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ABSTRACT: Metal dithiolene compounds are attracting considerable attention
in the field of molecular electronics, particularly as constituents of materials with
high charge-carrier mobilities. Recent experiments on cable bacteria that perform
centimeter-scale charge transport suggest that Ni-bis(dithiolene) cofactors are
important components of the bacterial conductive network. Further, current—
voltage experiments of cable-bacteria-conductive sheaths have measured high
conductivity values as compared to other electron-transfer bacteria. An important question is how the Ni-bis(dithiolene) structures
participating as electron donors/acceptors contribute to the high conductivity. Currently, the protein and cofactor structures of these
bacterial networks are largely unknown. Given this limitation, in this work, we explore the more general question of how Ni-
bis(dithiolene) molecules would perform as electron donor and acceptor centers in protein-mediated charge transfer. Our aim is to
deduce order-of-magnitude higher bounds for charge-transfer rates in such systems as a function of donor—acceptor distance,
protein-bridge (amino acid) sequence, cofactor size, and redox state. These bounds are useful for predicting charge-transfer
mechanisms and estimating rates in the absence of detailed structural information on protein wires that may use Ni-bis(dithiolene)
redox cofactors. Our analysis is also relevant to the design of artificial Ni-bis(dithiolene) protein wires.

Ni-bis(dithiolene) Ni-bis(dithiolene)

H INTRODUCTION Metal-dithiolene molecules are being studied in the field of
molecular electronics™ with the purpose of building devices
having high-carrier mobilities and Seebeck coefficients.”"****
The sulfur ligands of the Ni-bis(dithiolene) group are
noninnocent Iigands,25 and the HOMO and LUMO orbitals
are known to contain considerable sulfur character in addition
to metal.” > Due to the noninnocence of the ligands, it is
possible to tune the redox properties of the molecules by
ligand substitutions that affect the frontier orbital energetics
and delocalization. Further, when such structures are placed in
stacked geometries that strongly couple the frontier orbitals of
adjacent monomers, the measured conductivities can be 10—
100 S/cm.**7*

In this work, we do not consider such stacked architectures
of Ni-bis (dithiolene) cofactors but rather study isolated
cofactors connected to each other by a protein bridge that acts
as a charge-transfer mediator (Figure 1). This type of assembly
is the most common in biological electron transfer chains and
it is the basic pattern for the design of biomolecular wires that
perform metal-to-metal protein-mediated electron transfer.
The main question we address is the following: given a donor
and acceptor that are Ni-bis(dithiolene) cofactors connected

Cable bacteria can transfer electrons along multicellular
filaments over centimeter distances. These filaments are
often found in marine sediments and they couple, via
charge-transport, hydrogen-sulfide oxidation at one end of
the filament, inside the sediment, to oxygen reduction at the
other end in the sediment-water boundary."” The conductance
of cable-bacteria was studied using two-probe and four-probe
current—voltage experiments in which isolated fiber sheaths,
which contain the conductive network, were placed on silicon
substrates patterned with gold electrodes. Currents were
measured as a function of voltage and temperature for sheaths
of variable lengths (micrometer to millimeter). The measured
room-temperature conductivities were found to be in the range
of 0.1-100 S/cm over 1—100 um distances.””'" The
maximum conductivity values are high compared to those of
other electron transfer bacteria, eg., refs'*>”"7. Estimates of
cofactor-to-cofactor charge-transfer rates obtained from fitting
to these experiments give 0.1—1 psec™' rates for conductivities
of 0.1 S/cm (and from estimates of the cofactor center-to-
center distances in the range of 0.26—3.3 nm.” Raman-
spectroscopy studies by Smets et al."® indicated that the charge
conduction in cable bacteria may involve sulfur-coordinated
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Figure 1. Schematic diagram showing the model of cofactor-to-
cofactor hole transfer, mediated either by hopping through real AA
intermediates (k;;,, rates), or by tunneling through virtual AA
intermediates (k,,,, rate).

by an intervening protein bridge, what is the upper bound for
the donor-to-acceptor charge transport rate as a function of
distance, cofactor size, and cofactor redox state? This question
is relevant to understanding the redox function of such
cofactors in cable bacteria, but it is also important in the
context of designing artificial biomolecular wires with tunable
conductivities. As mentioned above the noninnocence of the
ligands enables a high degree of control of the reduction
potentials. For example, electrochemical experiments of Ni-
bis(dithiolene) cofactors with different ligand substitutions
show a large variety of oxidation states and reduction
potentials (the oxidation states usually vary from +1 to —3).
Another feature of such molecules is their square-planar
geometry that could enable extended and variable interactions
with adjacent amino acids (including pi-stacking interactions)
leading to tunable electronic coupling with the protein bridge.
These features imply that such cofactors, when used as redox
centers in protein wires, may offer a large degree of design
versatility aimed at controlling the charge transport speeds.
Currently, there are no known structures of Ni-bis-
(dithiolene)-protein systems, biological or synthetic. Cable
bacteria have Ni-bis(dithiolene) cofactor content in the
electron transfer chain® but atomic-level structural details of
the chains do not exist yet. Therefore, our analysis of charge
transfer in such systems is necessarily coarse-grained. First, it is
necessary to consider a variety of Ni-bis(dithiolene) complexes
with measured reduction potentials and known oxidation
states. Second, we need to determine the most-likely transport
regimes of protein-mediated charge-transfer between cofactor
units. This requires that we decide on the amino acid (AA)
content of the bridge in order to put bounds on the energy
barrier of AA-mediated transport. Since we are interested in
estimating upper bounds on transfer rates, we should consider
AA’s that provide the lowest energy gaps for charge transfer
(e.g, Trp, Tyr, His, and Cys).”' Among these, Trp and Tyr
have the lowest ionization potentials, and there is extensive
experimental and theoretical work showing fast charge
transport in biological Trp (Tyr) chains.>**> For example,
Trp chains are found in photolyases and cryptochromes
involved in DNA photorepair and in signal transduction. In
these systems, Trp triads transfer a hole from a flavin cofactor
over distance of 1.5 nm with nearest—nei§hbor hopping rates
that can be as fast as 1—10 psec.”* ™ It has also been
suggested that Trp chains act as efficient escape routes for
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holes in proteins, rapidly extracting holes that may cause
oxidative damage.”"”*~** Therefore, we consider a Trp (or
Tyr) sequence to be the “optimal” bridge from an energetic-
barrier point of view for facilitating fast charge transfer (a Tyr
sequence would give similar results” ). In addition, to estimate
upper bounds for charge-transfer rates, we also compare
reduction potentials of Ni-bis(dithiolene) cofactors to those of
common metalloprotein redox cofactors. This comparison is a
useful exercise when thinking about the oxidative and reductive
roles of these cofactors in biological and biomimetic electron
transport chains that contain redox metalloproteins. Further,
the reduction potentials are used to predict the direction of
spontaneous charge transfer between cofactors and metal leads.

B THEORETICAL METHODS

The cofactor structures considered in this work are listed in
Figures 2—4. The approximate oxidation states of nickel in Ni-
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Figure 2. Cofactor structures used in our computations. Structures
1—4 are 1-nickel-4-sulfur (Ni-4S) core structures chosen because
there are voltametric measurements of their reduction potentials for
different redox states.
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Figure 3. Cofactor structures used in our computations. Structures
5—7 are 1-nickel-4-sulfur (Ni-4S) core structures used to explore the
effect of adding different side groups on the redox energies of the core
unit.

bis(dithiolene) structures with a single nickel atom have been
studied previously, and it was shown that there is an
approximate correspondence between the formal nickel
oxidation state and total charge (Ni(IV) corresponds to total
charge 0, Ni(III) to total charge —1, Ni(II) to total charge —2,
and Ni(I) to total charge —3)."”****° We follow this scheme
in our study for the structures in Figures 2—4, i.e. we do not
describe the oxidation states of the molecules by using a formal
nickel oxidation state, but rather by the total charge on the
molecule.

In the following, cofactor-to-cofactor hole transfer (ht) that
is protein-mediated is defined as the process: cof{™ prot cof —
cof prot®™ cof — cof prot cof®, where (ox) denotes oxidized
species and prot(® denotes cationic AA intermediates (Figure

https://doi.org/10.1021/acs.jpcb.4c08264
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Figure 4. Cofactor structures used in our computations. Structures 8—14 are 2-nickel and 3-nickel structures. Structures 8 and 9 contain the 2-
nickel and 3-nickel motifs, respectively, with hydrogen ending groups. Structures 10—14 are the 3-nickel motifs with aromatic rings, sulfur, and

cysteine as ending groups.

1). The analogous electron transfer (et) process is defined as:
cof™ prot cof — cof prot™ cof — cof prot cof™®, where
(red) denotes the reduced species and prot™® denotes anionic
AA intermediates. The case of anionic AA intermediates is very
uncommon in biomolecular charge transfer and is considered
in the Supporting Information.

The energy gaps for ht are approximated using the following
formula:

AEG a = [Egn(N, + 1) = ESL(ND] + [Egh(M, — 1) = Eq(M,)]

f
EAST(N) + TP, (M) = ~IPGi (N, + 1) + Iy, (M,)

adial

(1)

and M, denote the number of
cofactor and AA electrons, respectively, prior to charge
transfer. E,;, denotes the (minimum) energy of the
geometry-optimized structure, IP 4, and EA 4, are adiabatic
ionization potentials and electron affinities, estimated from
computations on the isolated cofactor and AA structures.**
The final equation is obtained by noting EA,4,(N,) =
IP,4i5(N. + 1). In our computations, the oxidation states of the
AA side chains are allowed to vary between 0 and +1. The
oxidation states of the Ni-bis(dithiolene) cofactors as observed
in electrochemical experiments are more variable, often
ranging from +1 to —3 (e.g, refs 30, 45, and 46 and references
therein). In the main text, we focus on cofactor redox couples
0/—1 and —1/-2 that are most commonly observed in
electrochemical experiments of Ni-bis(dithiolene) compounds,
(e.g, refs 30, 45, and 46 ) and on the couple +1/0 that is
mostly observed for delocalized systems.*>*’~* The couple
—2/-3 is considered in the Supporting Information. Further,
as we do not have any structural information about the
protein—cofactor environment, we vary the dielectric constant
in our computations of the cofactor from € = 5 to € = 25, a
range considered to be representative of proteins.”” Our results
are compared to experimental data and previous computations.

In the equations above, N,
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Large positive values of AE™, . (AE®, ,.) > KT would

indicate that the protein is insulating for cofactor-to-cofactor
charge transfer, providing virtual AA intermediates. In the

opposite limit, AEchotf_, an(AES 44) < KT would mean that
the AA’s may participate as real intermediates in near-resonant
or resonant transfer.

In the following, we simplify the notation in eq 1 by

replacing the total number of electrons with the total charge.

Therefore, I, (M,) is denoted as IP27}, (0) since we are only

considering the AA redox couple +1/0. Further, (N,) and (N,
+ 1) in eq 1 are replaced by (gq) and (g — 1) respectively,
where g denotes the total charge on the cofactor prior to
charge transfer (for the cofactor redox couple +1/0: g = +1, for
the cofactor redox couple 0/—1: g = 0 and for the couple —1/
—2: g = —1). Using the new notations, the last expression in eq
1 is written as,

AER: an = —TP5G(q — 1) + TIP3, (0) )

We also use the cofactor IP,4,, values to estimate the
cofactor reduction potentials so as to compare with the
potentials of common biological redox cofactors (e.g., hemes,
iron—sulfur centers, and blue-copper centers). From this
comparison, we can deduce possible oxidative (reducing) roles
of the cofactors in the context of biological electron-transfer
chains. In addition, from the IP,, values, we estimate
thermodynamic energy barriers for hole (electron) injection
from a metal to a cofactor (under zero bias and assuming that
metal and cofactor are not in direct contact). This information
is relevant for electrochemical and molecular junction
experiments. The energy barrier for hole injection from a

metal

Fermi t0 @ cofactor that has total

metal with Fermi energy E
charge g prior to hole injection, is given by,

https://doi.org/10.1021/acs.jpcb.4c08264
J. Phys. Chem. B 2025, 129, 2992—-3006
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I + TP ()

Fermi

AEr}rllltalﬁcof(COf: q- 1 - 51) =
©)

Electron injection is discussed in the Supporting Informa-
tion.

We use quantum nonadiabatic Marcus theory to model the
hole transport between individual Ni-bis(dithiolene) cofactor
units connected by a protein medium. The theory is applicable
to most of the systems that we will study. In modeling the
protein-mediated cofactor-to-cofactor hole-transfer time scale,
the donor-bridge-acceptor unit is represented as a linear
hopping network, where the first (i = 1) and final (i = N + 2)
hopping sites are cofactors and the intermediate ones are AA’s
(Figure 1). The hole-transfer rate from hopping site i to
hopping site i + 1 is given by,

)ZFCquant(AEi+ l,i)

i+1

2
kisivr= 7 (VD”A

1 oo
FCquant(AEi+l,i) = / dtexp(_itAEi+l,i/h)
2xh J -

exp(=G;;41(0) + G141 (8) Jexp(—Tltl).

(4)

Vp,a,,, is the electronic coupling between the site i donor

state (D;) and the site i + 1 acceptor state (A;;).

FCyuan(AE;,;) is the quantum Franck—Condon factor,

where AE;,,;; is the energy gap of the reaction
D/A;; =~ DAL,

AEi}}:I,i = (Elgﬂn +EQ") - (Elgiin
= _(IPD)adiab + (IPA)adiab (5)

I' in eq 4 is the vibrational relaxation rate (leading to a
homogeneous broadening width of the normal mode vibra-
tional states). For a voltage bias AV along the N + 2 - site
chain, AE,;, ., is replaced by
AE}_’&TA = AE,,,; — lelAV/(N + 1), ie.,, we assume a linear
voltage-bias profile. In eq 4, G, ;,,(t) = Gp(t) + G,(t) with

Gp(t) = Z fi:;

a a

+ EP™)

(2(n,) + 1)cos(w,t) — isin(w,t)

Ay -
Gy(t) = z — (2(71,;) + l)cos(wﬂt) - zsm(ay;t)
(6)
In the equation above, @ (/) are normal mode indices for
the D (A) molecules. A, denotes the inner-sphere

reorganization energy of a normal mode with frequency
hw,p upon oxidation or reduction of D (or A).
(ny(py) = (exp(hay(p/KeT) — 1) is the mean occupation
number of the normal mode, at temperature T. For the amino
acid Trp, Figure S1 shows the electron—phonon couplings per
mode, 4,/hw,, as a function of each normal mode energy, fiw,,
that enter in the computation of the quantum Franck—Condon
factor.

Given the choice of cofactors for initial donor i = 1 and final
acceptor i = N + 2, and the choice of AA sequence for the
protein-bridge i =2 — N + 1, we estimate the energy gaps in eq
S for each hopping pair (i i + 1) from the ab initio
computations and experimental reduction potential data (see
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below). Further, we compute at the ab initio level all the
normal-mode frequencies and reorganization energies needed
in eq 6 using the isolated molecules of sites i and i + 1 (for
AA’s, the molecule is the capped side chain). In our
computations, the electronic coupling Vp, ~is a variable

parameter because it depends on the secondary and tertiary
structure of the cofactor-protein system. We deduce maximum
values by reference to biological AA chains where such matrix
elements have been computed and by performing ab initio
coupling computations between the cofactors and AA side
chains for different geometries (Supporting Information).
Having obtained a set of values for the above quantities, we
compute all k., by first computing the Franck—Condon
factor FCyuun(AE,,,,) via the Fourier transform in eq 4. From
the k,_,;,; we build an (N + 2) X (N + 2) rate matrix K and
solve the differential equations for the hopping-site occupation

probabilities P,(t). Denoting by 13(1‘) the (N + 2) X 1 vector of
P,(t), the differential equations are written as

df’)(t) /dt = Kﬁ(t) and their solutions are given by,

L o
2 X B(t=0)
- X] —»LXR
1 j

+

=

B(¢) exp(s;t)

j

(7)

oL SR
X; and X; are the left and right eigenvectors (1x(N+2)

and (N + 2) X 1) of the rate matrix K with eigenvalue s;. We
deduce the cofactor-to-cofactor hole-transfer rate mediated by
the protein 1/7,_y,,, by setting P,(f = 0) = §,, and following
the time evolution of the final-site probability Py,,(t).

B COMPUTATIONAL METHODS

Estimation of Energy Gaps for Cofactor-to-AA
Electron and Hole Injection. We perform geometry
optimizations without symmetry constraints on the cofactors
in Figures 2—4 using density functional theory (DFT) with the
BP86 functional’"** and the ZORA-def2-TZVP basis set,>>>*
as implemented in ORCA-5.0.1 software package.”>*° This
functional has previously shown to perform well for first row
(3d-series) transition metal complexes (e.g, Ni).' 2557739
Scalar relativistic effects are included in the context of zeroth-
order regular approximation (ZORA).”” We perform both
restricted closed-shell and open-shell computations. Most of
the even electron systems (total charge equal to 0 or —2) are
singlets, and a few are triplets. The odd electron systems (total
charge equal to +1, —1, and —3) are doublets. Doing a higher
level of theory such as multiconfigurational computations that
are sometimes required in dithiolene systems (e.g.,
ref528,61_63), will not provide further insight given that we
do not know how these systems are bonded to the protein
environment nor do we know the protein environment. For
AA’s (phenylalanine, tyrosine, tryptophan, cysteine, and
histidine) we use the BHandHLYP functional®*®® combined
with the def2-TZVP basis set.”®> To probe solvent effects on
energetics, we use the Conductor-like Continuum Polarization
Model (C-PCM)®° with different dielectric constants (¢ = 5,
25) corresponding to the protein interior and exterior
environments.”’

Estimation of Inner-Sphere Reorganization Energies
of Cofactors and Amino Acid Side Chains. To simulate
nonadiabatic rates using a quantum description of the
vibrations, we need to compute the quantum Franck—Condon
factors for the molecules of the charge-transfer chain (eqs

https://doi.org/10.1021/acs.jpcb.4c08264
J. Phys. Chem. B 2025, 129, 2992—-3006
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4—6). For each molecule, we compute the normal modes «
and their frequencies @, for the initial and final charged states
of the molecule (before/after charge transfer). The normal
modes are used in the FCF (Franck—Condon Factors)
auxiliary program® ™% of the AMS 2023.101 software
package70 to compute the reorganization energy of each
mode A, and the total inner-sphere reorganization energy, 4 =
Yot The @, and A, are then used in eqs 4—6. All
computations employ the BP86°"° functional and the TZ2P
basis set within the ZORA ap roximation® for the cofactor
structures, and BHandHLYP°*® functional with the TZ2P
basis set for the AA side chains.

Estimation of Electronic Couplings for Different Ni-
Cofactor/Tryptophan Geometries. To approximate max-
imum values for cofactor-to-aninoacid electronic couplings, we
used the fragment approach and the charge-transfer-integral
module as implemented in the ADF software package.”” The
first fragment is the Ni-cofactor structure and the second is the
AA. The electronic coupling between the orbitals of different
fragments is given by,”""

],-,f - Si,f(ei - €f)/2

V., =
if 2
1 - Si,f

©))

Jif = (¢i|ﬁKsl¢f> is the transfer integral between the initial |
¢;) and the final I¢p) fragment orbitals, where H® is the
Kohn—Sham Hamiltonian (we use the BP86°°2 /TZ2P level
of theory). S; = (Pidy) is the spatial overlap integral between
these fragment orbitals and ;s = (¢;/; |[Hsl ¢;) is the energy
of the fragment orbital Ig; 7).

B RESULTS AND DISCUSSION

The cofactors used in our computations are shown in Figures
2—4. Figures 2 and 3 show structures with a 1-nickel-4-sulfur
(Ni-4S) core and with a variety of ending groups. Figure 4
contains structures with two and three Ni-4S core motifs.
Multi-Nickel motifs have been synthesized and used as
building blocks of conducting materials”"** and should be
considered in our analysis. The structures in Figure 2 are
chosen because there are voltammetric measurements of their
reduction potentials for different redox states. This information
allows us to evaluate directly from experiments the charge-
transfer properties of these structures within a protein host,
and also to gauge our computations against experiments.30’45’46
The different structures in Figure 3, all with a single Ni-4S
core, are used to explore the effect of adding different side
groups on the redox energies of the core unit (structure S:
hydrogen side groups; structures 6 and 7: aromatic and sulfur-
containing side groups). The multi-Ni structures in Figure 4
also contain different types of side groups (structure 8: two Ni
with hydrogen side groups; structures 9—14: three Ni with H,
aromatic rings, S—H, or Cys side groups).

Table 1 shows the computed IP2y}, of different neutral AA
side chains in € = § and € = 25 (the AA’s shown are those with

AA
the lowest IPy;
consistent with earlier computations of AA ionization
potentials, e.g., refs73 and74 and is also consistent with

experimental reduction potentials (see below).

, energies). The ordering of the IP,g,, is

We estimate the energy gaps AEchotf_, aa for cofactor-to-AA
hole transfer using eqs 1 and 2 and the computed values of
IPAR  for each neutral AA and of PSS, for each cofactor in
Figures 2—4 (with different cofactor total charges). Similar
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Table 1. Ionization Potential IP2:, (0) for Amino Acid Side
Chains in Dielectric Constants € ~ §, 25“

ERS €~ 25
amino acid P22, (0) (eV)
Cys 6.99 6.55
Phenyl 6.84 6.50
Tyr 6.20 5.86
His 6.00 5.88
Trp 5.67 5.34

“The computations are performed at the BHandHLYP/def2-
TZVP,>>** level of theory using the C-PCM® to probe the solvent
effects. The ORCA-5.0.1 software package is used.”*°.

computations are done for protein-mediated electron transfer
(see Supporting Information). For all cofactor structures in
Figures 2—4 and for the cofactor redox couple 0/—1, hole
transfer is more favorable than electron transfer and they are

both endergonic, i, KgT < AE™. . < AES .. For the

redox couple —1/—2, most structures in Figures 2—4 also give
KT < AEchotf_,AA < AEZ; .4 (Section S4). For +1/0, all

et

structures give AEChotf_, an < AEC;  ax. However, for +1/0

there are structures with AECthf_, an = KT or AEchotf_) an < 0.
In summary, AA-mediated ht is generally favored over AA-

mediated et. We also find that the lowest AEchotf_) AA Saps
involve Trp, followed by His and Tyr. Therefore, we expect
that the maximum protein-mediated hole-transfer rate between
cofactors would be obtained if the cofactors were electronically
coupled via a chain of Trp’s.

In the following, we focus our discussion on Trp-mediated ht

between cofactors. Tables 2—4 show the Ichifab and the

cofactor-to-Trp energy gaps, AE™

cof—Trps for all cofactors under

Table 2. Cofactor Ionization Potentials IPZgifab(q — 1) and
ht

cof > Trp A1 Dielectric Constants € ~ §, 25

Energy Gaps AE
(Cofactor Structures in Figures 2—4)“”

€ERS €~ 25

hi hi
IPSE (0)(eV)  AENe 1p(eV)  IPSSE (0)(eV) AEN1qp(eV)

cof. str. a

Sin 6.39 -0.72 6.09 —-0.74
Figure 3

2 in 6.27 —0.60 6.03 —0.69
Figure 2

10 in 5.97 —0.30 5.80 —0.46
Figure 4

14 in 5.78 -0.11 5.62 —-0.28
Figure 4

4 in 5.65 0.02 5.46 -0.12
Figure 2

11 in 5.64 0.03 5.49 —0.14
Figure 4

13 in 5.63 0.04 5.46 —0.11
Figure 4

7 in 5.38 0.29 5.17 0.17
Figure 3

“Data refer to the redox couple +1/0, i, q = +1 in eq 2. “The
computations are performed at the BP86/ZORA-def2-TZVP®'~*
level of theory within the ZORA approximation®’ using the C-PCM*®
to prsosb; the solvent effects. The ORCA-5.0.1 software package is
used.”™”".
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cof

Table 3. Cofactor Ionization Potentials IP_;,
Structures in Figures 2—4)“"

(g — 1) and Energy Gaps AE

ht

cof—Trp i Dielectric Constants € ~ §, 25 (Cofactor

erS €~ 25
cof. str. IP :;iib( -1 ) (eV) AE':::"—’ TfP(eV) IP acc?itjab( -1 ) (eV) AE'?C}" TrP(eV)
12 in Figure 4 4.95 0.72 5.12 0.23
10 in Figure 4 4.92 0.75 S5.12 0.22
11 in Figure 4 4.90 0.77 5.09 0.25
9 in Figure 4 4.80 0.87 S.01 0.34
14 in Figure 4 4.63 1.04 4.81 0.54
13 in Figure 4 4.61 1.06 4.80 0.55
2 in Figure 2 4.54 1.13 4.81 0.54
8 in Figure 4 4.50 1.17 4.75 0.59
6 in Figure 3 4.38 1.29 4.66 0.68
1 in Figure 2 4.20 1.47 4.51 0.84
4 in Figure 2 4.01 1.66 4.29 1.05
3 in Figure 2 3.96 1.71 4.27 1.08
S in Figure 3 3.88 1.79 421 1.14
7 in Figure 3 3.71 1.96 4.03 1.31

“Data refer to the redox couple 0/—1, i.e,, g = 0 in eq 2. "The computations are performed at the BP86/ ZORA—defZ-TZVPSl_S_‘t_ level of theory
within the ZORA approximation® using the C-PCM®° to probe the solvent effects. The ORCA-5.0.1 software package is used.”*°,

Table 4. Cofactor Ionization Potentials IP<5F

Structures in Figures 2—4)"¢

(g — 1) and Energy Gaps AE

ht

cof—Trp in Dielectric Constants € ~ S, 25 (Cofactor

eErRS e~ 28
cof. str. P5E (—2)(eV) AE (V) PSS (—2)(eV) AEGe 1p(eV)
12 in Figure 4 4.21 1.46 4.75 0.60
11 in Figure 4 4.12 1.55 4.65 0.70
10 in Figure 4 4.04 1.63 4.62 0.72
14 in Figure 4 3.87 1.80 4.43 0.91
9 in Figure 4 3.86 1.81 4.47 0.87
13 in Figure 4 3.86 1.81 4.41 0.94
8 in Figure 4 3.31 2.36 4.05 1.29
2 in Figure 2 3.01 2.66 3.80 1.54
6 in Figure 3 2.94 2.73 3.72 1.62
4 in Figure 2 2.78 2.89 3.54 1.81
1 in Figure 2 2.66 3.01 3.52 1.83
3 in Figure 2 2.49 3.18 3.36 1.99
7 in Figure 3 2.37 3.30 3.24 2.10
S in Figure 3 2.19 3.48 3.15 2.19

“Data refer to the redox couple —1/-2,ie,q=—1ineq?2. The computations are performed at the BP86/ZORA-def2-TZVP"'** level of theory

within the ZORA approximation® using the C-PCM®® to probe the solvent effects. The ORCA-5.0.1 software package is use

d 55,56

study. Table 2 refers to the redox couple +1/0, Table 3 to 0/—
1, and Table 4 to —1/—2 (the —2/—3 couple is considered in
Table S3). Some observations relating to these data are (a)
IP;gifab increases with increasing dielectric constant for the

negatively charged species. (b) Keeping the dielectric constant

fixed, we get
IP5n(—3) < IS (—2) < IP5gi(—1) < IPSG,(0). There-

fore, the AEchotf_, Trp

are lower for the redox couple +1/0 (as
follows from eq 2). (c) Regarding the redox couples 0/—1,

—1/-2, the 3-Ni structures 9—14 in Figure 4 have the highest

1P, (9 — 1) values and the lowest energy gaps, AEChotf_)TIP,

followed by the 2-Ni structure 8 in Figure 4 and the 1-Ni
structure 1 in Figure 2, with the aromatic rings. Thus,

AEht

cof—Trp decreases with the elongation of the molecule for
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these couples (addition of aromatic groups or of Ni-4S
centers).

Comparison with Experiments. To obtain experimen-
tally derived free-energy gaps for ht and to gauge the accuracy
of our computations, we also consider several Ni-bis
(dithiolene) complexes for which experimental measurements
of their reduction potentials are available (Table 5). We denote
these potentials EX3 . (cof: ¢ = q — 1), (e.g, q = O for the
redox couple 0/—1, g = —1 for the redox couple —1/—2 and g
= +1 for the redox couple +1/0). The experimentally derived
reduction potential of Trp* vs NHE for protonated Trp*,

denoted EfS3(Trp: +1 — 0), is usually in the range of 0.8 V
to 1.2 V depending on the pH.”>"®

reduction potentials, we approximate the free energy for

From these experimental

cofactor-to-Trp hole transfer as follows,

https://doi.org/10.1021/acs.jpcb.4c08264
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Table 5. Reduction Potential for Various Ni-bis(dithiolene) Erctpc(cof: 0 > —1) = —0.24 V." In summary, in all cases
'Complexes Obtained from Cyclic Voltammetry Experiments Eperjpc(cof: =1 = —2) < Ep+jp(cof: 0 — —1). We convert
in refs30,45—47,49 red red

the above Egp%,p to Eyyg using the formula

B2, (V)
complex 0/-1 -1/-2
[Ni(S,CeH,), 1" —0.95
[Ni(S,CsCLH,),]" —0.65
[Nl(SaC4H2)2]”” -021 ~1.09
[Ni(S,C,H;N),]* -0.10 —0.86
[Ni(S,CeH,)5] —024 ~1.00
Egscx (V)
complex +1/0 0/-1 —-1/-2
[Ni(S,C,oHq),] 7 1.08 0.13 —0.66
[Ni(S5C1,Hy), )% 1.10 0.05 —0.75
[Ni(S,C 4Br,H;),] 0.09 -0.71
[Ni(S,C,Ph,),]* 0.12 —0.82

“from ref30. Pfrom ref4S. “from ref46. “from refd7. *from ref49.

AGcof—>Trp |e|[Eelectrode(C0f: 99— 1)
E" d
efectrode(TrP +1 - 0)] (9)

We can also gauge the accuracy of our computed values for
IP,4i, in different dielectric constants by extracting exper-
imentally derived IP,4, from the reduction potentials.
Consider the reduction half-reaction,

molec(q) + e~ — molec(q — 1) (10)

where g — 1 denotes the total charge of the reduced molecule.
The relation between the reduction potential of the oxidized
molecule and the IP,;,, of the reduced molecule is
approximately given by,

molec

IPadiab 9 - 1)

lel

(molec: g > q—1) = - A

electrode

(11)
where A . oqe > 0 is an electrode-specific constant. For the
normal hydrogen electrode, we use the value of Ayyy = 4.5
V.”” The free energy notation AG in eq 9 is used only for
experimentally derived energy gaps that naturally involve
averages of energy gaps over thermal fluctuations of the
molecule(s). In contrast, the energy difference notation, AE, in
eqs 1—3, is used for energy gaps derived from ab initio single
point computations on geomerty-optimized structures in
different dielectric constants.

The first set of experiments, we consider involves the
structures shown in Figure 2. The experiments performed
voltammetric measurements that observed only the redox
couples 0/—1 and —1/-2. For structure 1 in Figure 2,

Elg?i/pc(COf: -1 > —2)=-095V and for structure 2
1) 2,
Elg?i/Fc(COfi -1 - —2) =—0.65V.*" For structure 3 in
2, Eéi‘i/Fc(COfi -1-> -2)=-109V and
Elg?i/Fc(COf: 0 - —l) = —0.21 V.*® For structure 4 in Figure
2, EFc*/Fc(COf: -1 > -2)=-086V and
Egctpe(cof: 0 — —1) = —0.10 V.* The replacement of N

atoms with CH groups in the two inner thiophene ligands of
structure 4 shifts these reduction potentials to
Epetpe(cof: =1 = =2) = -1.0V

electrode

30,45,46

(halogenated structure in Figure

Figure

and
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Erd = E;ec‘i/Fc + & where § = 0.40—0.60 V (the range of

values reported in the literature’”®””). Using the different §,
we obtain a range of possible Ef\]efm(cof: q — q — 1) for each
structure. To take into account different solvent environments

for Trp, we use the range Excp (Trp: +1 — 0) = 0.8 — 12V

7% Then from eq 9, we estimate a range of possible

AGCOf—)Trp

Following this procedure, the upper and lower values of the

estimated A wa_> Trp

for each structure.

for the cofactor structures in Figure 2 in
the different redox states are as follows: (a) redox couple 0/—

1, minimum AG™ = 0.30 eV (for structure 4 in Figure 2)

cof—Trp
and maximum AGcof_,Trp = 1.01 eV (for structure 3 in Figure
2). (b) Redox couple —1/—2, minimum AGCOf_,TrP =0.85eV

(for structure 2 in Figure 2) and maximum
AG cofTrp = 1-89 €V (for structure 3 in Figure 2). In
summary,

AG™ (cof: =1 - =2) > A cht

‘cof—Trp of—>Trp(C0f' 0— _1) This

trend is also seen in our ab initio computations of AECOHTIP

The computational values are closer to the experimental ones
for € = 25, and overestimate the experimental values by 0.04—
0.80 eV. This is expected since the adiabatic IP differences can
only be a very qualitative proxy to reduction potential
differences.

The second set of experiments we consider involve
voltametric measurements that observe the redox couple +1/
0, in addition to —1/—2 and 0/—1, for the same Ni-
bis(dithiolene) structure.”’~*’ The redox couple +1/0 is less
common® and it is observed for structures having high
delocalization due to fused rings or extended aryl groups (such
as the molecules in refs*’~*’). Due to the flexibility of these
molecules, it is impossible to predict, via ab initio
computations on the isolated molecule, the conformation
within a protein host and the corresponding IPSSF,. Thus, we
use these experiments to obtain experimentally derived free
energy gaps for ht in the case of the +1/0 couple and to
compare them to the —1/—2 and 0/—1 free-energy gaps for
the same structures. The experimentally derived Exs(cof: g —
q — 1) are in the ranges: Exiip(cof: —1 — —2): (—0.60) —
(—0.40) V, Exdip(cof: 0 = —1): 0.15—0.40 V, Esdip(cof: +1 —
0): 1.25—1.35 V. In all cases, EXdp(cof: =1 = —2) < B (cof:
0 — —1) < E&p(cof: +1 — 0). Using these values in eq 9, we
get: AGCOf_,TrP(cof -1 -2)=121-1.99 eV, AGcof_)TrP(cof
0 - —1) = 0.42—1.29 eV and AGCOf_,T,p(cof +1 - 0) =
(—0.55)—(0.19) eV. Thus, AGCOf_)TrP(COf -1 - =2) >
AGH 1p(cof: 0 = —1) > AGme r(cof: +1 — 0). The
ordering is consistent with our ab initio computations on the
different structures (Tables 2—4), and with the first set of
experiments that involve the 0/—1 and —1/-2 couples. The
most important observation is that the free-energy gaps for
cofactor-to-protein hole injection involving the cofactor redox
couple +1/0 are very low compared with the other redox
couples. Hole injection to Trp can even be exothermic for the
redox couple +1/0 (see Figure 5).

https://doi.org/10.1021/acs.jpcb.4c08264
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Figure 5. Upper panel: approximate ranges of reduction potential vs

NHE (ENHE in mV) of different metal redox cofactors involved in
biological charge-transfer chains,®® and of amino acids such as
protonated Trp*.”>’® Lower panel: approximate reduction potential
ranges for different Ni-bis(dithiolene) cofactors. The solid-black lines
represent ranges measured in experiments.””**~* The blue-dashed

lines are extensions of the ranges as predicted from our ab initio

computations of the IP%.,; values for the structures in Figures 2—4 (in

combination with eq 11). Also shown along the x axis are (1) the
approximate range of the reduction potential for gold (Au),*® (2)
the approximate standard reduction potential of O, for pH = 7 for the
half reaction (1/2)0, + 2H"* + 2e” — H,O (point A at 0.8 V), (3) the
approximate standard reduction potential at pH = 7 for the half
reaction S + 2H* + 2¢~ — H,S (point B at —0.2 V).*"** The redox
couple —2/—3 has the most negative potentials. The potential of the
redox couple +1/0 may overlap with those of some amino acids,
leading to resonant transport mechanisms for protein-mediated
transport. The other redox couples, having more negative potentials,
support off-resonant transport mechanisms. In the intermediate
transport regime (labeled INTER) the mechanism (resonant or off-
resonant) depends critically on the rms D(A)-bridge coupling.

Comparison Between Ni-bis(dithioline) Cofactors
and Other Metalloprotein Cofactors. At this point, it is

useful to compare all the experimentally derived

30,45—49

Exdp(cof: ¢ = g — 1) values, and the values derived

from computations, to the ENHE of some metalloprotein redox

centers® (Figure 5). The approximate ranges of Elr\fegE for
redox metalloproteins are (—0.4) — 0.4 V (cytochromes), 0.2—
0.75 V (blue copper), and (—0.7) — (—0.1) V for most iron—
sulfur proteins apart from Rubredoxin (—0.05) — 0.05 V,
Rieske (—0.15) — 0.25 V, and HiPIP 0—0.45 V.* For the
Efd (cof: =1 —» —2): (=0.70) — (—0.05)V,
Efd (cof: 0 —» —1): (0.15) — (0.5)V,

EﬁgE(cof' +1 — 0): (1.25) — (1.35)V. Therefore, the redox

couple —1/—2 with negative ENHE has high ENHE overlap with
all the negative-potential metalloproteins. The couple 0/—1

cofactors

and

with more positive E{\TegE has high overlap with the positive
ranges of Rieske protein, HiPIP, and some cytochromes, and
with the lower range of blue copper proteins. Thus, for the

2999

redox couples —1/—2 and 0/—1, the protein presents an
energy barrier for hole transfer even for aromatic AA’s such as
Trp and Tyr. Regarding our ab initio computations, the lower
barriers among these couples are for 0/—1 and for extended
structures (the 3-Ni structure 12 in Figure 4 has the lowest

AEcof_,Trp =023eV for € = 25). In contrast, for the less

common +1/0 redox couple, Ex5;(cof: +1 — 0) is the most
positive and may overlap with copper proteins and the lowest
AA potentials (such as Trp and Tyr). The implication is that

AE™

protein-mediated ht involving the cofactor redox couple +1/0
is not necessarily endergonic.

Figure S also shows the approximate standard reduction
potential vs NHE at pH = 7 for the half reaction (1/2) O, +
2H" + 2e~ — H,0, (point A at 0.8 V), and the standard
reduction potential at pH = 7 for the half reaction S + 2H" +
2e” — H,S (point B at —0.2 eV).*' = Point A indicates that
all of the studied cofactor structures for the redox couples —3/
—2, =2/—1, and —1/0 can reduce O,, i.e., their reduction
potentials are more negative than that of point A, falling within
a window consistent with physiological redox chains that
reduce 0,. The only exception is the redox couple +1/0, for
which only some of the structures with the least positive
reduction potentials (below point A) could reduce O,.
Therefore, many Ni-bis(dithioline) structures may be used in
protein wires as intermediate redox cofactors for O, reduction.
Point B is relevant to cable bacteria that oxidize H,S to reduce
O, following charge transfer (the reduction potential of the
half reaction in the bacterial environment could be as low as
—0.4 V). Thus, the redox couples/structures that are
compatible with cable-bacteria biological redox function lie
within the approximate B—A window. From the figure, we see
that the redox couple —2/—3 is less likely to accept electrons
from oxidized H,S as its redox potentials are below point B.

Cofactor-to-Metal Hole-Injection Energy Gaps. Using

cof>Trp €N be less than KgT and even negative. Thus,

the computed IP;gfab(q) values in eq 3, we estimate energy gaps

AEM
cofactor bias (g refers to the cofactor charge prior to its
oxidation). Analogous estimates for metal-to-cofactor electron
injection are shown in the Supporting Information. We use a
range of dielectric constants, as in the previous computations.

ht
A‘Emeta
to-cofactor charge transfer at zero bias only if the cofactor is
not in direct contact with the metal, ie. if there is no

hybridization with the metal and no significant image charges.
—5.1eV*"* (Figure 5), we

predict that for most structures AEI};tetal_,cof(q) <0, if the
cofactor has total charge of ¢ = —1, =2,

etal cof fOT metal-to-cofactor hole injection at zero metal—

lcof gives an indication of the driving force for metal-

For a gold electrode with Ef" . =~

—3. In particular

lAEr}rlltetalacof(q = _l)l < lAEr?ltetaI—mof(q = _2)|
h
< lAEmtetaI—»cof(q = _3)|

. Also IAEI}:etal_,cofl decreases with cofactor size (Tables SS—

S7). However, for a neutral cofactor, AE:fetal_) wg=0)>0
(Table S4), suggesting that the reverse process is spontaneous,
i.e,, electron transfer from the metal to the g = +1 cofactor.
For the larger structures, the computed
AEM . :(g=—1) are too small to qualify a definite
conclusion about the driving force, given the computational

https://doi.org/10.1021/acs.jpcb.4c08264
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errors and the approximation for Elf‘eurmi. For example, for wherer, = cofTrp/ AEr}r‘ltml ~ 0.5 and |AEht1 | ~02eV.Itis

structure 9 in Figure 4, AE™ (g = —1) = —0.09 €V. For

structure 12 in Figure 4, AEI};tetal_)mf(q = —1) = +0.02 €V,
(less than KgT), suggesting that electron injection from the
metal to the neutral cofactor is equally likely as hole injection.

In addition, although the driving force AE:fetal_, (@ =0) is
generally positive, indicating spontaneous electron injection
from the metal to the g = +1 state of the cofactor, the
minimum value can be small. For example, for structure 7 in

Figure 3, AE™ (9 =0) = 0.07 eV and this value can be
reversed to negative by applying a small bias. In summary, hole
injection to the q = —1,—2,—3 charge states of the cofactor is
likely at zero bias (with a higher driving force for g = —2,—3).
For the neutral cofactor (q = 0), electron injection from the
metal is more probable, although for some structures hole
injection to the neutral cofactor can be induced by a small bias.

Tunneling Matrix Element for Hole Transfer Between
Cofactors Mediated by Amino Acids. Our results for the
—1/-2 and 0/-1 cofactor redox couples show that the AA
bridge most likely presents an energy barrier greater than KT
for bridge-mediated cofactor-to-cofactor hole transfer. In this
situation, AA-mediated tunneling is the most probable transfer
mechanism. Our aim of this work is to estimate upper bounds
for the magnitude of the AA-mediated tunneling matrix
element. The maximum values should arise from the minimum
energy barrier, which occurs for the 0/—1 couple combined
with a Trp bridge.

We first approximate an upper bound for the nearest-
neighbor cofactor-Trp electronic coupling, V ¢,y by using eq
8. To do this, we combine each Ni-cofactor structure with a
Trp monomer using different orientations with respect to the
cofactor (Section 86). We find Vo, = 0.10 eV (Table S17).
Assuming that there is a linear bridge with N AA’s connecting
the donor and acceptor cofactors, we approximate the
tunneling matrix element by,

‘metal

1 1 1

Vys oo Vo N
AE, NAEy 4

f
TBA(N) ~ Vo1 N ,
2,D

Vi ,a

(12)
V.

In the equation above, V., are nearest-neighbor hole-
transfer couplings and AE;, = E—Ep (assuming a D—A
resonance conformation for which Ep, = E,). Equation 12 and
the tunneling mechanism are valid if the ratios [VI/AE < 1.5
To estimate an upper bound for the effective coupling, all
|AE;p| are set equal to the minimum energy gap we have

computed for the 0/—1 couple, i.e, AE™ =~ 0.2 eV (AEcof_,TrP

for structure 12 in Figure 4). We also use the maximum value
Voot Tnp
for the ratios VD /AE  and Viy4/AEy, in eq 12 is less than
Unity, gy = Viog 1/ AB iy
The maximum effective cofactor-to-cofactor coupling for the
0/—1 couple, mediated by a single Trp, is equal to max
1T (D = (Vi) / AE | = 0.05
(N >2),

~ 0.10 eV for Vp, and Vi . Thus, the maximum value

| ~ 0.5, and eq 12 is applicable.

eV. For a longer bridge

N-1

IT viiss

i=1

maXITD,A(N )| ”;ax
(13)

min

3000

best to estimate the product of couplings in eq 13 by referring
to examples of biological Trp chains, where such couphngs
have been computed from known structures, e.g, refs>”*. In
these systems rms couplings usually vary from one to a few
tens of meV. To obtain approximate upper bounds, we will set
all V., 10 meV in the equation above, i.e,

IV, st/ AEht | = 0.05, well within the range of validity of eq

12. We find that maxlTy, ,(N)I ~ 107*eV for N = 2-3,

dropping by a factor of S X 1072 for each additional AA. These
values will be used in the following section to obtain upper
estimates of cofactor-to-cofactor hole-transfer times for the
case of tunneling-mediated transport, where the intervening
AA’s act as virtual intermediates for the transferring hole.
The above discussion assumes that the ratio

r=1V /AE™| does not approach unity due to fluctuations
in the D(A)-bridge energy gap and the D(A)-bridge coupling.
Namely, in the previous discussion, the minimum value
AEht = 0.2 eV for the 0/—1 couple (structure 9 in Figure 4)

and the maximum value VCOfT[P = 0.1 eV should both be

interpreted as mean values after thermal averaging. The root-
mean-square (rms) fluctuation in the energy gap is given by
Opp = /2AKGT, where A is the reorganization energy. Given
the computed reorganization energies (Tables S1 and S2), we
find that 0.1 eV < 0,5 < 0.2 €V at room temperature. This
implies that thermal fluctuations can bring with significant
probability the energy gap close to zero, even if the average is

AE::m = 0.2 eV. In this case, the ratio r could approach unity
if we assume a cofactor-AA geometry that gives an rms V ¢y,
of the order of 0.1 eV. In this situation, the transport
mechanism for the 0/—1 redox couple for the structures with
the lowest average ht energy gap of 0.2 eV (most positive
reduction potentials of 0/—1 in Figure S), could involve

resonant transport mechanisms. Thus, the regime in the region

0< AECOf_,TrP < 0.2 eV is labeled “intermediate” in Figure S.

of, Trp

In this regime, the magnitude of the rms coupling compared to
the rms energy gap determines whether D(A)-bridge
resonances are relevant to transport. The cofactor-protein
relative geometry and its thermal fluctuations are critical in
determining the rms coupling. Structures with low cofactor-AA
rms coupling (much less than 0.1 eV) would support off-
resonant hole-transport, whereas higher rms-coupling ones
could support resonant mechanisms. For the +1 / 0 couple, we

have shown that the average energy gaps AE™ can be

‘cof— Trp
lower than 0.2 eV or even negative. This redox couple lies
mostly in the region of resonant AA-mediated hole-transfer
mechanisms in the sense that its reduction-potential range
overlaps with several AA reduction potentials (Figure S5).
However, some structures are within the intermediate region
described above for the 0/—1 couple.

Simulations of Amino Acid-Mediated Hole Transfer
Between Cofactors. We estimate the minima for the hole-
hopping times between cofactors for two distinct regimes: (a)
transport mediated by the connecting AA’s that act as real
hopping intermediates and (b) transport mediated by the
connecting AA’s that act as virtual intermediates (Figure 1).
We use the approach discussed in the Theoretical Methods
section (eqs 4—7) and assume a Trp bridge since it provides
the lowest protein—cofactor average energy gap. The method
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Figure 6. (a) Computed quantum (red line) and classical (blue line) Franck—Condon factors as a function of energy gap, (eq 4), for T = 300 K,

A’ = 0.001 eV for a pair of tryptophans. (b) P,(t) (red line) and Py,,(t) (blue line) are the time-dependent probabilities that the hole is at the

donor and acceptor, respectively. The simulation describes thermally activated hopping through the connecting amino acids. These probabilities are

obtained using eq 7 with T = 300 K and AV = 0 V. The donor and acceptor are cofactor structure 9 in Figure 4, and the bridge is a Trp triad (i.e, N

= 3). The zero-bias Trp-cofactor energy gap is AE, , = 0.2 eV, the cofactor-Trp coupling is V}, = V1 ns2 = 0.1 €V, and we use V;;,; = 0.01 eV for
quant

the Trp—Trp couplings. From Py,,(t), we derive the overall donor-to-acceptor transfer time 7,7, , as the time it takes to reach 80% of the final
steady-state acceptor probability.

Table 6. Theoretical Lower Bounds for Time Scales of Cofactor-to- Cofactor Hole Transfer at T = 300 K, Mediated by Themal
Hopping Through a Bridge of Three Trp Amino Acids (Figure 1)

T =300 K

AV =00V

AV =-05V

AEcofA» Trp (eV)

7N, (nsec)

s (nsec)

R (nsec)

N2 (nSec)

0.2 210 (170) 1% 10° 0.50 (0.50) 110
0.1 5(4) 3% 10° 0.10 (0.05) 12
0.0 0.20 (0.20) 122 0.05 (0.04) 10

“Nonadiabatic Marcus theory is used for the computation of the rates (“quant” and “class” denote computations using the quantum and classical
Franck-Condon factors). The cofactor chosen for the computation of the Franck Condon factors is structure 5 in Figure 3, and the computations
are done for the case of zero bias between the cofactors and a bias of —0.5 V. ®The reported values in black (blue) are obtained using #I'= 0.001 eV
(A" = 0.01 €V) in eq 4.

builds an (N + 2)-site rate matrix where site i = 1 is a cofactor
(initial hole donor), site N + 2 is the same cofactor (final hole
acceptor). The remaining “bridge” sites i = 2—(N + 1) are
Trp’s. All rates k;;.; are computed using Franck—Condon
factors FCgun(AE;;;) in egs 4 and 6. The normal-mode
frequencies w, and the corresponding 4, are computed at the
ab initio level for both the cofactors and the AA’s. The rate
equations are solved to obtain the probability of hole transfer
to any of the sites, P,(t), given that initially the hole is in site 1,
ie, P, ;(t=0) = 8,,. From Py,,(t) we derive the overall donor-
to-acceptor transfer time 7,1, , = 7334 It is defined as the
time it takes to reach a significant percentage of the final

FCclass(AEi,iil) = ( 4ﬂ/1iil,iI<BT )_1 ]

exp(—(AE;y; + iy ) /4441 Ky T)
i1 = A+ 4wy and 4 = ¥ 4,. In this case, the

transfer time is defined the same way as in the quantum case

where A,

class __class
and it is denoted 7,5\, , = Tpoa.

Below, we show results for Trp triad parameters that would
correspond to bridge lengths of 1—1.5 nm.>*™** In all cases the
cofactor-to-cofactor hole-transfer time (727N, ,) is computed
as a function of overall bias AV (between sites 1 and N + 2),
starting at zero bias. For the nearest-neighbor coupling
parameters, we use the values discussed above, ie., V), =

we make the choice of 80%, but the results do not change Vnsnea = 0.1 eV for the maximum cofactor-Trp coupling, and
significantly for a higher percentage. Further, we repeat the Vii1 = 10 meV (i = 2 to N) for the Trp—Trp couplings. The
computations by replacing FCg,,(AE;;.;) with the classical zero-bias Trp-cofactor energy gaps AE,, =
Franck—Condon factor using the sum of the total computed varied from the minimum value computed for the 0/-1

inner-sphere reorganization energies for i and i + 1, ie, couple, AE:fm ~ 0.2 eV, to 0 eV (this range is possible for the

steady-state acceptor probability Py, , (Figure 6). In the figure,

—AEyp N1 are

3001 https://doi.org/10.1021/acs.jpcb.4c08264
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+1/0 couple). We do not consider negative zero-bias energy
gaps because, in this regime, the Trp’s would be the hole traps
rather than the cofactors (a case that is not considered in this
work, as it could slowdown cofactor-to-cofactor transport).
The zero-bias Trp—Trp energy gaps are all set to zero, AE;,, ; =
OeV for i = 2 to N.

Tables S1 and S2 show the computed total inner-sphere
reorganization energies for different cofactor structures and AA
side chains. An important conclusion of our computations is
that the cofactor inner-sphere reorganization energies are very
small for all cofactor types and redox couples (maximum value
~0.1 eV and minimum value ~0.025 V). For example, in 3-Ni
structure 9 in Figure 4, a 3-Ni structure has the lowest inner-
sphere reorganization energy A = 0.025 eV (order of KgT (300
K)). The total computed inner-sphere reorganization energies
for the AA side chains such as Tyr and Trp are in the range
0.3—0.5 eV.

Table 6 shows the computed ht time scales at different
biases, using structure S in Figure 3 and a bridge of three Trp
amino acids. The inner-sphere reorganization energies of the D

(A) cofactor and each Trp are /1it=°tl(N+2) = 0.07 eV and

A w41 = 0.50 eV, respectively. Hence the total inner sphere
reorganization energies for the D(A)-Trp rates and for the
Trp—Trp rates are, respectively, 4,; = Ayion:1 = 0.57 €V and
Ais1;=1eV (i =2, N). The tabulated values are obtained using
vibrational relaxation times, "' in eq 4, in the range of psec—
100 fsec (A" = 0.001 — 0.01 eV). At zero bias (AV = 0 V),
the quantum transfer times for Al'= 0.001 eV vary from

72 = 210 nsec at AE™ =02eV to 7™} = 0.2 nsec

cof > Trp
at AE™

cof—Trp = 0 €V. The classical transfer times are much

= 100 psec at AEcof_)Trp =02eV to

class
7'-D —-A =

class
Tpa = 122 nsec at AECOf_}TrP

faster for AV = —0.5 V, with

slower, with
= 0 eV . Hole transfer become

0.5 — 0.05 nsec and
class

Tpa = 110 nsec — 10 nsec. Very similar time scales are
obtained for AI' = 0.01 eV, and for other cofactor structures
(Table S20). The case of two Trp’s also gives similar results
(Tables S18 and S19). In these simulations, the Trp—Trp steps
are rate-limiting and determine the overall transfer times. This
is because the total inner sphere reorganization energy for the
Trp—Trp hopping step is the highest (1 eV). The differences
between quantum and classical transfer times is due to the fact
that most of the modes that contribute to the inner-sphere
reorganization energy in Trp are nonclassical at room
temperature, i.e., fw, > KgT . (Figures 6a and S1).
Therefore, the fully classical approximation is not valid and
underestimates the Trp—Trp rates. The computed quantum
Trp—Trp rates are of the order of tens of picoseconds, close to
measured Trp—Trp rates with Trp chains in photolyases and
cryptochromes.”® In contrast, the classical-approximation rates
are nanoseconds to tens of nanoseconds.

The smallest possible protein bridge is composed of a single
Trp. We also consider this case of AA-mediated hopping for
the sake of comparison with Table 6. Using the maximum
cofactor-Trp coupling of 0.1 eV and A" = 0.001 eV, we find
that 7" = 30 psec for AV = 0V, AEcof—»Trp =02eV. Al
lower energy gaps for the single-Trp case give rates that are on
the order of the vibrational relaxation times (Section S7) and

should not be considered as valid within the theory we use.
This is because nonadiabatic, thermally equilibrated quantum

quant __
DA =

3002

and classical Marcus models do not apply, since these models
assume vibrational equilibrium prior to charge transfer.

We now consider the situation where the amino acids act as
virtual intermediates. This mechanism may compete with
amino acid hopping described above for the lower average
energy gaps of the 0/—1 couple (0.2 eV). The corresponding
rate is labeled k in Figure 1. For a Trp triad with

tunn
AE™

maximum value of the effective coupling mediated by the

cof—Trp = 0-2 €V we estimated in the previous section a

bridge, maxlTp, 4| ~ 10*eV (eq 13). Using structure S in

Figure 3 or structure 9 in Figure 4 as examples, we find

quant =1 / k

tun
Therefore, in the case of the 0/—1 couple and for bridge
lengths on the order of 1 nm the maximum theoretical value
for the transfer time of AA-mediated tunneling at zero bias can
be shorter than the corresponding time for AA-mediated
hopping (200 nsec in Table 6). This occurs because the inner-
sphere reorganization energy for tunneling is the sum of the
total reorganization energies of the D and A cofactors, A5 +A%"
= 0.14 eV for structure S (A5+A%" = 0.05 eV for structure 9)
The Trps’s are not real 1ntermed1ates and there are no Trp—
Trp hopping steps that slow down transport due to the high
reorganization energy of 1 eV (as in the AA-mediated hopping
mechanism).

The above quantum simulations use only the inner-sphere
reorganization energies for cofactors and AA’s, computed at
the ab initio level. The majority of these modes are nonclassical
at room temperature, i.e., Aw,> KgT30 ¢ (Tables S1 and S2,
and Figure S1). However, in any protein—cofactor assembly,
there will also be a high number of lower-frequency collective
modes that are classical at room temperature with 7w, <

wn = 1 — 10 nsec at zero bias between cofactors.

KT 300 k- The effect of such modes can only be described here
phenomenologically, since we have no structural information
about such assemblies. We do this in the Section S8 by using a
mixed quantum—classical theory,®” where the classical modes

are introduced via an outer sphere reorganization energy A,

quant—class
TD>A

The computed quantum-classical transfer times
quant
is increased.

(Table S21) become larger than the 7o, as 4

Therefore, the 7*%} described above are lower bounds for the
transfer times that are relevant to systems with outer-sphere
reorganization energies that are much lower than the inner-
sphere ones.

In summary, for a pair of cofactors connected by a typical
Trp triad of approximately 1—1.5 nm length, the theoretical
minimum ht times between the cofactors (4,,., = 0), mediated
by hopping through real AA intermediates, is in the range of
hundreds of nsec for the redox couple 0/—1 to hundreds of
psec for the redox couple +1/0. These numbers relate to
identical donor and acceptor cofactors, with zero bias between
them. The longer times for the 0/—1 couple are related to the
minimum estimated Trp-cofactor energy gap of

AE™ = 0.2 eV. The shortest times for the +0/1 couple
are associated with a Trp-cofactor energy gap of
AECOf—»Trp

achieved for AEcof_, Trp

outer

cof = Trp

= 0 eV. Shorter time scales (1—10 nsec) can be

= 0.2 eV if the Trp-triad is a tunneling

barrier. This is because the reorganization energies of the
cofactors are much lower than Trp. To achieve shorter ht
times, the bridge length would have to be reduced. In the case
of the cable-bacteria experiments in refs’™°, the estimated
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voltage drop between adjacent cofactors is much less than
KgT. Therefore, the computed times more relevant to these
experiments are those for AV = 0 V. These times cannot
explain the experimental room-temperature conductivities of
0.1 S/cm (or higher) in cable bacteria. For the 0.1 S/cm
conductivities, the fitted rates are 0.1—1 psec_1 for estimates of
cofactor center-to-center distances of 0.26—3.3 nm.”

Bl CONCLUSIONS

Motivated by the recent discovery that Ni-bis(dithiolene)
molecules are redox cofactors in cable bacteria charge-transfer
chains, we explore the question of how such molecules would
perform as redox components in protein wires, artificial, or
biological. We focus on the case where nearest-neighbor
cofactors are connected by an amino acid bridge. In this
situation, the bridge plays an active role in charge transfer by
providing real or virtual amino acid intermediates for transfer.
The Ni-bis(dithiolene) structures are planar, and their redox-
active orbitals are noninnocent, containing substantial sulfur
and ligand character in addition to nickel. Therefore, their
ionization potentials can be tuned by ligand substitutions, and
their planar structures allow for extensive and variable
interactions with surrounding amino acids. In addition,
voltametry experiments on different Ni-bis(dithiolene) struc-
tures in a variety of solvents show that these molecules support
several redox couples (e.g,, + 1/0, 0/—1, and —1/—2). These
characteristics suggest that Ni-bis(dithiolene) structures are
versatile redox cofactors that can be used in protein wires to
tune charge-transfer speeds. We study several single-nickel and
multinickel cofactor structures related to voltametry and
conductivity experiments on synthetic systems. For these
structures, we consider the redox couples +1/0, 0/—1, —=1/-2,
and —2/-3. Given the lack of atomic-level information on
protein—cofactor interactions, our results are approximate, and
we look only for qualitative trends.

We show that the cofactor reduction potential becomes
more negative as the redox couple changes from +1/0 to —2/—
3. For any redox couple, the reduction potential is tunable over
a range of 1 V or more (Figure 5), with the multinickel
structures having the more positive potentials. In addition, we
find that the inner-sphere reorganization energies of all
structures are low (1 < 0.1 eV). The reduction potentials
overlap with the potentials of many biological redox proteins
(Figure S). For all of the structures we have studied, the redox
couples —2/—3, —1/—2, and 0/—1 may reduce O, (for +1/0
only some structures could). Therefore, Ni-bis(dithiolene)
protein systems can be compatible with biological electron-
transfer chains. In relation to cable bacteria that oxidize H,S to
reduce O,, we show that the —1/-2, 0/—1, and +1/0 couples
could oxidize H,S (—2/-3 is likely not an H,S oxidant).

We also compute, using quantum nonadiabatic rate theory,
approximate upper bounds for protein-mediated hole-transfer
rates between nearest-neighbor cofactors for a cofactor-to-
cofactor distance of 1.5 nm and a bridge comprised of Trp
amino acids. Trp is chosen because it has the lowest reduction
potential for the amino acid cation (together with Tyr). We
find that the +1/0 redox couple would support fast amino acid-
mediated transport because amino acid-cofactor energy gaps
for hole transfer can be zero for many of the cofactor
structures, giving real amino acid intermediates. The redox
couple 0/—1 would also be a good candidate for fast transport,
as we find structures that give low amino acid-cofactor energy
gaps of approximately 0.2 eV. The corresponding energy gaps

3003

for the —1/—2 redox couple are higher as compared to the 0/—
1 redox couple (and even higher for the couple —2/-3).
Therefore, the —2/—3 and —1/—2 couples are expected to
support slower amino acid-mediated hole transport as
compared to the others. The faster computed hole-transfer
times using standard nonadiabatic rate theory are nsecs, for
intercofactor distances of ~1.5 nm and a Trp bridge. This
timescale is much slower than the cofactor-to-cofactor transfer
times in cable-bacteria, as estimated from experiments using
center-to-center cofactor distances of 0.26—3.3 nm. Our results
can serve as guidelines for designing protein wires with Ni-
bis(dithiolene) redox cofactors and tunable charge transfer
rates.
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