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Abstract An ultrathin, ordered, and packed protein film,
consisting of the 2-mercaptoacetic acid (MAA), polydime-
thyldiallylammonium chloride (PDDA), and wild-type
(WT) photosynthetic reaction center (RC; termed as WT-
RC) or its pheophytin (Phe)-replaced counterpart (termed as
Phe-RC), was fabricated by self-assembling technique onto
gold electrode for facilitating the electron transfer (ET)
between RC and the electrode surface. Near-infrared (NIR)-
visible (Vis) absorption and fluorescence (FL) emission
spectra revealed the influence of pigment substitution on
the cofactors arrangement and excitation relaxation of the
proteins, respectively. Square wave voltammetry (SWV)
and photoelectric tests were employed to systematically
address the differences between the WT-RC films and
mutant ones on the direct and photo-induced ET. The
electrochemical results demonstrated that ET initiated by
the oxidation of the primary donor (P) was obviously
slowed down, and the formed P had more population as
well as more positive redox potential in the Phe-RC films
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compared with those in the WT ones. The photoelectro-
chemical results displayed the dramatically enhanced
photoelectric performances of the mutant ones, further
suggesting the slow-down formation of final charge-
separated state in Phe-RC. The functionalized protein films
introduced in this paper provided an efficient approach to
sensitively probe the redox cofactors and ET differences
resulting from only minor changes in pigment arrangement
in the pigment—protein complex. The favored ET process
observed for the membrane proteins RC was potentially
valuable for a deep understanding of the multi-step
biological ET process and development of versatile bio-
electronic devices.
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Introduction

Bacteria photosynthetic reaction center (RC) from Rhodo-
bacter sphaeroides, a simple but robust transmembrane
pigment—protein complex primarily building up a light-
driven electrical potential across the bacteria photosynthetic
membrane, has been served typically as a valuable model
system for probing the biological electron transfer (ET)
process [1, 2]. Sparked by the nearly 100% quantum yield
of the photo-induced charge separation of RC [3, 4], many
efforts have been made to explore the long-range ET
behavior both theoretically and experimentally [5-26]. The
photo-induced ET process of RC is triggered upon
photoexcitation of the primary electron donor (P) cofactor,
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a bacteriochlorophyll (Bchl) dimer, and terminates in the
ET between the primary quinone (Qa) cofactor and the
secondary quinone (Qg). The accessory Bchl and bacteri-
opheophytin (Bphe) cofactors also participate in the initial
ET steps as indispensable electron acceptors. Noticeably,
despite that most of the cofactors noncovalently bound in
the protein matrix are arranged twofold symmetrically, the
ET only occurs unidirectionally along the L-branch [5, 6]
(see Scheme la for details).

Electrochemical technique was addressed as an effective
way to characterize electroactive species and probe ET
processes in biological systems. The redox properties of the
cofactors inside RC suggested the employment of such
methods to reveal the energetics and pathways of the
sequential ET behavior [11]. Agostiano et al. [12] reported
previously the use of several electrochemical methods,
including chronoamperometry, cyclic voltammetry (CV),
and linear sweep voltammetry, to study the interactions
between the different mediators and RC. Voltammetric
peaks for RC in thin lipid films prepared on pyrolytic
graphite (PG) electrodes were then investigated by Munge
et al. [13]. In our previous work [15, 16], direct electro-
chemistry was realized for RC reconstituted in polycation
sandwiched monolayer, permitting the determination of the
redox cofactors midpoint potential (£,,), an important
parameter relating to the driving force of the ET reactions,
by CV and square wave voltammetry (SWYV). Further study
on SWYV, bulk electrolysis, and photoelectric tests of the RC
self-assembled monolayers (SAMs) demonstrated the dra-
matically different orientations of the proteins on Au
electrodes linked by different bifunctional reagents [17].

Recently, site-directed mutagenesis and pigments re-
placement were widely adopted for a deep understanding of
the complicated ET process in RC [19-26]. The specific
treatments of RC brought about obvious alterations on E,,
of the cofactors and thus influenced the ET significantly. A
typical example was the incorporation of plant pheophytin
(Phe) through pigment substitution of Bphe inside the
proteins (see Scheme 1b for the molecular structure of Bphe

Scheme 1 a Photo-induced ET
process of RC; b molecular
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and Phe). A long-lived P'Bchl™ state and enhanced energy
level of P'Phe” compared with that of P'Bphe were
confirmed by time-resolved spectroscopy [23-25]. Howev-
er, the critical dependence of ET rate change on energy
level shift of RC cofactors could hardly be obtained directly
and readily.

In this work, wild-type RC (termed as WT-RC) and its
plant Phe-exchanged mutant (termed as Phe-RC) isolated
from purple bacterium Rhodobacter sphaeroides 601 were
self-assembled on the functionalized Au electrodes. SWV
and photoelectrochemical measurements were employed to
systematically address the differences in the cofactor redox
characters and photo-induced ET between the WT-RC films
and the mutant ones. To our knowledge, it is the first time
that the photo-induced ET difference arisen from RC
mutagenesis was characterized directly by the photoelectric
performance, owing to the great ability of SAMs in
controlling the protein organization at the molecular level
[16, 27] and facilitating the light-driven long-range ET [28,
29]. Combination of the advanced electrode modification
strategies and the sensitive electrochemical methods pro-
vides a promising way for analyzing the primary events
involved in the bacteria photosynthesis in detail.

Experimental section
Chemicals and material

2-Mercaptoacetic acid (MAA, Sigma, USA), polydimethyl-
diallylammonium chloride (PDDA, Aldrich, USA), and
sodium dithionite (Dong-Huan United Chemical Plants,
Beijing, China) were purchased without further purifica-
tion. Other chemicals used in this study were analytical
grade reagents. Deionized water with specific resistance
>18 M) cm was adopted to prepare the solutions
mentioned in this paper. Tris—HCIl buffer (pH 8.0)
employed in this study consisted of 0.050 M tris(hydroxy-
methyl)-aminomethane (Tris), 0.028 M HCI, and 0.050 M
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KCI. Tris-LDAO (TL) buffer (pH 8.0) used in this study
was composed of 10 mM Tris—HCIl and 0.1% (w/w)
lauryldimethylamine-N-oxide (LDAO).

Both WT-RC and Phe-RC were obtained from the
Shanghai Institute of Plant Physiology and Ecology, Chinese
Academy of Science. WT-RC was purified from the purple
bacterium RS601 (one of Rhodobacter sphaeroides strain,
containing carotenoid, with higher molecular weight than
R26) according to the methods reported previously [30].
The purity index of the proteins was evaluated from the 280
and 802 nm absorption ratio (A4,g¢/4g00), Which should be
less than 1.24. The concentration of RC was determined
from the absorbance at 802 nm (molar extinction coefficient,
€=288 mM ' cm'). Preparation of plant Phe and the
process for pigment exchange were carried out as described
previously [31]. In this work, Bphe at both the Bphe, and
Bpheg sites was displaced by Phe with controlled molar
proportion of Bphe and Phe as well as the incubation
temperature. The Phe, g-exchanged mutant was obtained at
a 20:1 Phe-to-RC molar ratio in 10% acetone, incubating at
43.5 °C for 60 min in the TL buffer.

Fabrication of RC-PDDA-MAA film on Au electrode

The details for constructing the RC-PDDA-MAA assem-
bly were described as follows: Au electrode (surface area of
about 0.038 cm?, purchased from CHI Instrument, USA)
was polished successively with 0.3 and 0.05 um Al,Oj3
powder and washed gently with deionized water. Electro-
chemical characteristics of the bare Au electrode were
estimated from the background current of CV (<2x1077 A
in pH 8.0 Tris—HCIl buffer at scan rate of 0.1 V/s) and SWV
(<2x1077 A in pH 8.0 Tris—HCI buffer at 150 Hz). The
freshly polished electrode was then ultrasonicated in
deionized water and ethanol in turn for 3 min and finally
rinsed thoroughly with ethanol. For realizing the modifica-
tion, the above treated Au electrode was immersed in turn
in 1 mg/ml MAA ethanol solution, 1 mg/l PDDA solution,
and 0.5 mg/ml RC protein solution for 24, 6, and 3—4 h,
respectively. After each step, the modified electrode was
rinsed carefully and dried in nitrogen. A quartz crystal
microbalance (QCM) was employed to investigate the
surface concentration of RC in the SAMs if necessary.
Before all measurements, the RC-PDDA-MAA assembly
was rinsed and kept in pH 8.0 Tris—HCI buffer.

Apparatus and procedures

The ultraviolet (UV)-visible (Vis)-near infrared (NIR)
absorption and fluorescence (FL) emission spectra were
obtained using a SM-240 CCD spectrophotometer (CVI
Spectral Instruments, Putnam, CT, USA.) and a SM-300
luminescence spectrometer (CVI Spectral Instruments,

Putnam, CT, USA) at room temperature, respectively. The
UV-Vis-NIR absorption and FL emission spectra of RC-
free Tris-HCl buffer were subtracted automatically as
reference or background. The QCM measurements were
performed with a CHI-400 electrochemical crystal micro-
balance (CHI Instrument). The fundamental frequency of
quartz resonators was 7.995 MHz. The geometrical area of
the Au eclectrode used in the QCM measurements was
0.196 cm?, and the roughness factor was about 1.45. The
surface concentration of RC was determined by following
the frequency change of the crystals and estimated using the
Sauerbrey equation established for an AT-cut shear mode
QCM [32]. In our system, per frequency change of 1 Hz
represented the mass change of about 1.34 ng.

SWV measurements were carried out with a CHI-660A
electrochemical workstation (CHI Instrument) at 295 K in
the dark. All electrochemical experiments were performed
within a three-electrode cell containing a RC-modified Au
working electrode, a platinum flake auxiliary electrode, and
a Ag/AgCl saturated KCI reference electrode. All the
potentials quoted in this paper were vs standard hydrogen
electrode (SHE). The electrolyte was purged with nitrogen
for at least 20 min before the experiments and was kept in a
nitrogen environment for exclusion of oxygen during all
voltammetric scanning.

Nonlinear fitting of SWV data was applied to acquire the
ET parameters (standard potential E°, rate constant ks, and
transfer coefficient o) [33]. This technology has been used
to analyze the ET in thin myoglobin—phosphatidyl cholines
(Mb-PC) successfully [34]. In this paper, the principle and
program of SWYV nonlinear fitting were the same as
described previously [16].

The photocurrents were measured in a self-made quartz
cell filled with 0.01 M sodium dithionite in pH 8.0 Tris—
HCI buffer. A three-electrode system consisting of the RC-
modified Au electrode as the working electrode, a saturated
calomel electrode as the reference, and a platinum flake as
the auxiliary one was adopted. A 20-W incandescent lamp
coupled with a filter (A>600 nm) was employed to
illuminate the working electrode. The intensity (linc) of
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Fig. 1 Normalized NIR-Vis absorption spectra of WT-RC (a, solid
line) and Phe-RC (b, dotted line) in pH 8.0 Tris—HCI buffer
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Fig. 2 Steady FL emission spectra of 2 uM WT-RC (a, solid line) and
Phe-RC (b, dotted line) in pH 8.0 Tris—HCI buffer, excited at 800 nm

the output through the filter was measured to be 0.1 mW cm 2.
The photoelectric signals were recorded with the CHI-660A
electrochemistry workstation mentioned above. Without
extra illustration, the electrode bias was set at the open-
circuit voltage during the photoelectric measurements.

Results and discussions
Steady absorption spectra

Figure 1 showed the differences of steady NIR absorption
between WT-RC and Phe-RC in buffer resulted from
pigment substitution. The normalized steady-state absorp-
tion spectra of the two kinds of RC were in good agreement
with the previous results reported [23, 24]. For WT-RC,
three major absorption peaks centered at 760, 802, and
870 nm corresponded to the Q, transition for Bphe, Bchl,
and P, respectively [35]. For Phe-RC, the peak of Bphe
almost disappeared, while a new peak centered at 675 nm,
corresponding to the Oy absorption of Phe, was clearly
identified. The results indicated that Bphe (at both the
Bphe, and Bpheg sites) has been displaced successfully
with Phe in the RC mutant, and a high exchange yield of
more than 95% could be achieved. A blue-shift of 5 to
865 nm observed for Q, transition of P in Phe-RC

suggested the minor changes of band gap energy between
P and its photoexcited state P*. The spectral characteristic
of the monomeric Bchl molecules (802 nm) was not
affected evidently by the pigment exchange.

Steady FL emission spectra

The FL emission spectra of 2 umol/l WT-RC and Phe-RC
excited at wavelength of 800 nm were displayed in Fig. 2
for comparison of the excitation relaxation of the two RC
proteins. The FL intensity of Phe-RC was nearly 1.4 times
larger than that of WT-RC. Similar results were observed
when the excited light wavelength of 600 nm was
employed. As the steady FL peak centered at ~875 nm
(~871 nm for Phe-RC) can be definitely attributed to the
emission of energy transferring from Bchl to P [36], the
increased FL emission was mainly due to the slow-down
formation of final charge-separated state in Phe-RC. These
results also suggested the more population of P*, as
reported previously by Schmidt et al. [24]. The somewhat
higher free energy level of P'Phe” compared with that of
P'Bphe could be deduced.

QCM measurements for the WT-RC and Phe-RC SAMs

The surface concentration of RC in the RC-PDDA-MAA
assembly was sensitively investigated by the QCM mea-
surements. An average mass of the self-assembled WT-RC
and Phe-RC was calculated to be 31.7 and 28.9 ng,
respectively, as listed in Table 1. Compared with the
results of polycation sandwiched RC SAMs reported in
our previous work [16], the fabricated two RC assemblies
in this work covered the gold electrode surface to a less
extent. The protein mass calculated assumed a monolayer
of RC adsorbed on the Au electrode [16]. No distin-
guished differences were found for the two kinds of RC
SAMs on the surface coverage, which indicated that the
protein matrix remained nearly unaltered after the pigment
exchange.

Table 1 Electrochemical and photoelectrochemical parameters measured from nonlinear fitting of the SWVs with “5-E£°” model and photoelectric

tests, respectively®®*

Sample Mgc/ng E°/V kys! « I/nA cm 2 Voo/mV
1 11 11T 1 11 11T 1 1I 11T

WT-RC SAMs 31.7 0.487 -0.08 -0.29 13.1 3.8 43 0.48 0.51 0.51 30 12

Phe-RC SAMs 28.9 0.511 -0.05 -0.32 14.0 3.1 3.4 0.53 0.52 0.54 45 17

aMass of RC (Myc) immobilized was obtained from the QCM measurements (AF=—7.46x10® Am) with four times average; an error of £5%

was estimated.

® Standard potential £°, rate constant k,, and transfer coefficient o were calculated from the SWVs (pulse heights of 50 mV and pulse frequency of

60 Hz) with an average of five times; an error of +10% was estimated.

¢ Short-circuit photocurrent (Isc) and open circuit photovoltage (Voc) were measured with four times average (A>600 nm).
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SWYV measurements for the WT-RC and Phe-RC SAMs

An attempt to follow the redox species involved in the ET
reaction for the two RC SAMs was achieved by using the
SWYV, a potential method with superior sensitivity and
resolution to CV. The reproducible and distinct electro-
chemical results shown in Fig. 3 demonstrated the change
of redox reaction energetics and the partial block of ET
process in Phe-RC. Three current peaks (marked as peak I,
II, and III) were observed for both the two RC SAMs, while
no redox peaks appeared for the bare Au or Au-MAA—
PDDA electrodes. The well-characterized peaks and the
following photocurrents responses exhibited the retaining
of bioactivity of RC within the artificial films. According to
the references in which the E,, of redox species in native
RC has been widely reported to be 0.48~0.52 V for P/P"
[37, 38], —0.05~—0.10 V for O,/Oa [39, 40], and
—0.3~—0.5 V for Bphe /Bphe [16]; peaks I, II, and III of
the WT-RC SAMs in Fig. 3 corresponded affirmatively to
the redox couples of P/P*, Q,/O, and Bphe/Bphe,
respectively. Similar results were obtained for the poly-
cation sandwiched RC SAMs in our previous work [16].
Obvious changes of both peak potentials and currents were
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Fig. 3 Square wave voltammograms (SWVs) for the WT-RC SAMs
(a) and Phe-RC SAMs (b) in pH 8.0 Tris—HCI buffer at 293 K with
pulse amplitude of 25 mV and frequency of 15, 30, and 60 Hz applied
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Fig. 4 Short-circuit photocurrent (sc) responses induced by switch-
ing on (arrow up) and off (arrow down) the illumination (1>600 nm,
Tinc=0.1 mW cm?) of the RC-PDDA-MAA films on Au electrode. a
WT-RC, (b) Phe-RC. The electrode potential was set at the open-
circuit voltage

obtained for the Phe-RC SAMs, the details of which were
described as follows. First, the enhanced current of peak I
(P/P") for the mutant protein revealed a repopulation of the
excited P* and a higher concentration of P* in Phe-RC,
which was in good agreement with the results obtained by
NIR absorption and FL emission spectra mentioned above.
Second, the peak currents of peak II (O, /Oa) and peak III
(Phe’/phe) for the Phe-RC SAMs, which were lower than
those for the native one, was consistent with the results
achieved by other groups. Franken et al. [25] reported that
the yield of PTQ, state was only 75% at room temperature
in Phe-RC compared with nearly a unity in WT-RC. For
Phe-RC SAMs, peak IIT was attributed to Phe’/Phe mainly
for the reason that the redox potential of this species in vitro
was reported as a more negative value (130-160 mV) than
that of Bphe in the same condition [41, 42]. The
incorporation of Phe brought about the rise of free energy
level of P"Phe’, which was higher than that of P'Bchl in
the RC mutant [23, 24], resulting in the increase of redox
potential of peak III. In summary, it could be deduced that
the ET from P to Q4 in the Phe-RC assembly was partly
blocked as Phe-RC had higher concentration of P* (peak I)
and lower yields of O, (peak II) compared with the native

4-

N w
L L

I /1e-6 AmW™"

sc

01— , , ,
600 700 800 900
Wavelength / nm

Fig. 5 Photocurrent action spectra of the WT-RC SAMs (a, solid line)
and Phe-RC SAMs (b, dotted line) in the NIR region excited using a
Ti—sapphire laser with tunable output of wavelength from
700~900 nm
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one. The suppressant ET in Phe-RC was mainly attributed
to the change of redox ET energetics.

Nonlinear fitting of the SWV data was performed to
explain the electrochemical voltammetry differences be-
tween the WT-RC and Phe-RC SAMs quantitatively. Fitting
of SWV data was done by nonlinear regression, a general
program employing the Marquardt-Leenberg algorithm.
Three parameters, including the E°, k,, and «, were
calculated from the regression analysis. The total fitting
results for different RC-PDDA-MAA films are summa-
rized in Table 1. The ET k; of peak I for the WT-RC SAMs
was calculated to be 13.1 s™', a little higher than the pre-
vious results reported for the iodoacetoamidyl-ubiquinone—
RC films on carbon electrode [14]. The increased parallel k;
of about 14.0 s™' was obtained for the Phe-RC one.
Oppositely, the ks of peak II (3.8 s ') and peak III
(4.3 s") estimated for the WT-RC SAMs was higher than
the corresponding value for the Phe-RC one (3.1 and
3.4 s !, respectively). The different k, presented in this
paper further reflected the slow-down formation of final
charge separation state in Phe-RC.

Photoelectric tests for the WT-RC and Phe-RC SAMs

Photoelectric performances of the WT-RC and Phe-RC
SAMs were evaluated for directly differentiating the photo-
induced ET behaviors of the two proteins, as shown in
Fig. 4. No obvious photocurrent (<2 nA/cm?) was observed
for any RC-free Au or Au—-MAA-PDDA electrodes
photoexcited (1>600 nm). However, reproducible anodic
photocurrents were immediately observed for the two RC-
modified electrodes when illuminated, which strongly
indicated that the entrapped RC dominated the photo-
currents. Short-circuit photocurrent (Isc) detected for the
Phe-RC SAMs was near 45 nA/cm?, about 1.5 times larger
than that for WI-RC SAMs (~30 nA/cm?). Meanwhile,
enhanced open-circuit photovoltage (Voc) was also ob-
served for the Phe-RC SAMs (see Table 1). As no
significant differences on protein loading were found for
the two RC SAMs, the dramatically different photoelectric
performances implied the increased photo-induced electron
injection for the Phe-RC SAMs compared with that for the
native one. The enhanced photoelectric responses of the
Phe-RC films were benefited from the more population and
longer lifetime of P* or P'Bchl” in the mutant compared
with that in the native. And the larger energy gap existed
between P* or P'BChl™ and P/P" than that between PTQy
and P/P" also contributed to the photoelectric performance
difference. Photocurrent of the WT-RC and Phe-RC SAMs
as a function of the NIR illumination light wavelength is
illustrated in Fig. 5. The photocurrent action spectra of the
two electrodes almost overlay the absorption spectra of the
two proteins, which confirmed again that the photocurrents

@ Springer

measured in the NIR region were indeed generated by the
entrapped RC, and the NIR light-harvesting capability of
both WT-RC and Phe-RC in the SAMs was well preserved.
Enhanced photoelectric performances observed in the Q,
absorption bands of P and Bchl for the Phe-RC SAMs
further mapped the connection between the energy level
change of the redox cofactors and the photo-induced ET
process.

Conclusions

Pigment substitution led to the significant alterations on the
cofactor redox characters and photo-induced ET process of
the bacteria photosynthetic proteins, which were probed by
the NIR-Vis absorption, FL emission, SWV, and photo-
electrochemical experiments. Different ET process in the
two SAMs contributed to the differences in electrochemical
and photoelectrochemical behavior. The electrochemical
results exhibited that ET initiated by the oxidation of P was
obviously slowed down and P* formed had more popula-
tion as well as more positive £, in the Phe-RC films
compared with those in the WT ones. The dramatically
enhanced photoelectric performances of the mutant RC
further suggested convincingly the formation of relatively
long-lived P* and P"Bchl™ in Phe-RC. The unique protein
films introduced in this study provided an efficient
approach to sensitively probe the redox cofactors and ET
differences resulting from only minor changes in pigment
arrangement in the pigment—protein complex. The favored
ET process observed for the membrane proteins RC was
potentially valuable for a deep understanding of the multi-
step biological ET and development of versatile bioelec-
tronic devices.
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