTTC 

AGAGCGAATTCGAAAAACTGCGTCAAACCGGCGACGAACTGGTGC 

AGGCATTTCAACGTCTGCGCGAAATTTTCGATAAAGGTGATGACG 

ATAGTCTGGAACAGGTTCTGGAAGAAATTGAAGAACTGATCCAGA 

AACATCGTCAACTGTTTGACAATCGCCAGGAAGCGGCCGATACGG 
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AAGCAGCTAAACAGGGCGACCAATGGGTCCAGCTGTTTCAACGTT 

TCCGCGAAGCCATTGATAAAGGTGACAAAGATAGCCTGGAACAGC 

TGCTGGAAGAACTGGAACAGGCGCTGCAAAAAATCCGCGAACTGG 

CCGAAAAGAAAAACTAAGGATCC 

The expressed protein sequence is finally: M H H H H H H E N L Y F Q  / S E F E 

K L R Q T G D E L V Q A F Q R L R E I F D K G D D D S L E Q V L E E I E E L I Q K H R 

Q L F D N R Q E A A D T E A A K Q G D Q W V Q L F Q R F R E A I D K G D K D S L E 

Q L L E E L E Q A L Q K I R E L A E K K N 

where the / defines the cleaveage site of TEV protease.  The plasmids were transfected 

into BL21(DE3) E. coli cells, which were grown in ampicillin in LB media (or minimal 

media with isotope labeled ammonia and glucose) until OD @ 600 nm = 0.6.  The cells 

were then centrifuged and frozen.  The frozen cell pellets were thawed and lysed in a 

French press in the Duke University biology department.  The expressed, His-tagged 

Trp355 protein was purified via a Nickel column and confirmed by gel electrophoresis.  

The buffer was exchanged to the Sigma-recommended TEV protease buffer, and the 

protein+TEV solution was allowed to rock for 1 day.  (His-tagged TEV protease was 

ordered from Sigma.) The resulting His-tag-free Trp355 protein was collected from the 

flow-through of a Nickel column and concentrated in a stock of 50 mM NaPi / 100 mM 

NaCl / pH=7.5 buffer.   
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6.2.3 Porphyrin binding protocol to apo-protein 

200 µL of 700µM apo-Trp355 protein was combined with 250 µL of 50 mM NaPi / 

100 mM NaCl / pH=7.5 buffer in a 1 mL eppendorf tube and heated for 5 minutes at 

50°C.  50 µL of 4 mM (CF3)4PZn in DMSO stock was then added to the protein solution, 

vortexed for 5 seconds, and placed back in the heat block at 50°C for 15 minutes, with 

occasional vortexing.  To remove any traces of DMSO or unbound porphyrin, the 

protein was then spun at 14000 rcf in a Amicon Ultra-0.5 mL centrifuge filter for 10 min, 

three times, replacing the buffer to 0.5 mL after each 10 min spin. Finally, the protein 

solution was spun for 4 min at 12000 rcf in an Amicon ultrafree-MC GV filter 

(UFC30GV0S).  The holo-Trp355 sample was then used for spectroscopic experiments 

immediately afterward, and diluted to an appropriate concentration if necessary.       

6.2.3 Spectroscopy 

6.2.3.1 Ultrafast pump-probe spectroscopy 

Ultrafast transient absorption spectra were obtained using standard pump-probe 

methods.238 Optical pulses (≥ 120 fs) centered at 775 nm, were generated using a 

Ti:Sapphire laser (Clark-MXR, CPA-2001, Dexter, MI, USA), which consisted of a 

regenerative amplifier seeded by a mode-locked fiber oscillator. The output of the 

regenerative amplifier was split to feed an optical parametric amplifier (Light 

Conversion Ltd., TOPAS-C, Vilnius, Lithuania), which generates excitation pulses 

tunable in wavelength from the UV through the NIR region. The pump beam was 
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chopped at half the laser repetition rate (~500 Hz). A fraction (<5%) of the output from 

the regenerative amplifier was passed through an optical delay line, and focused onto a 

2 mm c-cut sapphire plate to generate a white light continuum, which was used as the 

probe beam. The polarization and attenuation of the pump and probe beams were 

controlled by half-wave plate and Rochon prism polarizer pairs. The polarization was 

set to the magic angle (54.7°) for these experiments. The pump beam was focused into 

the sample cell with an f = 20 cm lens, while the probe beam was focused with a concave 

mirror. The spot size diameter was 0.2−0.3 mm. The beam diameter was determined 

using the razor-blade method. The excitation pump power was measured using a power 

meter (Coherent, LabMax Top with PS19 head). After passing through the sample, the 

probe light was adjusted using a neutral density filter to avoid saturating the detector, 

and focused onto the entrance slit of a computer-controlled image spectrometer (Acton 

Research Corporation, SpectraPro-150, Trenton, NJ, USA). A CCD array detector (1024 x 

128 elements, Roper Scientific, Trenton, NJ, USA), interfaced to the spectrometer, 

recorded the spectrum of the probe light from the UV (~370 nm) to the NIR (~1100 nm), 

providing spectral resolution better than 0.5 nm. Pairs of consecutive spectra were 

measured with (Ion(λ)) and (Ioff(λ)) to determine the difference spectrum, ΔA = 

log(Ioff(λ)) / (Ion(λ)). All these experiments utilized a custom-built 2 mm-path-length 

fused-silica sample cell; all transient optical studies were carried out at 21 ± 1 °C in 

HPLC grade solvents received from Sigma-Aldrich, unless otherwise noted.  Elevated 
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temperature experiments were peformed in a custom-made temperature block of 

anondized aluminum, the temperature of which was controlled by heating rods and 

monitored by a pair of thermocouples wired to a PID through a solid-state relay.  All 

transient spectra reported represent averages obtained over 3-5 scans, with each scan 

consisting of ~100-200 data points, with each point an average of 2000 frames. In these 

experiments, the delay line utilizes a computer-controlled delay stage. Delay times up to 

4 ns were achieved using a Compumotor-6000 (Parker). The baseline noise level in these 

transient absorption experiments corresponded to ~ 0.2 mOD per second of signal 

accumulation. The time resolution is probe wavelength dependent; in these experiments, 

the FWHM of the instrument response function (IRF) varied between 140–200 fs (e.g., at 

680 nm, the IRF was 150 ± 6 fs). Following all pump-probe transient absorption 

experiments, electronic absorption spectra verified that the samples were robust. 

6.2.3.2 Time-resolved emission 

Magic-angle polarization time-resolved emission spectra were recorded using a 

Hamamatsu C4780 picosecond fluorescence lifetime measurement system. It utilizes a 

Hamamatsu Streakscope C4334 as photoncounting detector, and a Hamamatsu C4792-01 

synchronous delay generator and a Stanford Research Systems DG535 serve as 

electronic delay generators. The samples were excited either by Hamamatsu PLP-10 

laser diode (405 nm) or by femtosecond laser pulse (280 nm pulses directed through a 

280 nm bandpass filter) generated by the following description; optical pulses (≥ 120 fs) 
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centered at 780 nm were generated using a Ti:Sapphire laser (Clark-MXR, CPA-2001, 

Dexter, MI, USA), which consists of a regenerative amplifier seeded by a mode-locked 

fiber oscillator, and the output of regenerative amplifier feeds a optical parametric 

amplifier (Light Conversion, TOPAS-C, Lithuania) which generates excitation pulses 

tunable in wavelength from the UV through the NIR region. The polarization and 

attenuation of the femtosecond laser pump pulse were controlled by a half-wave plate 

and Rochon prism polarizer pairs and the polarization of emission was set to the magic 

angle (54.7 °) for these experiments. Hamamatsu HPD-TA software is used to acquire 

emission data with single-photon counting mode and its fitting module is used for 

fitting analysis with deconvolution method. For the deconvolution method, a scattering 

sample (cream dissolved in water or silica in water) was used to acquire the instrument 

response function. Sample concentrations were adjusted to give an optical density of 

~0.1 or less at the excitation wavelength.  

6.2.3.3 Nanosecond-millisecond transient absorption spectroscopy 

Nanosecond transient absorption spectra were acquired utilizing an Edinburgh 

Instruments LP920 Laser Flash Photolysis Spectrometer and Edinburgh L900 Software. 

Pump pulses were generated from a Q- switched Nd:YAG laser (Quantel, Brilliant) and 

a dual-crystal OPO (OPOTEK, Vibrant LDII). The temporal width of the pump pulses 

was ~ 5 ns; the energy of the pulses exiting the OPO was controlled using neutral 

density filters. A Xe flash-lamp was used as a white light probe source, and a CCD array 
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detector enabled acquisition of transient data over the 400 - 800 nm wavelength domain. 

A PMT detector coupled to an oscilloscope allowed for high-resolution data acquisition 

in “kinetic mode.” Both the LP920 and Opotek OPO are computer interfaced and 

controlled by the L900 software. Transient spectra reported derive from data acquired 

over ~20-50 scans. Samples were prepared in 1 cm quartz cells and de-aerated by 

purging with argon for > 10 min, prior to excitation. Excited-state lifetimes were 

calculated via mono-exponential fitting using Origin 9.1 software. 

6.2.3.4 Electronic absorption and emission spectra 

Electronic absorption spectra were collected using a Shimadzu UV-1700 UV-VIS 

spectrophotometer or Cary 5000 spectrophotometer. Steady-state emission spectra were 

obtained on FLS920P spectrophotometer (Edinburgh Instruments Ltd. Livingston, UK) 

in 1 cm quartz optical cells. The steady-state emission spectra were corrected using the 

correction factor generated by the manufacturer.  

6.2.4 Protein NMR solution structure determination 

NMR spectra were recorded at 298K on a Bruker Avance II spectrometer 

equipped with cryogenic probe.  Sequence specific backbone (1HN, 15N, 13Cα, 13CO) and 

13Cβ resonance assignments were obtained by using 3D HNCACB / CBCA(CO)NH and 

3D HNCO / CO(CA)NH along with the program AUTOASSIGN312. 1Hα and 1Hβ 

assignments were extended by 3D HAHB(CO)NH experiment and more peripheral side 

chain chemical shifts were assigned with aliphatic 3D CCH-TOCSY (mixing time: 75 ms)  
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and simultaneous 3D 15N/13Caliphatic/13Caromatic-resolved [1H,1H]-NOESY(mixing time: 120 

ms). Overall, assignments were obtained for 98.1% of the backbone (excluding the N-

terminal NH3+) and 13Cβ, and for 97% of the side chain chemical shifts (excluding Lys 

NH3+, Arg NH2, OH, side chain 13CO and aromatic 13Cγ). All spectra were processed and 

analyzed with the programs NMRPIPE and XEASY, respectively 313, 314.  1H-1H upper 

distance limit constraints for structure calculations were extracted from NOESY (Table 

7). In addition, backbone dihedral angle constraints were derived from chemical shifts 

using the program TALOS for residues located in well-defined secondary structure 

elements315. The programs CYANA were used to assign long-range NOEs and calculate 

the current structure 316, 317. NMR structure quality was assessed with the Protein 

Structure Validation Software Suite (PSVS) 318 (Table 7).  
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Figure 84: 2D 15N-HSQC spectrum acquired for the designed protein (0.78 mM) 
at 298K, 100 mM Na phosphate, pH 7.5, in 5% D2O. Resonance assignments are 

indicated using the one-letter amino acid code. Signals arising from side chains (Asn 
HD2/ND2, Gln HE2/NE2, Arg HE/NE and Trp HE1/NE1) are also labeled.  

 

Table 7: Statistics of the holo-Trp355 designed protein (1-109) NMR Structure 

Conformationally-restricting distance constraints  

Intraresidue [i = j] 466 

Sequential [|i – j| = 1] 520 

Medium Range [1 < |i – j| < 5] 511 

Long Range [|i – j| > 5] 562 

Protein-porphyrin 18 

Total 2077 

Dihedral angle constraints (φ/ψ) (96/96) 

Number of constraints per residue 19.2 

Number of long-range distance constraints per residue 5.2 

CYANA target function [Å2] 0.35 + 0.05 

Average number of distance constraints violations per CYANA conformer  

0.2 – 0.5 Å 0.0 
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> 0.5 Å 0.0 

Average number of dihedral-angle constraint violations per CYANA conformer  

> 5° 0.0 

Average RMSD to the mean coordinates [Å]  

Regular secondary structure elementsa, backbone heavy atoms 0.34 ± 0.06 

Regular secondary structure elementsa, all heavy atoms 1.16 ± 0.14 

All backbone heavy atoms 0.78 ± 0.17 

All heavy atoms 1.62 ± 0.24 

Average RMSD to the model [Å] 1.05 ± 0.09 

Ramachandran plot summary c [%]  

most favored regions 99.4 

Additionally allowed regions 0.6 

generously allowed regions 0.0 

disallowed regions 0.0 

_____________________________________________________________________________________________________________________________________________________ 

a Residues 5-26, 29-52, 58-81, 84-106. 

 

6.3 Results 

6.3.1 (CF3)4PZn as a model photo-oxidant 

Sigma-electron-withdrawing fluoroalkyl groups appended to the meso-carbons 

of a porphyrin framework greatly stabilize the frontier molecular orbitals of the 

porphyrin.  Consequently, the electron-deficient porphyrin (CF3)4PZn (see Figure 93a for 

chemical structure) retains the spectroscopic hallmarks (large oscillator strength S0→S2 

absorption near 420 nm and weaker S0→S2 absorption near 600 nm, see Figure 112) of 

more electron-rich porphyrins, but its one-electron reduction is comparatively facile.  

The fluorine atoms of the fluoromethyl groups impart a ruffled geometry to the 

porphyrin macrocycle (see Figure 128b), a consequence of the relief of steric clashes 

between the fluorine atoms and nearby beta-hydrogens.  The excited-state reduction 
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potential (1.56 V vs NHE, Figure 80) of (CF3)4PZn,310 along with its S1 excited-state 

lifetime of 720 ps (Figure 88), are ideal properties for photo-triggering ultrafast hole-

transfer reactions.  Coordination of the Zn by N-methylimidazole (N-MI) does not 

appreciably affect the porphyrin’s photophysics (see Figure 87 and Figure 89), 

convenient for axial ligation of the Zn by histidine (His) in a de novo designed protein. 

The excited-state lifetime of (CF3)4PZn, like many other porphyrins, is only weakly 

dependent on solvent (Figure 90).  The majority of S1 excited-state deactivation occurs 

via intersystem crossing to the T1 triplet state, which decays slowly (37 and 187 µs time 

constants) in oxygen-free environments (Figure 91) and more quickly (910 ns) in oxygen-

rich environments (Figure 92), consistent with diffusion-limited triplet quenching by 

molecular oxygen.  (CF3)4PZn is soluble in most organic solvents, with dielectric 

constants ranging from 2.4 (toluene) to 47 (dimethyl sulfoxide, DMSO), but is insoluble 

in water.   

The pump-probe transient absorption spectra of (CF3)4PZn in toluene (Figure 85) 

show characteristic ground-state bleaching bands at 427 and 560 nm, as well as weak, 

stimulated emission at 660 nm.  The S1→SN transient absorptions of (CF3)4PZn, evident in 

the early time delay spectra in Figure 85 at 480 nm and broadly at 720 nm, evolve to 

T1→TN absorptions characteristic of the (CF3)4PZn lowest energy triplet state (cyan 

spectrum).  (CF3)4PZn exhibits only weak, broad S1→SN transient absorptions in the 

Near-IR spectra window (Figure 85, inset), and these absorptions are absent for the 



 

252 

triplet state.  The transient dynamics show a mono-exponential 680 ps time scale of 

excited-state evolution (Figure 86), consistent with S1→T1 intersystem crossing as 

measured by fluorescence decay (Figure 88). Addition of 1% N-MI only slightly perturbs 

the kinetics relative to neat solvent (Figure 87), seen by a new, small amplitude rise 

component (4 ps) and faster excited-state evolution to the triplet manifold (640 ps).   

One of the most tantalizing spectroscopic properties of (CF3)4PZn is its distinct 

one-electron-reduced ((CF3)4PZn�−) anion absorption spectrum (Figure 93a).  In the 

electron-donating solvent N,N-dimethylaniline (N,N-DMA), S0→S1 electronic excitation 

of (CF3)4PZn results in quantitative production of (CF3)4PZn�−.  (For each (CF3)4PZn�− 

anion there is a corresponding N,N-DMA�+ cation, which is only weakly absorbing 

around 480 nm,319 and so is buried by the intense excited-state absorption of the 

porphyrin in this spectral region.)  (CF3)4PZn�− exhibits characteristic absorptions 

centered at 670 and 900 nm (Figure 93).  The transient absorption at 900 nm is an 

attractive spectroscopic handle for the formation of (CF3)4PZn�−, as this region is rarely 

spectrally congested, allowing for an unequivocal assignment.  For example, in DMSO, 

with highly concentrated 3-methylindole (3MI), the (CF3)4PZn�− signal at 900 nm can be 

readily discerned (Figure 94).  However, such high concentrations of 3-MI were 

necessary for this bimolecular hole-transfer reaction in order to compete with diffusion 

of the reactants during the ~ 720 ps excited-state lifetime of 1(CF3)4PZn*.  To circumvent 
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diffusion, a linked (CF3)4PZn-Phenyl-3MI was synthesized to study photo-induced hole 

transfer in a well-defined donor-bridge-acceptor framework (see next section).   
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Figure 85: Pump-probe transient absorption spectra at various time delays for 
S0→S1 excitation of (CF3)4PZn in toluene. The Near-IR spectral window is shown as an 

inset. 
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Figure 86: Pump-probe transient absorption traces at various wavelengths for 
S0→S1 excitation of (CF3)4PZn in toluene.  These kinetics were globally fit to a mono-

exponential function.   
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Figure 87: Pump-probe transient absorption traces at various wavelengths for 
S0→S1 excitation of (CF3)4PZn in 99:1 toluene/N-methylimidazole (N-MI).  These 
kinetics were globally fit to a bi-exponential function.  The longer time constant 

carries > 90% of the amplitude at each wavelength. 
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Figure 88: Time-resolved emission of (CF3)4PZn in toluene, following S0→S2 

excitation.  Green trace shows a mono-exponential fit, and corresponding residuals in 
red. 

 

 



 

257 

0 1 2 3 4 5
0

800

1600

2400

-10
-5
0
5
10

 Emission intensity
 Mono-exp fit
 IRF

In
te

ns
ity

 (c
ou

nt
s)

Time (ns)

R
es

id
ua

l

(CF3)4PZn in toluene / 1% N-MI

λex = 405 nm

λem = 590-690 nm 

τf = 716 ps

 

Figure 89: Time-resolved emission of (CF3)4PZn in 99:1 toluene/N-
methylimidazole (N-MI), following S0→S2 excitation.  Green trace shows a mono-

exponential fit, and corresponding residuals in red.  
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Figure 90: Time-resolved emission of (CF3)4PZn in DMSO, following S0→S2 

excitation.  Green trace shows a mono-exponential fit, and corresponding residuals in 
red. 
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Figure 91: Nanosecond-millisecond transient absorption of (CF3)4PZn in 
oxygen-free toluene. Inset shows the bi-exp fit to the decay kinetics measured at 427 

nm. 
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Figure 92: Nanosecond-millisecond transient absorption of (CF3)4PZn in 
oxygen-rich toluene is fit to a mono-exponential function. 
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Figure 93: The (CF3)4PZn�	  anion shows distinct spectroscopic absorption 
bands.  a, (CF3)4PZn S1→SN spectrum in THF (red, dashed) compared with 

(CF3)4PZn�	  anion spectrum (black) transiently generated by S0→S1 photoexcitation of 
(CF3)4PZn in electron-donating N,N-dimethylaniline (N,N-DMA) solvent. b, 
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(CF3)4PZn-Ph S1→SN spectrum in THF (blue, dashed) compared with (CF3)4PZn-Ph�	  
anion spectrum (black) transiently generated by S0→S1 photoexcitation of (CF3)4PZn-
Ph in electron-donating N,N-DMA solvent. Chemical structures are shown as insets. 

 

500 600 700 800 900 1000 1100

-10

0

10

20

30

40

50

60 In DMSO/ 3-methylindole:
[3-methylindole] = 10 M
λex = 610 nm
Pex = 410 nJ/pulse

In THF:
λex = 610 nm
Pex = 410 nJ/pulse

In DMA:
λex = 560 nm
Pex = 720 nJ/pulse

∆A
 (m

O
D

)

Wavelength (nm)

 (CF3)4PZn in N,N-DMA at 6.7 ps
 scaled (CF3)4PZn in THF at 5.8 ps
 scaled (CF3)4PZn in 

         DMSO / 3-methylindole at 6.1 ps

 

Figure 94: Spectroscopic evidence of (CF3)4PZn photo-oxidation of 3-
methylindole. Comparison of pump-probe spectra of (CF3)4PZn in THF (orange), N,N-

DMA (blue), where the (CF3)4PZn�	  anion is quantitatively produced upon photo-
excitation, and a 10 M 3-methylindole solution in DMSO (purple). The purple 

spectrum can be seen as a superposition of the blue and orange spectra, indicating a 
mixture of 1(CF3)4PZn* and (CF3)4PZn�	  states present in solution at this time delay 

after S0→S1 photo-excitation of the porphyrin. Experimental conditions noted as 
insets. Magic angle polarization. T=21°C.!
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6.3.2 Solvent-dependent photo-induced hole transfer in (CF3)4PZn-Ph-
MeIndole 

Fast (< 1 ns) photoinduced hole transfer reactions are best studied in covalently 

linked molecular frameworks that circumvent diffusion of reactants.  To mimic hole 

transfer from (CF3)4PZn to a Trp residue, (5,10,15,20-Tetrakis(trifluoromethyl)-8-[4-(3-

methyl-1H-indol-5-yl)phenyl]porphinato)zinc(II) ((CF3)4PZn-Ph-MeIndole, see chemical 

structure in Figure 99b) covalently links the electron-deficient porphyrin (CF3)4PZn to a 

Trp analog, 3-methylindole, via a phenyl bridge. Pump-probe experiments show that the 

excited-state lifetime of (CF3)4PZn-Ph-MeIndole, upon optically pumping the localized 

S0→S1 transition of the  (CF3)4PZn moiety (1(CF3)4PZn*-Ph-MeIndole ), is shortened 

relative to a control compound without 3-methylindole, ([5,10,15,20-

Tetrakis(trifluoromethyl)-8-phenyl]porphinato)zinc(II) ((CF3)4PZn-Ph, see chemical 

structure in Figure 93b). Figure 95 and Figure 96 show transient absorption spectra and 

kinetics of (CF3)4PZn-Ph in THF.  The S1 excited state of (CF3)4PZn-Ph decays more 

quickly (570 ps time constant) than that of (CF3)4PZn (680 ps), but retains the same 

spectral features (compare Figure 85 with Figure 95).  Conversely, 1(CF3)4PZn*-Ph-

MeIndole decays more quickly (73 ps time constant) than that of (CF3)4PZn-Ph in THF; 

however, the lack of spectral features characteristic of the [(CF3)4PZn-Ph]�− (see Figure 

93b) indicates that the concentration of the charge-separated state does not accumulate, 

i.e., the charge-recombination reaction is faster than the charge-separation reaction.  

Similar experiments in other solvents of varying dielectric show that the charge-
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separation time constant (taken as the decay time of the S1→SN transient spectra) is very 

sensitive to solvation environment (Figure 99).  Indeed, in low dielectric solvents, charge 

separation from 1(CF3)4PZn*-Ph-MeIndole to −�[(CF3)4PZn-Ph]-MeIndole�+ is slow (e.g., 

380 ps time constant in 1,4-dioxane). The rate increases (time constant decreases) as the 

solvent dielectric increases (Figure 99b), indicating that the solvation energy of the 

charge-separated state may be modulating the driving force (−ΔG) of the hole-transfer 

reaction:  High dielectric solvents such as DMSO stabilize a charge to a larger extent 

than do low dielectric solvents.  Figure 100 shows the bi-exponential, ultrafast decay of 

emission from 1(CF3)4PZn*-Ph-MeIndole in DMSO (20 ps average time constant) as this 

state evolves to the non-emissive −�[(CF3)4PZn-Ph]-MeIndole�+ charge-separated state.     
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Figure 95: Pump-probe transient absorption spectra at various time delays for 
S0→S1 excitation of (CF3)4PZn-Ph in THF. The Near-IR spectral window is shown as an 

inset. 
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Figure 96: Pump-probe transient absorption traces at various wavelengths for 
S0→S1 excitation of (CF3)4PZn-Ph in THF. These kinetics were globally fit to a bi-

exponential function.  Respective amplitudes (Ai) are labeled as insets. 
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Figure 97: Pump-probe transient absorption spectra at various time delays for 
S0→S1 excitation of (CF3)4PZn-Ph-MeIndole in THF. The Near-IR spectral window is 

shown as an inset. 
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Figure 98: Pump-probe transient absorption traces at various wavelengths for 
S0→S1 excitation of (CF3)4PZn-Ph-MeIndole in THF. These kinetics were globally fit to 

a bi-exponential function.  Respective amplitudes (Ai) are labeled as insets. 
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Figure 99: Photo-induced hole transfer in (CF3)4PZn-Ph-MeIndole is solvent 
dependent.  a, Single wavelength traces, offset for clarity, showing the decay of the 

transient absorption signal of (CF3)4PZn-Ph-MeIndole at 525 nm for several different 
solvents, with dielectric constant labeled on the right. The charge-separation time 

constants (τCS) are taken as the time constant of excited-state decay, due to the rate of 
charge recombination exceeding that of charge separation.  b, Plot of the hole transfer 

time constant (τCS) of (CF3)4PZn-Ph-MeIndole vs dielectric constant. These 
experiments excited the S0→S1 transition of (CF3)4PZn between 600-620 nm.  
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Figure 100: Fluorescence up-conversion data of (CF3)4PZn-Ph-MeIndole in 
DMSO.  The kinetic trace was fit to a bi-exponential.  Relative amplitudes are shown 

in parenthesis.   

 

6.3.3 Apo- and holo-structures of Trp355 

The de novo design of a structurally characterized porphyrin-binding protein has 

been a long-standing goal in the field.  We solved the NMR solution structures of the 

apo- and holo-forms of the de novo designed protein Trp355, which binds an abiological 

porphyrin (CF3)4PZn.  Figure 101a shows the 20-member NMR ensemble of apo-Trp355, 

aligned to the backbone atoms of residues 12-41 and 64-100 of the lowest-energy model.  

The models show structural variability in the loop region near the N and C termini, 

where the porphyrin binds to a coordinating His46 residue.  Figure 101b shows the mean 

NMR structure of apo-Trp355, with tube thickness proportional to the root mean square 
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deviation (RMSD) of the backbone atoms for each residue in the ensemble.  The 

holoprotein exhibits less structural heterogeneity than the apo (Figure 101c, e, d, and f), 

with a backbone RMSD to the mean structure of 0.95 ± 0.1 vs 1.57 ± 0.4 for apo-Trp355 

(calculated in the MolMol program for backbone atoms of all residues).     

The acquired NMR HSQC data for the apo- and holo-proteins (Figure 102a) 

shows that, in the apoprotein, the section of the bundle where the porphyrin binds 

(residues 50-68) fluctuates on timescales in the millisec-to-sec range.  The holo-protein 

does not exhibit similar fluctuations, indicating that porphyrin binding greatly rigidifies 

the bundle on these timescales.  Surprisingly, backbone order parameters (Figure 102b), 

based on predictions of chemical shift data, show that the apo and holo proteins display 

similar dynamics on the ps-ns timescales.   

The lowest energy NMR structure of holo-Trp355 shows excellent agreement 

with the designed model (backbone RMSD = 1.1 Å, Figure 103).  Most interior sidechains 

achieved their designed rotamer state.  Notably, a key, designed H-bond was achieved 

between threonine 9 (Thr9) and His46, although Rosetta failed to predict the interaction 

(Figure 103c, gray).  The Thr9---His46 H-bond was intended to position His46 

appropriately for Zn coordination of the porphyrin.  

As targeted in the Rosetta design protocol, the holoprotein is tightly packed, with 

interior hydrophobic sidechains interdigitating to form a well-defined core (Figure 104).  

The interior of holo-Trp355 is rich in Phe residues (6 total), 4 of which, shown in Figure 
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105, fill the cavity left vacant by the deletion of the large Ru(terpyridyl)2 moiety of 

RuPZn from the initial SCRPZ-2 protein model on which these designs were based (see 

Figure 79).293 The remaining 2 Phe residues are part of the (CF3)4PZn binding site near 

the bundle termini (Figure 106).  The immediate environment surrounding His46-

coordinated (CF3)4PZn is dominated by hydrophobic residues, although a surface 

Arg/Asp salt bridge (Arg102/Asp11 and Arg47/Asp66) flanks the porphyrin on either side 

(Figure 106).   

The orientation of the porphyrin in the bundle also agrees well with the intended 

design (Figure 103).  Indeed, the ruffled geometry of the (CF3)4PZn macrocycle aligns 

with the superhelical twist of the bundle (Figure 106), perhaps facilitating its binding. 

(The planar Zn-tetraphenyl-porphyrin (ZnTPP) binds Trp355 very weakly, relative to 

(CF3)4PZn, based on the measured 427 nm:290 nm optical density ratio of the electronic 

absorption spectra of holo-(CF3)4PZn-Trp355 and holo-ZnTPP-Trp355 recorded after 

carrying out the porphyrin-binding protocol described in the Methods section above.)  

(CF3)4PZn binds within vdW contact of nearby Trp68 (Figure 106 and see Figure 

128), which is buried in the hydrophobic interior of Trp355.  Figure 103 emphasizes the 

achievement of the design methodology to correctly predict the relative geometries of 

(CF3)4PZn and Trp68 in the protein core.  Such a close-contact geometry positions Trp68 to 

be photo-oxidized by electronically excited 1(CF3)4PZn*. 
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The backbone geometry of holo-Trp355 closely adheres to established coiled-coil 

design principles.309 Crick parameterization (Figure 108) describes a coiled-coil 

geometry by only a few variables, such as superhelical radius (R0), superhelical 

frequency (ω0), helical radius (R1), helical frequency (ω1), chain axial offset (ΔZoff), chain 

superhelical phase offset (Δφ0), and starting helical phase (Δφ1).309  Fits of these 

variables to the lowest energy NMR models of holo- and apo-Trp355 were performed via 

Gevorg Grigoryan’s online server CCCP (see Table 8, Table 9, and Table 10).309 Figure 

109 shows the lowest-energy holo-Trp355 model (gray and orange) with the 

corresponding Crick-idealized backbone (green), which has a small Cα RMSD of 0.84 Å.  

The lowest-energy NMR model of the more loosely packed, structurally variable apo-

Trp355 deviates from a Crick-ideal backbone more so than does holo-Trp355 (Figure 

110), but the agreement is still high (Cα RMSD of 1.4 Å, see Table 9).  However, the 

second-lowest-energy NMR model of apo-Trp355, with an overall Cα RMSD of 2.0 Å, 

significantly deviates from a Crick-ideal backbone near the porphyrin binding site, 

particularly for the helix containing residues 59-69 (Figure 111).  This region of apo-

Trp355 shows millisecond-to-second fluctuations that are absent in the holoprotein (see 

Figure 102).  
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Figure 101: Comparison of 20-member apo- and holo-ensembles of Trp355.  a, 
backbone ensemble of apo-Trp355 aligned to the lowest energy NMR model via the 

backbone atoms of residues 12-41 and 64-100. c, e, backbone ensemble of holo-Trp355 
aligned to the lowest energy NMR model via the backbone atoms of residues 12-41 

and 64-100. The location of the porphyrin is shown in cyan in e, f. b, d, f, RMSD of the 
20 lowest energy NMR structures to the mean structure as the tube radius (b, apo; d, f, 
holo). The N and C termini are labeled.  Residues 108 and 109 are not shown in b, d, f. 
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Figure 102: Comparison of de novo designed apo- and holo-proteins. a, 
Relative HSQC peak volume as a function of protein residue. b, Backbone order 

parameter (S2) as a function of protein residue. 
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Figure 103: Structural agreement between the NMR model and design.  a,b, 
The backbone atoms of the lowest energy NMR model (rainbow color) were aligned 
to those of the design (gray). (Backbone atoms of residues 1-107 of the design were 

aligned to those of residues 2-108 of the lowest energy model using the pair_fit 
function in PyMol. The offset is due to the addition of a leading N-terminal Ser in the 
expressed protein, a remnant from TEV protease cleavage.)  c, A close-up view of the 

Thr9-His46 hydrogen bond, which was targeted by computational design. 
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Figure 104: Holo-Trp355 is tightly packed.  a, b, Views of the wide helical 
interface, showing hydrophobic residues in white, Trp68 in orange, and the porphyrin 

with coordinating His46 in green. c, d, Views of the narrow helical interface. 

 

 

Figure 105: The interior of holo-Trp355 is rich in aromatic residues.  A cluster 
of Phe and Trp is shown which packs intimately with hydrophobic Leu sidechains.   
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Figure 106: Protein environment surrounding (CF3)4PZn in holo-Trp355. a, c, 20 
lowest-energy NMR models of holo-Trp355. b, d, lowest-energy NMR model of holo-

Trp355. a-d, Yellow residues are hydrophobic; Trp68 is orange; positively charged 
residues are blue; negatively charged residues are magenta; polar, uncharged residues 

are cyan; porphyrin and coordinating His46 are green. 
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Figure 107: The ruffled geometry of the (CF3)4PZn porphyrin aligns with the 
superhelical twist of the protein bundle.  a, b, Views of the porphyrin framework 

relative to the bundle superhelical twist are highlighted in blue. 
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Figure 108: Visual representation of parameters used in coiled-coil fitting. 

Geometrical meanings of the superhelical radius (R0), the helical radius (R1), the 
superhelical frequency (ω0), the helical frequency (ω1), chain axial offset (ΔZoff), chain 
superhelical phase offset (Δϕ0), and starting helical phase (Δϕ1) are shown. The green 
tube represents the interfacial axis. Orange curves depict local helical axes, which in a 
coiled coil form a superhelix. The gray tube represents the helical curve, which passes 
through Cα atoms. Orange balls show the inward-facing points on the helical curves 
(not necessarily corresponding to locations of atoms) defined as points with helical 

phase of π. The distance along the interfacial axis between an inward-facing point on 
one helix and its closest counterpart on the opposite helix is defined as ΔZoff, with 
sign indicating the order of the two points, relative to N→C of the first helix. The 

depicted case is an anti-parallel coiled coil with a positive ΔZoff of 2.4 Å. Figure 
reprinted from ref 309 with permission from Elsevier, Copyright 2011. 
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holo-Trp355 (NMR model 1)

 

Figure 109: The lowest-energy NMR model of holo-Trp355 conforms to 
established design principles. Shown are multiple views of the lowest energy holo-
Trp355 model (gray backbone, orange sidechains), with a superimposed Crick-ideal 

backbone (green) derived from a Crick parameterization of holo-Trp355 (helical 
residues 3-25, 30-52, 59-81, 85-107).  (CF3)4PZn is shown in purple. 
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apo-Trp355 (NMR model 1)

 
Figure 110: The lowest-energy NMR model of apo-Trp355 is well-described by 

a Crick parameterization. Shown are multiple views of the lowest energy apo-Trp355 
model (gray backbone, orange sidechains), with a superimposed Crick-ideal 

backbone (green) derived from a Crick parameterization of apo-Trp355 (helical 
residues 3-25, 30-52, 59-81, 85-107).  
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apo-Trp355 (NMR model 2)

 
Figure 111: The second-lowest-energy NMR model of apo-Trp355 shows 

deviation from a Crick-ideal backbone. Shown are multiple views of the second-
lowest energy apo-Trp355 model (gray backbone, orange sidechains), with a 

superimposed Crick-ideal backbone (green) derived from a Crick parameterization of 
apo-Trp355 (helical residues 3-25, 30-52, 59-81, 85-107). Only one of the four helices of 

apo-Trp355 greatly deviates from Crick-ideal backbone, most visible between 
residues Thr59 and Val69, labeled. 

 
 

Table 8: Best-fit Crick parameters309 for lowest energy NMR model of holo-
Trp355, helical residues 3-25, 30-52, 59-81, 85-107  

R0 (Å)  7.957 
R1 (Å)  2.273 

ω0 (°/res)  -3.019 
ω1 (°/res)  102.244 

α (°)  -16.308 
φ1 for chain A (°)  -161.844 
φ1 for chain B (°)  -53.276 
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φ1 for chain C (°)  -66.837 
φ1 for chain D (°)  -50.934 

Δφ0 for chain B (°)  -76.201 
Δφ0 for chain C (°)  176.955 
Δφ0 for chain D (°)  101.344 

starting heptad position for chain A  a 
starting heptad position for chain B  b 
starting heptad position for chain C  b 
starting heptad position for chain D  b 

pitch (Å)  170.892 
rise per residue (Å)  1.493 
ΔZoff for chain B (Å)  -0.826 
ΔZaa' for chain B (Å)  4.130 
ΔZoff for chain C (Å)  0.632 
ΔZaa' for chain C (Å)  0.608 
ΔZoff for chain D (Å)  -0.978 
ΔZaa' for chain D (Å)  3.971 

absolute Zoff for chain B (Å)  0.759 
absolute Zoff for chain C (Å)  1.963 
absolute Zoff for chain D (Å)  0.554 

RMSD  0.801 Å 
fit CA-CA distance  3.77 

 
 

Table 9: Best-fit Crick parameters309 for lowest energy NMR model of apo-
Trp355, helical residues 3-25, 30-52, 59-81, 85-107 

R0 (Å)  8.039 
R1 (Å)  2.232 

ω0 (°/res)  -1.949 
ω1 (°/res)  101.218 

α (°)  -10.616 
φ1 for chain A (°)  -139.588 
φ1 for chain B (°)  -45.943 
φ1 for chain C (°)  -26.104 
φ1 for chain D (°)  -23.750 

Δφ0 for chain B (°)  -78.405 
Δφ0 for chain C (°)  -175.070 
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Δφ0 for chain D (°)  93.672 
starting heptad position for chain A  a 
starting heptad position for chain B  b 
starting heptad position for chain C  b 
starting heptad position for chain D  f 

pitch (Å)  269.485 
rise per residue (Å)  1.485 
ΔZoff for chain B (Å)  -2.417 
ΔZaa' for chain B (Å)  2.468 
ΔZoff for chain C (Å)  0.258 
ΔZaa' for chain C (Å)  5.105 
ΔZoff for chain D (Å)  -1.753 
ΔZaa' for chain D (Å)  2.968 

absolute Zoff for chain B (Å)  -0.585 
absolute Zoff for chain C (Å)  1.894 
absolute Zoff for chain D (Å)  -0.376 

RMSD  1.413 Å 
fit CA-CA distance  3.71 

 
 
Table 10: Best-fit Crick parameters309 for second-lowest energy NMR model of 

apo-Trp355, helical residues 3-25, 30-52, 59-81, 85-107 

R0 (Å)  8.210 
R1 (Å)  2.216 

ω0 (°/res)  -1.668 
ω1 (°/res)  100.695 

α (°)  -9.395 
φ1 for chain A (°)  -133.729 
φ1 for chain B (°)  -35.690 
φ1 for chain C (°)  -14.516 
φ1 for chain D (°)  -15.592 

Δφ0 for chain B (°)  -72.003 
Δφ0 for chain C (°)  -165.632 
Δφ0 for chain D (°)  87.251 

starting heptad position for chain A  a 
starting heptad position for chain B  b 
starting heptad position for chain C  f 
starting heptad position for chain D  f 
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pitch (Å)  311.756 
rise per residue (Å)  1.464 
ΔZoff for chain B (Å)  2.496 
ΔZaa' for chain B (Å)  -2.559 
ΔZoff for chain C (Å)  0.397 
ΔZaa' for chain C (Å)  0.547 
ΔZoff for chain D (Å)  -0.566 
ΔZaa' for chain D (Å)  -0.621 

absolute Zoff for chain B (Å)  -0.890 
absolute Zoff for chain C (Å)  2.107 
absolute Zoff for chain D (Å)  0.813 

RMSD  2.025 Å 
fit CA-CA distance  3.68 

 
 

6.3.4 Photophysics of holo-Trp355 

The photophysics of (CF3)4PZn bound in the interior of Trp355 closely resembles 

its photophysics in organic solvent, despite the close proximity of a potential excited-

state quencher (Trp68).   In the experiments described below, photo-induced hole transfer  

[1(CF3)4PZn*/Trp68 → (CF3)4PZn�−/Trp68�+] was not observed in holo-Trp355. 

(CF3)4PZn, bound in the structurally well-defined interior of Trp355, displays an 

electronic absorption spectrum sharply peaked in the Soret (S0→S2) region near 425 nm 

(Figure 112).  Both the Soret and Q (S0→S1) bands of (CF3)4PZn, are redshifted in Trp355, 

relative to their absorptions in non-coordinating toluene solvent.  Coordination of Zn by 

His46 destabilizes the occupied frontier molecular orbitals of (CF3)4PZn, causing a red 

shift of the spectrum. Excitation of (CF3)4PZn/Trp355 into its S1 or S2 manifolds leads to 

emission from the S1 state (Figure 112, right inset), which is unquenched (although 
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redshifted by 6 nm, commensurate with His46 coordination) relative to that evinced in 

toluene.  Excitation of the indole sidechain of Trp68 at 280 nm (Figure 112, left inset) or 

295 nm in holo-Trp355 exhibits a Trp68 emission spectrum that is blue-shifted by 3 nm 

relative to that of Trp68 in apo-Trp355.  The blue-shift in Trp68 emission upon binding of 

(CF3)4PZn supports a body of data (see above) that holo-Trp355 is more tightly packed 

than the apoprotein (i.e., Trp68 is imbedded in a more hydrophobic environment in the 

holo relative to apoprotein, driving the blue shift in its emission spectrum.). 

Any excited-state reaction, such as photoinduced hole transfer, that depletes the 

population of the emissive 1(CF3)4PZn* state (e.g., by evolving to a charge-separated 

state) will necessarily result in a decrease in steady-state emission intensity, as well as a 

shorter fluorescence lifetime.  Fluorescence of electronically excited 1(CF3)4PZn*/Trp355 

decays mono-exponentially with a 716 ps time constant (Figure 113), which differs little 

from that in toluene (723 ps, see Figure 88), indicating a lack of any additional excited-

state deactivation process of 1(CF3)4PZn*  in holo-Trp355.  The pump-probe transient 

absorption spectra of (CF3)4PZn/Trp355 in buffer (Figure 114) closely resemble that of 

(CF3)4PZn in toluene (Figure 85), and show no spectral signatures (peaks at 550 nm, 680 

and 900 nm) of a (CF3)4PZn�−/Trp68�+ charge-separated state.  Unlike (CF3)4PZn in 99:1 

toluene/N-MI (Figure 87), the transient dynamics of 1(CF3)4PZn*/Trp355 contain an 

additional decay component (25 ps, Figure 115), the assignment of which is unclear at 

the present time.   
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Temperature melt experiments show a highly stable holo- and apo-Trp355, even 

at temperatures > 95°C (Figure 116).  Indeed, pump-probe spectra and dynamics of 

(CF3)4PZn/Trp355 at 100°C (Figure 117 and Figure 118) showed no appreciable 

differences relative to data obtained at 21°C (Figure 114 and Figure 115). The addition of 

> 1 M Guanidinium HCl (GnHCl) denaturant, in conjunction with high temperature, is 

necessary to bring about the loss of helical secondary structure and unfold the 

thermodynamically stable Trp355.  The addition of 3 M GnHCl to a buffer solution of 

(CF3)4PZn/Trp355 resulted in a slight decrease in ground-state electronic absorption 

(likely due to unbinding and subsequent loss of the water-insoluble (CF3)4PZn), but 

evinced nearly identical transient dynamics as that shown in denaturant-free buffer 

(Figure 119).  Elevating the temperature of the 3 M GnHCl (CF3)4PZn/Trp355 sample to 

90°C resulted in further loss of ground-state electronic absorption signal, but effected no 

significant change in the 1(CF3)4PZn*/Trp355 transient dynamics (Figure 121) relative to 

that shown denaturant-free buffer at 21°C (Figure 120).  Finally, elevating pH from 7.5 to 

10.3 (Figure 122) did not show a change in the emission intensity of 1(CF3)4PZn*/Trp355, 

while increasing the pH further to 13 showed a broadening and weakening of the 

electronic absorption bands of (CF3)4PZn, and a corresponding broadening of emission 

bands and decrease of emission intensity, possibly due to hydrolysis of the protein or 

nucleophilic attack of OH− on the porphyrin macrocycle. 
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    Excitation of Trp68 at 280 nm could provide additional driving force and a 

longer time window relative to 1(CF3)4PZn* for photo-induced electron transfer from 

Trp68 to (CF3)4PZn. The 1Trp68* excited state is higher in energy than 1(CF3)4PZn* and has 

a longer excited-state lifetime (1 ns and 5 ns components vs 720 ps, respectively) (Figure 

123).  However, experimental complications arise when considering nearly equal 

extinction coefficients of (CF3)4PZn and Trp68 at 280 nm (leading to unselective photo-

excitation), the possibility of excitation energy transfer from Trp68 to (CF3)4PZn as a 

kinetic pathway competing with electron transfer, and the increased electrophilicity of 

the high-energy S3 excited state of (CF3)4PZn that may drive irreversible chemical 

reactions with electron-rich solvents.  As a result, transient absorption experiments that 

excited Trp68 at 280 nm did not provide conclusive evidence of photoinduced charge 

separation in holo-Trp355.  However, the similar fluorescence lifetime of Trp68 in both 

apo- and holo-Trp355 (Figure 123 and Figure 124) provides further experimental 

corroboration that the fast-time-scale protein dynamics between the apo- and holo-

proteins are very similar (see Figure 102b), if these time constants can be correlated with 

Trp68 sidechain motions.  A small decrease in the longer fluorescence decay lifetime in 

holo-Trp355—5.3 ns in apo vs 4.7 ns in holo—may indeed be due to the desired electron 

transfer functionality (as excitation spectra of holo-Trp355 show no evidence for energy 

transfer from Trp68 to (CF3)4PZn), but the resulting population of the charge-separated 
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state was not detected by transient absorption experiments in the 200 fs – 4 ns time delay 

window.    

1(CF3)4PZn*/Trp355 undergoes intersystem crossing to its lowest energy triplet 

state (3(CF3)4PZn*/Trp355), which, in oxygen-free buffer, is long-lived (228 µs, Figure 

125).  Indeed, 3(CF3)4PZn*/Trp355 in oxygen-free buffer decays more slowly than 

3(CF3)4PZn* in oxygen-free toluene (bi-exponential decay, τ1 = 37 µs τ2 = 187 µs, see 

Figure 91 and Figure 92).  In oxygen-exposed buffer, 3(CF3)4PZn*/Trp355 also decays to 

the ground state more slowly than 3(CF3)4PZn* in oxygen-exposed toluene (42 µs vs 910 

ns, respectively), consistent with a buried 3(CF3)4PZn* shielded in the protein core from 

molecular oxygen quenchers (Figure 126).   
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Figure 112: Electronic absorption and emission spectra of apo- and holo-
Trp355. The insets show normalized emission spectra: (left) electronic excitation of 

Trp68  at 280 nm, monitoring Trp68 emission; (right) electronic excitation of (CF3)4PZn at 
405 nm, monitoring porphyrin emission.  

 



 

291 

0 1 2 3 4 5

0

200

400

600

800

1000

-10
-5
0
5
10

 Emission intensity
 Mono-exp fit
 IRF

In
te

ns
ity

 (c
ou

nt
s)

Time (ns)

holo-Trp355 in buffer

λex = 405 nm

λem = 590-690 nm 

τf = 716 ps
R

es
id

ua
l

 

Figure 113: Time-resolved emission of (CF3)4PZn bound in Trp355, following 
S0→S2 excitation.  Green trace shows a mono-exponential fit, and corresponding 

residuals in red.  Buffer = 50 mM NaPi / 100 mM NaCl / pH = 7.5. 
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Figure 114: Pump-probe transient absorption spectra at various time delays for 
S0→S1 excitation of (CF3)4PZn bound in Trp355 at T = 21°C. The Near-IR spectral 

window is shown as an inset. Buffer = 50 mM NaPi / 100 mM NaCl / pH = 7.5. 
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Figure 115: Pump-probe transient absorption traces at various wavelengths for 
S0→S1 excitation of (CF3)4PZn bound in Trp355 at T = 21°C. These kinetics were 

globally fit to a 3-exponential function.  Respective amplitudes (Ai) are labeled as 
insets. Buffer = 50 mM NaPi / 100 mM NaCl / pH = 7.5. 
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Figure 116: Mean residue ellipticity at 222 nm as a function of temperature for 
the holo-Trp355 (a) and apo-Trp355 (b) in 50 mM sodium phosphate, 150 mM NaCl, 

pH 7.5, at varying concentrations of GnHCl, labeled in the inset.   
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Figure 117: Pump-probe transient absorption spectra at various time delays for 
S0→S1 excitation of (CF3)4PZn bound in Trp355 at T = 100°C. The Near-IR spectral 

window is shown as an inset. Buffer = 50 mM NaPi / 100 mM NaCl / pH = 7.5. 
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Figure 118: Pump-probe transient absorption traces at various wavelengths for 
S0→S1 excitation of (CF3)4PZn bound in Trp355. These kinetics were globally fit to a 3-

exponential function.  Respective amplitudes (Ai) are labeled as insets. Buffer = 50 
mM NaPi / 100 mM NaCl / pH = 7.5. 
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Figure 119: Pump-probe transient absorption traces at various wavelengths for 
S0→S1 excitation of (CF3)4PZn bound in Trp355. These kinetics were globally fit to a 3-

exponential function.  Respective amplitudes (Ai) are labeled as insets. Buffer = 50 
mM NaPi / 100 mM NaCl / pH = 7.5 / 3M GnHCl. 
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Figure 120: Pump-probe transient absorption traces at various wavelengths for 
S0→S1 excitation of (CF3)4PZn bound in Trp355 at T = 21°C. These kinetics were 

globally fit to a 3-exponential function.  Respective amplitudes (Ai) are labeled as 
insets. Buffer = 50 mM NaPi / 100 mM NaCl / pH = 7.5. 



 

299 

-1 0 1 10 100 1000

-10

-5

0

0

3

6

9

0

3

6

9

-1 0 1 10 100 1000

0

3

6

 

  

 461 nm
 3exp fit

τ1 = 2.2 ± 0.1 ps
τ2 = 32 ± 3 ps
τ3 = 570 ± 60 ps

A1 = -4.2 ± 0.2
A2 = -2.3 ± 0.1
A3 = -1.7 ± 0.1

λex = 600 nm
Pex = 1 µJ / pulse
T = 90°C

A1 = 1.8 ± 0.2
A2 = 2.4 ± 0.1
A3 = 1.8 ± 0.1

A1 = 2.0 ± 0.1
A2 = 2.3 ± 0.1
A3 = 2.0 ± 0.1

 

∆A
bs

. (
m

O
D

)

 470 nm
 3exp fit

  

 510 nm
 3exp fit

A1 = 1.6 ± 0.2
A2 = 1.8 ± 0.1
A3 = 1.7 ± 0.1

holo-Trp355 in 3M GnHCl buffer

  

Time delay (ps)

 710 nm
 3exp fit

 

Figure 121: Pump-probe transient absorption traces at various wavelengths for 
S0→S1 excitation of (CF3)4PZn bound in Trp355 at T = 90°C and 3M denaturant. These 
kinetics were globally fit to a 3-exponential function.  Respective amplitudes (Ai) are 

labeled as insets. Buffer = 50 mM NaPi / 100 mM NaCl / pH = 7.5 / 3M GnHCl. 
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Figure 122: Electronic absorption and emission spectra of holo-Trp355 at 
various pH conditions.  The inset shows the porphyrin emission spectra after 

electronic excitation of (CF3)4PZn at 405 nm.  
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Figure 123: Time-resolved emission of Trp68 in apo-Trp355, following 280 nm 

excitation.  Green trace shows a bi-exponential fit (with relative amplitudes in 
parenthesis), and corresponding residuals in red. Buffer = 50 mM NaPi / 100 mM NaCl 

/ pH = 7.5. 
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Figure 124: Time-resolved emission of Trp68 in holo-Trp355, following 280 nm 

excitation.  Green trace shows a bi-exponential fit (with relative amplitudes in 
parenthesis), and corresponding residuals in red. Buffer = 50 mM NaPi / 100 mM NaCl 

/ pH = 7.5. 
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Figure 125: Nanosecond-millisecond transient absorption of holo-Trp355 in 
oxygen-free buffer. Inset shows the mono-exp fit to the decay kinetics measured at 

427 and 460 nm. Buffer = 50 mM NaPi / 100 mM NaCl / pH = 7.5. 
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Figure 126: Nanosecond-millisecond transient absorption of holo-Trp355 in 
oxygen-rich buffer. Inset shows the mono-exp fit to the decay kinetics measured at 

427 and 460 nm. Buffer = 50 mM NaPi / 100 mM NaCl / pH = 7.5. 

6.4 Discussion 

6.4.1 Open and closed apoprotein conformations for porphyrin 
binding 

The apo- and holo-Trp355 NMR structure ensembles provide clues concerning 

possible conformational fluctuations of the protein that are important for porphyrin 

binding.  The apo-Trp355 NMR ensemble can be portioned into 2 groups with 

conformations defined by bending of the helix comprising residues 59-81 (helix59-81, 

Figure 127 and see Figure 111).  The energies of the models that exhibit closed or open 

conformations are distributed evenly throughout the 20-member NMR ensemble.  For 
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example, the lowest energy model is in a closed conformation (see Figure 110), whereas 

the second-lowest-energy model is in an open conformation (see Figure 111).  The 

difference in the average Cα distance between Ala61 and Leu104 (Figure 127, black 

arrows), is nearly 5 Å, indicating an opening wide enough for the porphyrin macrocycle 

to enter the bundle interior near the site of the coordinating His46 residue (Figure 127, 

red).  Opening and closing of the helix interface due to millisecond-to-second, low-

energy excursions of one helix (helix59-81) away from a Crick-ideal backbone (Figure 111), 

may allow the other 3 helices to maintain the constant helix-helix interactions necessary 

to preserve a stable protein core.  Once (CF3)4PZn gains access to the binding site via the 

open conformation, coordination of Zn by His46 may immobilize the porphyrin as the 

protein relaxes around it, establishing the tightly-packed core that is characteristic of the 

holo-Trp355 NMR ensemble (see Figure 101).   

ba

⟨14.6 Å⟩⟨9.8 Å⟩

 

Figure 127: Sub-ensembles of the NMR structures of apo-Trp355 show closed 
and open conformations that could drive porphyrin binding. a, 5 models with 

smallest Ala61-Leu104 Cα distance (black arrow) that define a closed conformation. 
Average Ala61-Leu104 Cα distance is labeled in brackets.  b, 5 models with largest Ala61-

Leu104 Cα distance (black arrow) that define an open conformation.  Average Ala61-
Leu104 Cα distance is labeled in brackets. His46 is shown in red, and Trp68 in blue.  The 
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open and closed conformations could modulate access of unbound porphyrin to the 
binding site located at the coordinating His46 residue. 

6.4.2 Insights concerning the lack of photoinduced hole transfer in 
holo-Trp355 

The tightly-packed, hydrophobic interior of holo-Trp355 may be useful for 

structural characterization, but the low dielectric environment it establishes around the 

porphyrin and Trp68 may preclude photoinduced hole transfer on energetic grounds.  

The solvent-dependent photoinduced hole transfer dynamics of the donor-bridge-

acceptor compound (CF3)4PZn-Ph-MeIndole indicate that low dielectric solvents may 

destabilize the −�[(CF3)4PZn-Ph]-MeIndole�+ charge-separated state to such an extent, 

relative to the porphyrin-localized excited-state, as to preclude charge-separation by 

eliminating the driving force for the reaction.  The hypothesis that increasing the 

effective protein dielectric may increase the driving force for charge separation, thus 

turning on photoinduced hole transfer to Trp68, led to the experiments at elevated 

temperature with or without denaturant: More water penetration into the protein 

interior might increase the dielectric and better solvate the separated charges.  The 

relative consistency in the transient dynamics of 1(CF3)4PZn*/Trp355 under these 

denaturing conditions (see Figure 119, Figure 120, and Figure 121) suggests that the 

relative populations of folded and unfolded protein ensembles were shifted toward the 

unfolded state, but the nature of the porphyrin binding site for the remaining 

holoprotein population was effectively undisturbed.   
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In order to experimentally observe the hole transfer reaction, the hole transfer 

rate must be larger than the rate of excited-state decay of the photo-oxidant by other 

means, such as fluorescence, internal conversion, and intersystem crossing.  The hole 

transfer rate is not only proportional to an Arhennius term (with activation energy a 

function of the driving force and reorganization energy of the reaction), but is also 

proportional to the absolute square of the electronic coupling (|VDA|2).  The semi-

classical rate equation for hole transfer (kET) is:   

 
kET =

2π VDA
2

! 4πλkBT
exp(−ΔG† / kBT )  

with the fastest possible rate being activationless (i.e., the activation energyΔG† = 0 ) 

and limited by |VDA|2 .  The holo-structure shows that Trp68 is within vdW contact of the 

porphyrin macrocycle (Figure 128), which implies that VDA , which typically decays 

exponentially with increasing donor-acceptor distance, is large and not rate-limiting.  

However, orbital symmetry rules can cause wave function interference that could 

greatly weaken VDA, even at close contact.  We calculated the electronic coupling for hole 

transfer between the Trp68 and (CF3)4PZn---His46 with coodinates abstracted from the 3 

lowest-energy holostructures.  We employed first principles methods122 (M11 

functional, cc-pVDZ basis set) by approximating the photoinduced hole transfer reaction 

as a ground state hole shift.  We truncated Trp68 and His46 at the Cβ and satisfied the 

octet rule with hydrogens, which were relaxed via molecular mechanics in the program 
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Spartan, while freezing all heavy atoms (Figure 128b).  For an approximate 

reorganization energy (λ) of 0.8 eV, commonly used for protein electron transfer 

reactions, the average electronic coupling of the 3 geometries (1.2 x 10-3 eV) would give 

an activationless (kET)-1 of 36 ps, which is more than an order of magnitude faster than 

the 1(CF3)4PZn* excited-state lifetime (720 ps).  Consequently, thermodynamics (ΔG†
) is 

likely to be rate limiting for the photoinduced hole transfer reaction. 

Besides the low-dielectric interior of Trp355, surface electrostatics may play a role 

in modulating the redox potentials of (CF3)4PZn and Trp68 (Figure 129).  29 negatively 

charged (at pH = 7.5) Asp and Glu amino acids decorate the surface of Trp355, whereas 

only 17 positively charged Arg and Lys residues are present.  An overall negative charge 

on the bundle may increase the energy required to reduce the (CF3)4PZn, relative to 

uncharged environments.  These electrostatics are certainly screened to a large extent in 

water, as well as by partner counter ions; nevertheless protein electrostatics may play a 

non-negligible role in influencing charge-separation energetics in holo-Trp355. 
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3.5 Å

⟨VDA = 1.2 x 10-3 eV⟩

 

Figure 128: Trp68 environment of holo-Trp355.  a, Gray sticks show 
hydrophobic interior residues surrounding Trp68. b, Structures of Trp68  and PZn from 
the 3 lowest-energy NMR models, with Trp and His sidechains truncated at Cβ. The 

average absolute value of the electronic coupling (VDA) between Trp and PZn, as 
approximated by ground-state hole transfer, is also shown. 
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Figure 129: Trp355 carries an overall negative charge. a, 2 views of a qualitative 
electrostatic potential map of holo-Trp355 generated in PyMol. b, Solvent-exposed, 

charged, surface residues of the lowest energy NMR model of holo-Trp355, with 
Trp68, His46, and PZn shown in green.  Red represents a negatively charged residue at 

pH 7.5, and blue represents a positively charged residue. 

 

6.4.3 Future directions 

Amenable to structural characterization, Trp355 opens the door to mechanistic 

investigations of porphyrin-catalyzed chemical reactions in a de novo protein 

framework by computational redesign.  For instance, Ile101 may be mutated to a His 

residue to create a bis-His binding site for the Fe variant of the electron-deficient 

porphyrin ((CF3)4PFe), which may serve as a mimic of compound I in cytochrome p450.2, 
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150  Many proteins utilize amino acid radicals for chemistry, with Trp and Tyr often H-

bonded to conserved residues.  Substitution of (CF3)4PZn for a more powerful photo-

oxidant, perhaps based on a naphthalene diimide platform,320 followed by 

computational redesign of the Trp355 porphyrin binding site, could open the door 

toward exploring Trp and Tyr oxidations in well-defined protein interiors that target H-

bonding motifs derived from natural proteins (Figure 130).    
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Figure 130: (Left column) Natural PCET proteins with inspirational Tyr and 
Trp H-bonding motifs.1 Blue and red arrows denote the directions of electron and 

proton transfer, respectively. (Middle) De novo designed H-bonding interactions that 
mimic the natural motif. (Right) Overview of de novo designed 4-helix bundles from 
middle panel that bind (CF3)4PZn (red) and include one H-bonded Tyr or Trp. (A) E. 
coli ribonucleotide reductase Trp48 H-bond motif featuring aspartic acid.  (B) BLUF 
domain Tyr8 H-bond motif featuring glutamine. (C) Photosystem II Tyr160 (i.e., TyrZ) 
H-bond motif featuring histidine/asparagine. (D) Photosystem II Tyr161 (i.e., TyrD) H-

bond motif featuring histidine/arginine. WOC= water oxidizing complex. 
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6.5 Supplementary figures 
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Figure 131: Time-resolved emission of 3-methylindole (3-MI) in water, 
following 280 nm excitation.  Green trace shows a mono-exponential fit, and 

corresponding residuals in red.  
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