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Protein Photoconductors and Photodiodes**
Yuichi Tokita,* Seiji Yamada, Wei Luo, Yoshio Goto, Nicole Bouley-Ford, Hiroshi Nakajima,

and Yoshihito Watanabe*

Long-range electron transfer (ET) through proteins plays
important roles in living systems. ET proteins can be regarded
as wide-band-gap molecular semiconductors with “dopants”
(redox or photoactive species) that provide an electron- or
hole-localizing site, though the protein scaffold has insulating
character.'™'! Intramolecular ET in proteins has been inves-
tigated in detail by many groups to elucidate the factors that
control the rates of these nonadiabatic reactions.!!™>!1
Dutton and co-workers proposed a square barrier ET rate
model,"?l while Gray and colleagues showed that ET
depends on the structure of the medium between an electron
donor and acceptor.>™)

We have investigated photoinduced ET in two proteins,
zinc-substituted cytochrome by, (Zn-cytbss,) and zinc-substi-
tuted cytochrome ¢ (Zn-cytc), the semiconductor properties
of which depend on the charge distribution on their molecular
surfaces: Zn-cyt bsg, has n-type semiconductor character while
Zn-cytc is p-type, although the active center of the two
systems is virtually identical. This finding may open up the
world of protein-based electronics, because the semiconduc-
tor character of proteins could be controlled by variations in
surface charge.

Zn-cytbss, on the H,N-SAM/Au electrode (SAM =self-
assembled monolayer) was prepared according to the liter-
ature (see the Supporting Information). The orientation of
Zn-cytbss, on the H,N-SAM/Au surface (Figure 1) is optimal
for favorable heme-region (acidic patch) electrostatic inter-
actions with the SAM positive charge.['*!

Figure 2a shows cathodic photocurrents in response to
switching on and off of 420 nm illumination for bias voltages
of +300, 0, and —300mV (vs. Ag|AgCl). The action
spectrum (Figure 2b) is similar to the absorption spectrum
of Zn-cythss, (Figure2b, inset), which suggests that the
photocurrent originates in the protein. Incidentally, there is
no photocurrent response in the case that protein changes Zn-
cytbsg, into Fe-cytbsg,. Notably, the Q-band (550 nm) photo-
current response is more prominent in comparison with the
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Gold

Figure 1. Schematic view of Zn-cyt by, immobilized on H,N-SAM
fabricated on a gold electrode. Left: ribbon model with the porphyrin
moiety in rod model; right: charge distribution of Zn-cytbsg,. Red and
blue indicate negative and positive charges, respectively.

absorption spectrum, that is, the Soret/Q ratio in absorbance
(1120/Is50) of the action spectrum is 3.7 whereas that of the UV/
Vis spectrum is 11.1, thus implying that the photocurrent is
derived from migration of the photoexcited electron.!!>!f]
These findings are consistent with this mechanism: 1) the
photocurrent was observed only in the cathodic direction
under the range of bias potential employed here (Figure 2¢),
and 2) addition of methyl viologen (E,=-0.62V vs. Ag|
AgCl) to the solution as a redox reagent enhanced the
cathodic photocurrent, while addition of potassium ferri/
ferrocyanide (E,=+0.17 V vs. Ag| AgCl) did not show such
an effect.['-1%)

This is quite in contrast to the Zn-cytc/HOOC-SAM/Au
system, where the photocurrent action spectrum can be
superimposed on the UV/Vis spectrum and the addition of
the ferri/ferrocyanide effectively increases the photocurrent
that derives from the hole in the occupied molecular orbitals
(MOs), or the valence band.!"® Thus, although Zn-cyt bss, and
Zn-cytc are derivatives from similar ET proteins, the systems
have a different electronic nature: a photodiode (n-type) and
a photoconductor (p-type) character, respectively (Fig-
ure 2¢).

To elucidate the electronic structure and the factors that
control the semiconductor properties of the two Zn-cyto-
chrome proteins, we carried out all-electron DFT calculations
for Zn-cytbss,. We estimated the photoinduced ET rate
constants for Zn-cytc [Eq. (1)]:

ki ¢ =2m/h x |Hg[*0(Ey) 1)

where Hj is the electronic coupling matrix between effective
initial and final MOs, and Ej is the corresponding orbital
energy difference.['1

It is noteworthy that the energy levels of MOs undergo
aggregation with a band gap (ca. 2eV) like a typical
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Figure 2. a) Photocurrents of the Zn-cyt bs,/H,N-SAM/Au electrode
upon illumination at 420 nm in N,-saturated 10 mm sodium phos-
phate buffer (pH 7.0). Applied bias potentials (vs. Ag|AgCl) are + 300
(red), O (green), and —300 mV (blue). b) Plots of the photocurrents of
the Zn-cytbsg,/H,N-SAM/Au electrode in N,-saturated 10 mm sodium
phosphate buffer (pH 7.0). The applied potential was held at 300 mV
(vs. Ag|AgCl). Inset: UV/Vis absorption spectrum of Zn-cyt by, in the
buffer solution. c) Plots of photocurrent against applied bias potential
for the Zn-cytbsg,/H,N-SAM/Au (red) and Zn-cytc/HOOC-SAM/Au
(blue) electrodes in N,-saturated 10 mm sodium phosphate buffer
(pH 7.0).

semiconductor’s band structure, which is also seen in pre-
viously studied cytc and Zn-cyt ¢ systems.!'*?’l The calculated
band gap (ca. 2 eV) is somewhat smaller than the estimated
value from polypeptide (ca. 4 eV).P®! This might be attributed
to the difference between the target sizes for estimation,
polypeptide (small) and protein (large), and the effect of a
DFT method that is known to underestimate the band
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gap.”*! Among the 8758 MOs, those responsible for photo-
excitation of the porphyrin moiety (Gouterman’s four-orbital
model)? in Zn-cyt bsg, can be assigned to occupied MOs 3302
and 3304 having porphyrin m nature with zinc-sulfur -
bonding and unoccupied MOs 3326 and 3329 having porphy-
rin m* nature (Figure S2 and Table S2 in the Supporting
Information), on the basis of the time-dependent DFT
calculation previously obtained (Figure S3, Table S2).'*!

The intramolecular ET rate constants of photoexcited Zn-
cytbs;, were estimated from Equation (1) and related to
Gouterman’s 4-orbitals.>'*?> As is seen in the case of Zn-
cytc (Figure S5 in the Supporting Information), distinct ET
rates for specific couples of MOs in Zn-cytbss, are observed
(Figure S4). Dominant intramolecular ET rate constants for
each of Gouterman’s 4-orbitals of Zn-cytbss, and Zn-cytc are
summarized in Table 1. In Zn-cytbss,, the rate constants

Table 1: Calculated ET parameters for Zn-cytbsg, and Zn-cytc.

Proteins MO pairs Hs [eV] Eq [eV] ki_¢[s™

Zn-cythy,  3302.3300 —8.52x107"  —4.41x1072 1.57x10"”
3304_3307 —6.94x107"  +1.11x107"  4.15x10"
3326.3325  —5.71x107"  —5.50x1072 5.66x10"
3329.3331  +1.15x10° +9.11x107°  1.39x10"™
3329.3332  —7.33x107"  +1.48x1072  3.46x10"

Zn-cytc®  3268.3270  —3.51x107"  +227x1072 517x10'
3272_3271 —6.15x107%  —9.24x10™°  3.91x10"
32973296  —4.91x107%  —1.59x1072 1.45x10"
3299_3298  +9.40x107%  —1.14x107"  7.42x10™

[a] Reference [13].

between unoccupied MOs are one order of magnitude larger
than those between the occupied MOs. The two unoccupied
MOs are localized on the outermost amino acid residues
around Gly70 (MO3331) and Pro56 (MO3332), respectively,
which are located on the opposite side of the protein/SAM
interface and exposed to the solution (Figures1 and 3a;
Figure S2 and Table S2 in the Supporting Information). On
the other hand, the two occupied MOs are localized on the
Glul8 (MO3300) and AspS50 (MO3307), respectively, and
both reside on the electrode-contact side (Figure 1, and
Figure S2 and Table S2 in the Supporting Information).
Hence the major mechanism of ET in the photoexcited Zn-
cytbss, is “ET in the conduction band” through two-state
coupling between unoccupied MOs, which shows that the
photoexcited Zn-cyt bs, is an n-type semiconductor.? This is
quite different from Zn-cytc, where “hole transfer (HT) in
the valence band” between occupied MOs dominates. This
protein is a p-type semiconductor (Figure 2c, Table 1), even
though the “dopant” is the same as in Zn-cyt bsg,.

Why is one protein n-type and the other a p-type
semiconductor? We analyzed the ground-state electronic
structures of both proteins (Figure 3b). MO energies of Zn-
cytbss, are generally higher than those of Zn-cytc, which
reflects a difference in charge of the two proteins: Zn-cytbsg,
and Zn-cytc have negative (isoelectric point, pI =5.5) and
positive (pI=9.6) charges at pH 7.0, respectively. Impor-
tantly, the effect of the negative charge of Zn-cytbss, on its 4-
orbital energies is more prominent than that of the other
porphyrin MOs assigned to porphyrin o orbitals and the MOs
localized on amino acid residues. The differences in MO
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Figure 3. a) Main MOs responsible for photoexcited ET in Zn-cyt bsg,.
MO3329 (top) has the characteristics of one of Gouterman'’s 4-orbitals
and MO3332 (bottom) originates in the protein scaffold for which the
energy level is involved in the “conduction band” of the protein and is
quite close to MO3329. IS: isosurface value. b) Kohn-Sham orbital
distributions around the band gap of Zn-cytbsg, and Zn-cytc. Numbers
represent Gouterman'’s 4-orbitals of the proteins. CB: conduction
band; VB: valence band. The MO3332 shown in (a) is in the CB and
its energy level (—2.02 eV) is very close to that of MO3329 (—2.04 eV).

energy levels of each corresponding 4-orbital between the two
systems are almost the same, +2.34 eV, although the average
energy shift from Zn-cytc to Zn-cytbs, is +1.38 eV. Hence
the relative energy level of the 4-orbitals against protein
bands consisting of MOs localized on amino acid residues is
very different for the two proteins. In Zn-cytbsg,, the
unoccupied 4-orbitals (MOs 3326 and 3329) locate in the
lower region of the protein’s conduction band, whereas such
an overlap is not found in Zn-cytc (Figure 3b). On the other
hand, the occupied 4-orbitals (MOs 3302 and 3304) are placed
at a shallow position in the higher valence band of Zn-cyt bsg,.
In comparison to Zn-cytc, the MOs with holes and the
valence band with amino acid character are more weakly
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coupled in Zn-cyt by, (Figure 3b). These electronic structure
differences between the two proteins dictate the molecular-
semiconductor nature of the proteins.

Why are the 4-orbitals so much more sensitive to charge
than the other MOs? We compared the diffusabilities of
Gouterman’s 4-orbitals and those of MOs with amino acid
character (Figure 3a). Gouterman’s 4-orbitals are more
expansive and delocalized than the other MOs, thereby
implying that the protein charge can more easily and
homogeneously affect their orbital energies, even though
the charged amino acid residues have an outermost distribu-
tion in the protein shell. In contrast, since the other MOs have
compact and localized characters, the effect of the charges of
the protein surface could be relatively small. Furthermore,
due to the anionic character of the porphyrin ring, in which
the gross net charge is —1.59, the 4-orbitals would be more
sensitive to the charge of the protein shell.

This expandable property of the 4-orbitals can be
explained by the highly ordered polarizability of the porphy-
rin 7t or ;t* nature. Since the unoccupied 4-orbitals correspond
to a porphyrin m* orbital derived from the e, orbital of
metalloporphyrins with D, symmetry having quadratic
function (xz, yz),”? they can be easily mixed with MOs of
the protein shell and thus its effect can be homogeneously
expanded into the whole molecule (Figure 4). In the occupied
4-orbitals, a similar expansion effect could be realized: by
mixing the porphyrin m orbital derived from a;, and a,,
orbitals not having quadratic functions® with zinc-sulfur
(7t) hybridized by sulfur p, or p, and zinc d,, or d,,, they can
acquire xz, yz characters (Figure 4).

Because the band-like structure would be a common
feature among various kinds of proteins, the type of semi-
conductor-like behavior can be mostly described by the
energy level relationship between the redox center and the
protein scaffold. On the other hand, Beratan and co-workers
used a donor-acceptor (D-A) coupling indicator, | H;|?, to
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Figure 4. The m-electron densities of Gouterman’s 4-orbitals derived
from D,, symmetry and Zn-S mt-bonding nature. White and black
circles are positive and negative aspects, respectively, and the areas
are proportional to the m-electron densities.
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analyze ET in nine ruthenized cytbsg,, in which they found a
multiple edge-coupling regime and a dominant pathway
regime.’®?! What we have found here is that ET pathways
can be more precisely described by the combination of the
energy-level relationship and D-A coupling between the
responsible MOs [Eq. (1)], that is, analyses of ET rates on the
basis of Fermi’s Golden Rule by using all-electron wave
functions of the protein. Besides the MO coupling term (Hy),
the proximity in the energy levels [0(Ey)] of donor and
acceptor should be tuned for effective electron pathway(s) in
the ET protein.

In summary, we have shown that two zinc-substituted
cytochromes employ different photoinduced ET mechanisms.
The effect of charge on the protein scaffold on the energy of
Gouterman’s 4-orbitals determines the semiconductor prop-
erty (n- or p-type) of Zn-cyt bss, and Zn-cytc. The energy shift
of the 4-orbitals is highly sensitive to changes in the pl
because of the expandable and delocalized nature of the MO
electron density, most likely because of the highly ordered
polarizability of the porphyrin m or m* orbitals. We suggest
that a protein semiconductor with a p-n junction could be
constructed by fusing two suitably engineered cytochromes.

Experimental Section

Photocurrent measurements of Zn-cytbss,: Photocurrent measure-
ments were carried out using the same system as for previous Zn-cytc
gold electrode measurements.'® A xenon lamp (Ushio SX-
UTI150XQ) was used as light source, and monochromated incident
light with full width at half maximum of 10 nm was generated by a
monochromator (JASCO CT-151T). The incident light was blocked
intermittently by a mechanical shutter and focused on the Zn-cyt by,
gold electrode in a quartz electrochemical cell (10 mm phosphate
buffer solution; counter electrode: Pt mesh; reference electrode: Ag |
AgCl). A potentiostat (Hokuto Denko HA150G) was used to control
the bias voltage applied to the Zn-cyt by, gold electrode against the
reference electrode, and the time course of the current was recorded.
All measurements were carried out under nitrogen after 15 min
nitrogen bubbling of 10 mm sodium phosphate buffer solution.
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