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Abstract: A series of hemo-protein-derived photocatalysts, prepared by reconstitution of the respective apo-proteins
with Co(ll)-protoporphyrin 1X and chemical modification of the protein with the eosin chromophore, is presented.
Apo-myoglobin, Apo-Mb, was reconstituted with Co(ll)-protoporphyrin IX and further modified with eosin-
isothiocyanate J) to yield the photocatalyst Bo-Mb-Co(ll). The protein is loaded by two eosin chromophore
units. Photoexcitation of Bo-Mb-Co(ll) yields the electron transfer species Edb-Co(l) formed by direct oxidative
quenching of [E0?"-Mb-Co(ll), ks = 5.2 x 10* s %, and via an indirect path where self-quenching of the eosin-
chromophore units yields the intermediate redox product$*{Eb Eco~)-Mb-Co(ll) that, in the presence of MNa
EDTA, generate the Eo-Mb-Co(l) in a secondary dark electron transfier= 330 s1. The reconstituted protein
Ec*-Mb-Co(ll) reveals photocatalytic features and its steady-state illumination in the presencgEffT¥ayields
hydrogen evolutionp = 2 x 1074, or photohydrogenation of acetylene to ethylepies 1 x 1072, The reconstituted
photocatalyst E&-Mb-Co(ll) reveals enzyme-like behavior. Photohydrogenation of acetylenedicarboxylicicid (
by E¢?-Mb-Co(ll) in the presence of NEDTA reveals stereospecificity and formation of maleic acid as the
hydrogenation product and kinetics that follow the Michaelenten modelKm = 4 mM, Viax = 0.6 uM-min=1,
Similarly, thea- andf$-subunits of hemoglobin, Hb, were reconstituted with Co(ll)-protoporphyrin IX to yieldb-

Co(ll) and-Hb-Co(ll). Thep-Hb-Co(ll) was specifically modified at cysteine 93 residue by eosin maleindige (

to form EG~--Hb-Co(ll). Thea-Hb-Co(ll) was modified at a single, unknown, lysine residue by eosin maleimide
(4) to generate Eo-a-Hb-Co(ll). Only oxidative quenching proceeds in%Eg8-Hb-Co(ll) and E8-a-Hb-Co(ll)

to yield the redox photoproducts, €g3-Hb-Co(l) and E¢-a-Hb-Co(l), kff = 1.8 x 10° st andk* = 6.5 x 10°

s71, respectively. The back electron-transfer rates of the redox speci&g’are0.37 x 10 st andk,* = 3.4 x

10 s71, respectively. The site-specific modification at cysteine 93 residye-tldb by the chromophore and the
known X-ray structure oB-Hb which defines the electron transfer distance iR E8-Hb, d = 12.87 A, enabled the
analysis of the experimental electron-transfer rate constants according to Marcus theofyl eV;3 = 1.35 A1,

The reorganization energy, associated with the electron transfer in?Ee-Hb-Co(ll) is similar,A = 1.15 eV.
Application of thep-value extracted for the Bo-3-Hb-Co(ll) system to the Eo-a-Hb-Co(ll) assembly enabled
estimation of the electron-transfer distance in the latter sysiem11.2 A, and elucidation of the lysine-90 residue

as the modification site by the eosin chromophore. The two reconstituted protefnspth-Co(ll) and E&™-5-
Hb-Co(ll), reveal photocatalytic properties. Their steady-state irradiation in the presence obHi2Taresulted

in photohydrogenation of acetylene to ethylepie,= 0.02; ¢’ = 0.004. The photogenerated redox species of the
reconstituted proteins EoMb-Co(l) and Eo -o/-Hb-Co(l) reveal pronounced stabilities against back electron
transfer. This was attributed to spatial separation of the redox species by the rigid protein assemblies. The stability
of the redox photoproducts EsMb-Co(l) enabled tailoring a cyclic photosynthetic assembly where the semisynthetic
photoenzyme Eo-Mb-Co(ll) as a reductive biocatalyst is coupled to lactate dehydrogenase, LDH, an oxidative
biocatalyst, usingN\-methylferrocene caproic aci8)(as diffusional electron mediator. Steady-state irradiation of an
assembly composed of EeMb-Co(ll), LDH, and5 in the presence of acetylene and lactic acid yields the cyclic
photoinduced hydrogenation of acetylene by lactic acid to yield ethylene and pyruvicpasid? x 1073, The
system mimics artificially the functions of the photosynthetic bacteria chloroflexus.

Introduction with the electron transfed, andd are the van der Waals doner
acceptor distance and the actual distance separating the-lonor
acceptor, respectively, affds the distance-dependent electron
coupling constant between the donor and the acceptor. Inge-
nious experiments attempting to characterize electron transfer

Long-range electron transfer reactions represent an active
theoretical and experimental research efféft. Marcus theory
predictg that electron transfer rate between a deracceptor
pair embedded in a protein is given by eq 1, wha@® andA

are the free energy change and reorganization energy associated (2) (a) Marcus, RJ. Chem. Phys1956 24, 966-971. (b) Marcus R.;
Sutin, N.Biochim. Biophys. Acta985 811, 265-312. (c) Jortner, J.; Bixon,
T Fax # 972-2-6527715. Tel # 972-2-6585272. M. In Protein Structure: Molecular and Electronic Readty; Austin, R.,
® Abstract published irAdvance ACS Abstractdyovember 15, 1996. Buhks, E., Chance, B., De Vault, D., Dutton, P. L., Frauenfelder, H.,
(1) For preliminary reports see: (a) Willner, I.; Zahavy, E.; Heleg- Gol'danskii, V. I., Eds.; Springer-Verlag: New York 1987; pp 27308.
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rates in proteins were carried out. These included the site- electrode assemblies can act as amperometric biosensor de-
vices!112 Various electron mediators of appropriate size,
(AG® + 1)? electrical charge and hydrophobicity act as diffusion electron
ket O exp{ —4(d — do}-ex[{ - W] 1) carriers for redox proteins. These components penetrate the
protein and shuttle the electrons to or from the active S\ '-
Dialkyl-4,4 -bipyridinium salts!® ferrocenet* quinoned® and
SpeCiﬁC modification of proteins, i.e., CytOChrom,é myoglobin tungsten or m0|ybdenum Octacyaniéfevwere app“ed as syn-
or hemoglobirf, with photoactive or electroactive groups and  thetic electron mediators that electrically communicate redox
examination of the electron-transfer quenching and back electronproteins by a diffusional path in electrochemical, photochemical
transfer in the resulting proteins. Similarly, the light-induced or chemical assemblies. An alternative method to establish
electron transfer quenching and back electron transfer weregjectrical contact of redox enzymes and their surrounding
studied in reconstituted redox proteins, i.e., cytochranteat includes the chemical modification of the protein with electron
include photoactive porphyrin analogs and electron acceptor carrier units. In these systems, electron transfer proceeds by
units” Although the electron transfer rates in various series of “gjectron hopping” through a series of relay units, located at
proteins followed Marcus theory, other systems revealed dis- relatively short distances, to or from the enzyme redox center.
crepancy. Recent advances in the topic suggested that inThjs approach was successfully applied to electrically com-
addition to the spatial (distance) separation of the denor municate redox enzymes and electrode surfatas,well as to
acceptor pair, other parameters such as the ordering of the aminghotochemically activate redox proteins, i.e., photobiocatalyzed
acids in the protein, intraprotein hydrogen bonds separating thereduction of oxidized glutathion. Recently, a novel method
donor-acceptor paif, and conformational dynamics of the tg transform redox enzymes into “electroenzyme” biocatalysts
donor-acceptor unit8,are characteristic factors that control the \yas reported by the reconstitution of apo-flavo-enzymes with
electron transfer paths in proteins. a relay-modified FAD cofactd? as well as by the reconstitution
Electron transfer between the redox-center of proteins and of the apo-enzyme onto relay-modified-FAD monolayers as-
their macroscopic surrounding is another important aspect. sgciated with electrode surfac®s.
Usually, the redox-active centers of proteins are shielded towards  Recently, it was demonstrated that chemical modification of
electrical communication with the external macroscopic phase. yedox-enzymes, i.e., glutathione reductase with chromophore
This originates from the fact that the protein matrix spatially ynits, enabled electron transfer communication between the
separates (distance separation) its redox center from the externgledox-center and the excited chromoph®reThis turns the
surrounding?® Nature has developed means to control electrical enzyme into a light-activated biocatalyst, “photoenzyme”. Here
communication of the redox-site of enzymes and their environ- e report on a novel method to tailor photoenzymes by the
ment. This is achieved by the participation of protein-associated reconstitutiof? of hemoproteins with a catalytic Co(ll)-proto-
cofactors, i.e., FAD or PQQ or diffusional cofactors, i.e., NAD-  porphyrin IX redox site, and further modification of the protein
(P)H/NAD(P)", acting as electron (or hole) carriers through the  with chromophore units. This concept is schematically outlined
protein. Substantial efforts are directed to develop electro- jn Figure 1 where photoexcitation of the chromophore, S,
chemical, photochemical and chemical means for the regenerainduces electron transfer to the Co(ll)-protoporphyrin IX site
tion of NAD(P)"/NAD(P)H cofactors and their use in biocat-  that effects the photobiocatalyzed reduction of a substrate
alyzed transformationS. Also, electrical wiring of redox (acetylene). This method is described with the reconstitution
enzymes with their exterior environment, i.e., electrode surfaces, of apo-hemoglobin and ape- and 8-subunits of hemoglobin
generated experimental efforts since the resulting enzymeith Co(ll)-protoporphyrin IX. The reconstituted proteins are
(3) () McLendon, G.Acc. Chem. Res1988 21 160-167. (b) further modified with the eosin chromophore to yield the
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Figure 1. Design of a photoenzyme by reconstitution of a heme-protein by Co(ll)-protoporphyrin IX and chemical modification of the protein
backbone by a chromophore.

graph equipped with a FID detector using a Poropak-N column for
acetylene and ethylene detection and a MoleculareS&® column
h and TCD detector for KHdetection. HPLC analyses were performed
B s with a Merck-Hitachi instrument equipped with a Shodex KC-811 anion
/\ s exchange column, an optical detector (3370 nm) and a conductivity
detector (Knauer). Steady-state illuminations were performed with a
(Substrate) S 5 D Substrae) ) 150W Xe-lamp (Oriel). The light was filtered through a CuS0lution
and appropriate optical filters (Schott) to select the desired incident
l wavelength region. Time-resolved flash photolysis experiments were
— pt performed with a Nd:YAG laser (Spectra-Physics Quanta-Ray, Model
Producy P GCR 150, laser pulse width5 ns). The detection system included a
N J N ) spectrophotometer (LKS-347, Applied Photophysics) linked to a
Oxidative Enzyme Reductive Enzyme digitizer (Tektronix-2430A) and a PC-386 computer for data acquisition
and analysis. The laser and detection system is triggered by an external
delay generator, Stanford DG-535.
Eosin-5-maleimide and fluorescein-5-isothiocyanate were purchased

P . . . . rom Molecular Probes. All other chemicals were purchased from
transfer reaction in the semisynthetic enzymes is described, ar]C(Aldrich or Sigma. Eosin-5-isothiocyanate was prepared by the addition

the photobiocatalytic properties of the reconstituted proteins and. of Br, (0.5 mL) to a solution of fluorescein-5-isothiocyan&teThe

steady-state irradiation are addressed. Furthermore, the seMizegiting red precipitate was washed with ethanol. Co(ll)-protopor-

synthetic photoenzyme is coupled to an external diffusional phyrin IX (3) was preparéd?by dropwise addition of a protoporphyrin
electron carrier that allows the cyclic photosynthesis. This |X solution (100 mg in 40 mL of acetic acid and 15 mL pyridine) to
concept of cyclic photosynthesis using a semisynthetic photo- a Co(ll) acetate solution (100 mg in 100 mL acetic acid), heated to
enzyme is schematically described in Figure 2. The system is 80—85°C under argon. The metalation of the porphyrin was complete
composed of the photoenzyme acting as the reductive site ancgfter 15 min. The resulting solution was cooled to room temperature
an oxidative enzyme acting as the oxidation site. Light-induced and evaporated. The resulting residue was dissolved in a minimum
activation of the photoenzyme induces electron transfer and volume of ethyIac_eFatg:acet!c acid 6:1_, and insoluble resu_jues were
charge separation. The oxidized chromophore is reduced by aexcluded by precipitation with a centrifuge. To the resulting clear

diffusional reversible electron carrier. D. and the oxidized solution was added-hexane (1.5 the volume of the original solution),
v and Co(ll)-protoporphyrin IX precipitated upon cooling. The precipitate

electron media_ltor is speci_fically recogni_zed_ by the oxidative 55 separated by a centrifuge and dried under vacuum.

enzyme that stimulates a blocatalyzed oxidation process. Thus, Preparation of apo-Myoglobin, Apo-Mb. The apo-Mb was
the_ dl_ffusn:?nal electron medlator Cou_ples th? reductive a_nd prepared with slight modifications of the literature metRddHorse
oxidative biocatalysts. This approach is described by coupling nheart myoglobin (100 mg) was dissolved in 100 mL of 0.1 M HCI
the eosin-madified Co(ll)-protoporphyrin IX-reconstituted myo-  solution, 4°C, and treated in a separating funnel with 2-butanone (100
globin with lactate dehydrogenase, LDH, using a ferrocene mL) to extract the protohemd), The aqueous uncolored phase was
derivative as diffusional electron mediator. Cyclic photoinduced washed further by two portions of 2-butanone. The resulting aqueous

oxidation of lactic acid by acetylene to form pyruvic acid and Pphase was dialyzed against a 0.01 M phosphate buffer solutior; pH
ethylene is described. 7.5 (three times agaih® L of phosphate buffer, each dialysis was

Juct) P
(Product) 2

Figure 2. Cyclic photosynthetic assembly composed of a reductive
photoenzyme and an oxidative biocatalyst.

Experimental Secior o ) ey . 3 ol A, Opper, W Seldr, G Somenia

Absorption spectra were recorded on a Uvikon-860 (Kontron) _ (24) (@) Inubushi, T.; Yonetani, T. Iethods in Enzymologntonini, '
spectrophotometer. Electrochemical measurements were performed o Valeggsgg%g_aég'_' (IB) gggllic?:r.‘?hﬁga'zr%&Mp_‘?'a:gig'"c ';r_?sAsﬁt(l)'r?irr‘]?ogf Iln%l’
a EG&G Electroanalyzer (Model 263) linked to a PC-486 computer Methods in Enzymolog)Anto’nini', E.. Rossi-Bernardi, L., Chiancone, E.,
and using electrochemical software (EG&G Model 270). Gas chro- Eds.; Academic Press: London, 1981; Vol. 76, pp-8Z.

matography analyses were performed with a HP-5890 gas chromato- (25) Teale, F. W. JBiochim. Biophys. Actd959 35, 543.
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conducted for 3 h). The resulting Apo-Mb solution was lyophilized
and the solid was stored at18 °C.

Preparation of Co(ll)-Protoporphyrin IX Reconstituted Mb, Mb-
Co(ll). The reconstitution of the apo-myoglobin with the Co(ll)-
protoporphyrin IX, @), was performed under anaerobic conditions at
4 °C, following the literature metho#® 70 mg of the apo-myoglobin
were dissolved in 60 mL of a 0.1 M phosphate buffer at $H.5.
The apo-protein solution was placed in a modified tonometer with a
side tube that contained a few grains of sodium dithionite. The tube
is connected to a second test tube containing 9 mg of Co(ll)-
protoporphyrin IX in 6 mL 50% aqueous pyridine. The solution was

Zghand Willner

increase of the eluent composition to 0.02 M,NRQ;, a fraction of
the native Hb was eluted. Further increase of the eluent concentration
to 0.04 M NaHPQ, resulted in thex-Hb fraction. Thea-Hb protein
and thep-hydroxy mercury benzoate-protectgdHb were lyophilized
to dryness. Deprotection of teehydroxy mercury benzoajgHb was
accomplished by dissolving 100 mg of the proteceHlb in 15 mL
of phosphate buffer, 0.1 M, pH 7.5. Mercaptoethanol, 50L, was
added to the solution, and the system was stirrgd2fdn at room
temperature. The3-Hb was then purified by gel filtration over
Sephadex-G10; the elution was performed with phosphate buffer 0.04
M. The complete deprotection was verified by determination of the
mercury content in the resulting protein by atomic absorption. The
resulting eluted solution g8-Hb was dialyzed three times against 1 L
of water.

Preparation of apo-o.- and -#-Hb. The method for the preparation
of apoa- and$-Hb was identical to that described for apo-Mb. The
differences were introduced in the final dialysis steps. #pdb was
dialyzed against a 0.025 M HEPES buffer solution, $H6.5, that
included NaEDTA, 0.5 mM. These conditions are essential to preserve
the cysteine residue in the reduced-SH state. Theoapi, lacking
cysteine residues, was dialyzed against a 0.025 mM HEPES buffer
solution, pH= 7.0.

Reconstitution of apoa-Hb and apo-Hb with Co(ll)-Proto-

deoxygenated by a gentle flow of nitrogen which passed over the protein porphyrin IX, a-Hb-Co(ll) and #-Hb-Co(ll). Reconstitution of apo

solution and bubbled into the porphyrin solution. After deoxygenation
is completed, the Co(ll)-protoporphyrin IX solution was forced into

the side tube containing the dithionite, by reversing the gas flow. The
reduced metalloporphyrin is mixed with the apo-myoglobin solution

o-Hb and apgs-Hb with Co(ll)-protoporphyrin IX to generate-Hb-
Co(ll) and-Hb-Co(ll) was performed directly on the apeHb and
apof3-Hb obtained after dialysis by the procedure described for Mb-
Co(ll). The crudeo-Hb-Co(ll) ands-Hb-Co(ll) solutions were used

for 1 h. The resulting solution was dialyzed against 0.01 M phosphate for further modification with the chromophore. In order to have the

buffer at pH= 7.5 (2 times agairisl L of the buffer, each dialysis

purified reconstituted proteine-Hb-Co(Il) ands-Hb-Co(ll), the crude

was conducted for 6 h), and the resulting reconstituted protein was solutions were treated as described for Mb-Co(ll).

purified on Sephadex G-25 column equilibrated with 0.01 M phosphate
buffer at pH= 7.5. The fraction of the Mb-Co(ll) solution was
lyophilized and the solid was stored atl8 °C.

Preparation of Eosin-Modified Mb-Co(ll), Eo 2~-Mb-Co(ll), and
Eosin-Modified apo-Mb. To a freshly prepared solution of Co(ll)-
protoporphyrin IX-reconstituted myoglobin, Mb-Co(ll), (70 mg) were
added 10 mg of eosin-5-isothiocyanaB (The pH of the system was
adjusted to pH= 7.5 and the solution was stirred for 20 h@. The
resulting mixture was dialyzed twice agdirisL of phosphate buffer,
0.01 M, pH= 7.5, each time for 3 h. The dialyzed solution was further
purified by gel-filtration on a 15« 2 cm Sephadex-G10 column, using
a phosphate buffer solution as eluent. The eosin-modified fraction of
Eo*"-Mb-Co(ll) was identified spectroscopically. The eosin-modified
apo-Mb was prepared by a similar method by reacting apo-Mb (70
mg) with eosin-5-isothiocyanate (10 mg).

Separation of a- and g-Hemoglobin Subunits. Separation ofx-
andf-Hb subunits was performed by slight modification of the method
reported in the literatur®. Hemoglobin (Bovine Hb), 1.0 g, was
dissolved in 10 mL of water. To this solution were added 1 mL of a

Chemical Modification of a-Hb-Co(ll) and #-Hb-Co(ll) by the
Eosin Chromophore. The crude solution g8-Hb-Co(ll) obtained after
reconstitution was adjusted to pH 6.6 with several drops of HCI.
Eosin-5-maleimide4), 5 mg, was added to the solution that was further
stirred for 30 min at room temperature. The resulting crudé e
Hb-Co(ll) solution was dialyzed against a 0.01 M phosphate buffer
solution, pH= 7.5, and further purified by gel-filtration over Sephadex-
G25 using a phosphate buffer, 0.01 M, pH7.5, as eluent.

The crude solution ofi-Hb-Co(ll) obtained after reconstitution was
adjusted to pH= 7.0 by the addition of several drops of HCI. Eosin-
5-maleimide 4), 5 mg, was added to the solution that was stirred further
for 30 min at room temperature. The crude?Ea-Hb-Co(ll) solution
was further purified by the method described forPEg-Hb-Co(ll).
Apo-a-Hb and apgs-Hb were modified by eosin-5-maleimidd)(by
procedures identical to those described for the preparation and
purification of EG-a-Hb-Co(ll) and E&~--Hb-Co(ll), respectively.

Photocatalyzed H-Evolution and Hydrogenation of Acetylenes
by Steady-State Irradiation of Ec?Mb-Co(ll) or Eo % -a-Hb-
Co(ll) or Eo?~-#-Hb-Co(ll). A 0.1 M phosphate buffer solution, pH

0.2 M sodium dihydrogen phosphate solution and 0.15 mL of a saturated = 7.5, (3 mL) that included the photoenzyme*EMb-Co(ll) (or E* -

NaCl solution. p-Hydroxy mercury benzoate, 50 mg, was dissolved
in a minimum volume of NaOH, 1 M, and 1 mL of water was added
to the solution. To the resulting solution was slowly adide1l M
acetic acid solution until a slight turbidity appeared (ptB.5). The
protein solution was rapidly added to thdnydroxy mercury benzoate
solution, and the pH of the resulting solution was adjusted to=pH

o-Hb-Co(ll) or EG~-3-Hb-Co(ll)), 0.17 mgmL~%, and the sacrificial
electron donor, NAEDTA, 0.01 M, was placed in a glass cuvette
equipped with a micro magnetic stirrer and a rubber septum. For the
H.-evolution experiments, the cuvette was repeatedly evacuated and
flushed with Ar. For the hydrogenation of acetylene the cuvette was
evacuated and further saturated with acetylene by bubbling the gas

6.0 by the addition of 3 drops of acetic acid. The solution was stirred (C,H,) for 5 min. In the system for the hydrogenation of acetylene-
for 24 h, 4°C. The precipitate formed in the system was removed dicarboxylic acid, the substrate was added to the system (0.001, 0.0025,
with a centrifuge, and the clear solution was dialyzed against phosphate0.005, and 0.01 M, respectively), and the cuvette was evacuated and

buffer, 0.01 M, pH= 6.2. Thea-Hb subunit and thep-hydroxy
mercury benzoatg-Hb subunit were separated by medium pressure
chromatography over a 2 20 cm carboxymethyl Sephadex-CM25
column, using a gradient eluting solution. The separation of the fraction
was visually observed by the formation of red-brown bands. The
p-hydroxy mercury benzoate-protectfeHb was eluted first using a
phosphate buffer solution, 0.01 M, pH 6.8 as eluent. By gradual

(26) (a) Bucci, E. InMethods in EnzymologyAntonini, E., Rossi-
Bernardi, L., Chiancone, E., Eds.; Academic Press: London, 1981; Vol.
76, pp 97-106. (b) Antonini, E.; Brunori, MHemoglobin and Myoglobin
in Their Reaction with LigandNorth-Holland Publishing Co.: Amsterdam,
1971; pp 9-12.

flushed with Ar. The systems were irradiated with a 150 W-Xe arc
lamp and filtered through an optical filtef, > 475, and a CuS©
solution. H-evolution was analyzed by taking 500 gas samples at
time intervals of illumination and gas chromatographic analysis on a
MS 5 A column (TCD, oven temperature 3&, argon carrier gas).
Photohydrogenation of acetylene to ethylene was followed by taking
out 100uL samples of the gas at time intervals of irradiation and gas
chromatographic analysis over a Poropak N column (FID, oven
temperature 40C, N, carrier gas). Photohydrogenation of acetylene-
dicarboxylic acid was followed by exclusion of 10Q samples of the
solution at time intervals of illumination. The samples were filtered
through a RC-58 filter (Schlercher & Schuell) and Dowex 50Wx8 and
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analyzed by HPLC using a Shodex KC-811 anion exchange column 0.01 L L ‘ L I

and a 0.25% kPO, solution as eluent (0.9 mmin~t). The detection

of the eluted acid was spectroscopic,= 218 nm. Under these 0+ -

conditions, the retention times are as follows: acetylenedicarboxylic

acid, 5.8 min; maleic acid, 7.6 min, and fumaric acid, 13 min. -0.01+ r
The experiments in the reference systems included Mb-Co(ll), 0.15 ~ 5 000¢ ,

mg-mL~! and eosin, Eb, 2.5 x 10°° M, or Co(ll)-protoporphyrin o -0.024 | B

IX, 1.23 x 10°° M, and eosin, E& 2.5 x 1075 M, respectively, where < 0034 o s ﬁ |

all other conditions were identical to those described for thés #uth- ) 2 T

Co(ll) system. These concentrations correspond to the concentration -0.044 L. odoss L

of each of the components in the EéVib-Co(ll) photosystem. SN / R VPR
Time-Resolved Studies in the E&-Mb-Co(ll), Eo 2--o-Hb-Co- -0.05 " \ L

(1), and Eo?"-B-Hb-Co(ll) Systems. A phosphate buffer solution, \

0.1 M, pH= 7.5, that included the respective protein, 0.17-migZ, -0.06 T T T 1 T

was placed in a glass cuvette equipped with a rubber septum. The 300 350 400 450 500 550 600 650

sacrificial electron donor, NEDTA, was added in the appropriate A / nm

experiments. The system was evacuated for 5 min and flushed with Figure 3. Transient absorption spectra upon excitation of 2db-

Ar for 10 min. The system was flashetl € 532 nm pulse width<5 Co(ll) (0.27 mg/mL) in 0.1 M phosphate buffer, pH7.5. The spectra

ns; pulse energy 35 mJ/pulse), and the respective transients werewere recorded 0.4s after the excitation pulse (532 nm).
recorded and analyzed.

Cyclic Photocatalyzed Hydrogenation of Acetylene by Lactic Co(ll)-protoporphyrin IX @). The Co(ll)-reconstituted myo-
Acid under Steady-State Irradiation. A phosphate buffer solution, globin, Co(ll)-Mb, or hemoglobin subunits, Co(l§-Hb or
0.1 M, pH = 7.5 that included EG'ME'CO(")’ 0.11 mgmL™, Co(ll)-5-Hb, respectively, were then modified with an eosin
N-methylferrocene caproic aciX8 x 10 *M, andi-lactic acid, 1.5 chromophore to yield the photoactive protein assembly. The

x 1072 M, was placed in a glass cuvette equipped with a magnetic L f ) lobi h lobin. b |
stirrer and a rubber septum. The system was evacuated and furthef €CONStitution of native myoglobin, or hemoglobin, by metal-

saturated with acetylene by bubblingHG through the solution. To ~ Protoporphyrin IX complexes was previously used in studying
the system were injected 400 of a lactate dehydrogenase, LDH, Pphotoinduced electron transfer in protef#é. In our study, the
solution that included 13.6 mg of the protein, 1.8 units. The system Co(ll)-porphyrin site was included in the reconstituted proteins
was irradiated with a 150W Xe-arc lamp. The light was filtered through since it acts as an electron-acceptor site for excited chro-
an optical filter,A > 475 nm, and a CuS@solution. Gas samples,  mophores and simultaneously, the photoreduced Co(l)-species
200uL, and solution samples, 106, were taken from the system at s capable of generating cobalt-hydride species which catalyze
time intervals of illumination. The gas samples were analyzed by gas y3rious chemical transformations such as hydrogenation er CO
chromatography for ethylene (Poropak N column, FID). The solution fixation2® The eosin chromophore, as other xanthene dyes, was

samples were analyzed by HPLC using a Shodex KC-811 anion . .
exchange column and a 0.1%R0; solution as eluent (0.6 minin-* previously employed to photostimulate electron transfer reac-

spectroscopic detectidh= 210 nm). The retention times corresponded tions?? . . . "
to the following: pyruvic acid, 11.7 min, lactic acid 14.5 min. Photoinduced Electron Transfer in Eosin-Modified
Co(Il)-Reconstituted Myoglobin, Ec?-Mb-Co(ll). apo-Myo-
HO,C, globin was reconstituted with Co(ll)-protoporphyrin 2)( as
HIL;CHZ% outlined in Figure 1. The absorption spectrum of the recon-
CH, stituted Mb-Co(ll) shows an absorbance /at= 426 nm
@S characteristic to the Co(ll)-protoporphyrin chromophore. From
Fe the absorbance dt= 426 nm ¢ = 140 000 M1-cm™1)30 of a
<> known protein sample the ratio of Co(ll)-porphyrin to protein
) was estimated to be 1:1. The reconstituted Mb-Co(ll) was

reacted with eosin isothiocyana® (o yield the chromophore-

Redox Properties of Mb and Mb-Co(ll). The proteins do not ~ Mmodified protein, E&-Mb-Co(ll), eq 1. The absorption
electrically communicate with electrodes. Special treatment of graphite Spectrum of E& -Mb-Co(ll) includes, in addition to the
electrodes enabled the adsorption of the proteins and the directCo(ll)-porphyrin absorbance band/at= 426 nm, the charac-
examination of their electrochemical featufésDidodecyl dimethyl- teristic absorbance band of the eosin chromophore=at524
ammonium bromide, DDAB, was sonicated in water for 24 h to generate nm. From the extinction coefficient of the eosin chromophore
a 0.01 M solution. A cylindrical graphite electrode was polished in  (¢(524 nm)= 83 000 M 1-cm1),23 the average loading was
the presence of the respective protein solution, 1.enmg* and the  ¢a1cylated to correspond to two eosin units per protein molecule.
DDAB solution. The resulting modified electrode was introduced into The photoinduced electron transfer reactions in thé& Eo

the electrochemical cell that included a phosphate buffer solution, 0.1 . .
M, pH = 7.5, as electrolyte, a counter Pt electrode and SCE as referenceMb'Co(”) assembly were characterized by laser flash photolysis.

electrode. Cyclic voltammograms were recorded under Ar, scan-rate F19Ureé 3 shows the transient spectrum of the system formed
50 mV-sL. upon excitation of the eosin chromophore. The bleaching of

. . (28) (a) Tinnemans, A. H. A;; Koster, T. P. M.; Thewissen, D. H. M.
Results and Discussion W.; Mackor, A. Recl. Tra.. Chim. Pays-Bad984 103 282-295. (b)
. . . reutz, C.; Sutin, NCoord. Chem. Re 1985 64, 321-341. (c) Darens-
The concept _tO g_e”erate Sem's_ynthet'c photognzymes IS b‘?lse&ourg, D. J.; Kudaroski, R. A. IAdvances in Organometallic Chemistry
on the reconstitution of the native hemoproteins, myoglobin, Stone, F. G. A., West, R., Eds.; Academic Press: New York, 1983; Vol.
Mb, and a- or S-hemoglobin subunitse-Hb or g-Hb. The 22, pp 129-168.

oL o . . . . (29) (a) Willner, 1.; Eichen, Y.; Joselevich, E.; Frank, AJJPhys. Chem.
method of reconstitution is schematically outlined in Figure 1. ;44-°56 6061 6066. (b) Joselevich, E. Willner, 0. Phys. Chenl994

The native protohemel] site was excluded from the native 9 7628-7635. (c) Joselevich, E.; Willner, 1. Phys. Chem1995 99,
proteins, and the respective apo-proteins were reconstituted with6903-6912. (d) Neckers, D. C.; Valdes-Aguilera, O. M. Ativances in
PhotochemistryVolman, D., Hammond, G. S., Neckers, D. C., Eds.; John

(27) (a) Rusling, J. F.; Nassar, A. B. Am. Chem. Socl993 115 Wiley & Sons, Inc.: New York, 1993; Vol. 18, pp 3t394.
11891-11897. (b) Nassar, A. F.; Willis, W. S.; Rusling, J.Anal. Chem. (30) Yonetani, T.; Yamamoto, H.; Woodrow, G. V., Il. Biol. Chem.
1995 67, 2386-2392. 1974 249, 682—-690.
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Figure 4. Transient decay of the photogenerated eosin triplet (followed
at 590 nm) of (a) E&-apo-Mb and (b)Y Ec?>-Mb-Co(ll).

50

the ground-state is observediat 524 nm, the absorbance of
theTE?~-Mb-Co(ll) is detected at = 590 nm, and, in addition,

a transient absorbance at= 406 nm characteristic to the
Co(l)-protoporphyrin is detected. This indicates that excitation
of the eosin chromophore results in its oxidative quenching via
electron transfer, eq 2. Since the eosin-triplet lifetime is

kq:6.3>< 104

s1

TEG® -Mb-Co(ll) Eo -Mb-Co(l) (2)

sensitive to its chemical environment, and, in order to quanti-
tatively determine the electron-transfer quenching rate constant
kq, the eosin chromophore was linked to apo-Mb that lacks the
Co(ll)-acceptor site. Figure 4 shows the eosin-triplet decay of
TEo*-apo-Mb (curve a) andEc>~-Mb-Co(ll) (curve b). Both

curves fit single-exponential decays, and from the shortening

of the lifetime inNTEc?"-Mb-Co(ll) as compared to the reference

Zghand Willner

chromophore units, a self-quenching mechanism is operative.
Also, the lifetime of the eosin chromophore inEeapo-Mb is
substantially shorter (7i1s) than the lifetime of an isolated eosin
unit (1850us). These observations suggest that the two eosin
units attached to the reconstituted myoglobin undergo a self-
guenching process, eq 4. If this electron transfer quenching
route is indeed operative, recombination of the photogenerated
redox species, eq 5, could account for the second population
that restores the ground-state. To support this mechanism the

keg=1.4x 10451

("E0” + E0*)-Mb-Co(ll)
(E0® + E0™)-Mb-Co(ll) (4)

_ B Kpsq= 3.5x 104571
(E0® + E0™)-Mb-Co(ll) —

(E6®” + E6®)-Mb-Co(ll) (5)

eosin-modified apo-Mb (loaded with two chromophore units)
was examined by laser flash photolysis. Figure 6 shows the
transient absorption spectrum obtained upon excitation of this
system. In addition to the bleaching of the ground-state;

520 nm, and formation of the eosin triplét,= 590 nm, the
absorption bands characteristic of Edl = 410 nm, and E§-,

A = 440 nm, are observed. These results clearly indicate that

'the self-quenching route is indeed operative iF Eapo-Mb.

By comparing the lifetime of the chromophore TRe* -apo-
Mb with that of an isolated chromophore (1868) 3! the self-
quenching rate constant was calculated tdfe= 1.4 x 10*
s™1. The transients of the Eo and Eo~ species formed upon
photoexcitation of E&-apo-Mb, decay monoexponentially with

compound, the electron transfer quenching rate constant wasgimiar rate constants,s;= 3.5 x 10°s~%. Note that this rate

estimated to bdy = 6.3 x 10* s'1. Note, however, that the
lifetime of the eosin-triplet inTE? -apo-Mb, 71 us, is
particularly short as compared to the characteristic lifetimes of
eosin. This aspect will be considered later. The quenching
process of Ec>~-Mb-Co(ll) proceeds via electron transfer, eq
2. This is evident from the formation of the Co(l)-protopor-
phyrin IX site followed atl = 400 nm. Figure 5(A) shows the
transient decay of the Co(l) species as a result of the back-
electron transfer, eq 3. The decay is single-exponential and
the back electron-transfer rate constant correspondgqte

=14x10bs1
Eo"—Mb-Co(I)k'm;- Ec® -Mb-Co(ll)  (3)
1.4 x 10° s™&. The kinetics of restoration of the ground-state
system, E&-Mb-Co(ll), can be analyzed by following the
recovery of the bleached chromophorelat 510 nm, Figure
5(B). The transient of the recovery of the bleached chro-
mophore does not fit a monoexponential kinetics, but fits a

constant is similar to the decay constant observed for the second
population that resotres EaMb-Co(ll), suggesting that the
second population restoring the ground-state?, Bab-Co(ll),
originates from the recombination of the redox species formed
by the self-quenching route, eq 5. Further support that the self-
guenching route of the chromophore occurs in?Enlb-
Co(ll), and that the second population that resotres the ground-
state corresponds to species formed by this route, is obtained
by calculating the quantum yields of the two populations using
the two quenching rate constantg, and ksq. The quantum
yields of the photoproducts, EeMb-Co(l), ¢q = K/(Ksq 1 ko),
and of (EG~ — E0)-Mb-Co(ll), ¢sq = ksof(Ksq + ko), are
derived by substitution of the respective quenching rate-
constants. The derived valuggy = 0.8 and¢sq = 0.2 are
similar to the population of different species determined by the
biexponential analysis of the recovery of the bleached species,
Figure 5(B).

The oxidative electron-transfer quenching of 2Edib-

biexponential process, where one population (70%) recovers atco(l1) leads to the photoproduct EeMb-Co(l). To overcome

a rate constant of 1.4 10° s1, and the second population
(30%) restores the ground-state at a slower rate condtant,
3.5 x 10*s™1. The population that resotres the ground-state at
the fast kineticsk = 1.4 x 1P s71 (70%) corresponds to the

the back electron transfer, and to allow the further utilization
of the reduced photoproduct in photosynthetic transformations,
the sacrificial electron donor, NBDTA was added to the

system. Figure 7(A) shows the transient of the Co(l) species

back electron transfer of the photogenerated redox species, egpserved upon excitation of the EeMb-Co(ll) in the absence
3. The second population that recovers the ground state cannofcurve a) and presence (curve b) of EBTA. Figure 7(B)

be the decay of the unquenched trigleEp?~-Mb-Co(ll), since
it decays at a substantially longer time scale (vide infra).

To account for the second population of the species recovering
the ground-state, Bo-Mb-Co(ll), we should note that the eosin-
modified reconstituted Mb-Co(ll) is loaded with two chro-
mophore units. Previous studfég! have indicated that in
proteins, i.e., glutathione reductase, that includes two eosin

(31) Kasche, V.; Lindgvist, LPhotochem. Photobioll965 4, 923—
933.

shows the transient recovery of the bleached ground-stadte Eo
chromophore. In the absence of JE®TA the Co(l) species
decays by the back electron transfer, eq 3, while in the presence
of N&eEDTA, the Co(l) species is accumulated in the system
due to the oxidation of the sacrificial electron donor, eq 6. The
ground-state Eo-chromophore is recovered by a rapid bi-
molecular rate constarky, = 2 x 10’ M~1-s~! that corresponds

to the oxidation of NgEDTA by the oxidized intermediate, eq

6, and then by a slow proceks= 330+ 20 s1. The Co(l)
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Figure 5. (A) Transient decay of the photogenerated Co(l) in the redox assembiyMiBCo(l) (followed at 400 nm). (B) Transient recovery of
the eosin ground state of EsMb-Co(ll) (followed atZ = 510 nm).

0.002 3 - Ko =2 x 107 M~-1-s-1
0001 (E0® + E0")-Mb-Co(ll) + Na,EDTA
of e (E0® + E0”)-Mb-Co(ll) + Na,EDTA,,
-0.001 - T T RV |
A4 0002 Eo~ Eo¥ & "
o : decomposition products (7)
< -0.003 '
. i b . . k- =330+£20s1 _
o004 L (E0® + E0®)-Mb-Co(ll) EG® -Mb-Co(l)
-0.005 A (8)
-0.006 : . ; -
350 400 450 500 550 650 eosin as chromophore and the second system that includes the
A /nm

diffusional components Bo and Co(ll)-protoporphyrin 1X
Figure 6. Transient absorpt_ion spectrum formed upon excitation of without the protein. The deduced electron-transfer quenching
Ec*~-apo-Mb (0.17 mg/mE?) in 0.1 phosphate buffer, pH 7.5. The rate constants are given in eq 9 and eq 10. The quenching
spectrum was recorded Quk after the excitation pulse (532 nm).

=25x 183M-1.s1
TEG?™ + Mb-Co(ll) >

E0™ + Mb-Co(l)
9)

species is formed by a rapid process with a first-order rate

Koy =2 x 107 M-1-s-1

Eo-Mb-Co(l) + Na,EDTA

=19x10®M-1s1

” TE0®™ + Co(ll)-PorlX 5
Eo” -Mb-Co(l) + Na,EDTA,,

V
decomposition products (6)

Eo™ + Co(l)-PorlX (10)

B Ko = 1.5 x 109 M-1-5-1
Eo™ + Mb-Co(l)

Eo® + Mb-Co(ll)

constant ofk; = 5.2 x 10* s* and then by a process that (1)

exhibits a substantially slower time-constakt € 330 &+ 20

s7Y). The slow component leading to the formation of Co(l) E0™ + Co(l)-PorlX
and to the slow recovery of the ground-state chromophore,
originates from the slow reduction of the Co(ll)-center by the
Eo®~ species formed by the dye self-quenching route and is efficiency in the system that includes £oand Mb-Co(ll) is
accumulated in the presence of the sacrificial electron donor, substantially lower than the guenching rate in thé Edb-
eq 7 and eq 8 Scheme 1 summarizes the two paths of Co(ll) assembly. This is due to the inefficient electrical contact
photoinduced electron transfer in £EeMb-Co(ll). between the diffusional excited chromopholEg?~, and the

We have examined the photophysics of two additional electron acceptor embedded in the protein matrix. The back
reference systems. One includes Mb-Co(ll) and diffusional electron transfer rate-constants of the generated redox species

Kyp=1.8x 1012M~1-5-1

Eo® + Co(ll)-PorlX (12)
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Figure 7. (A) Transients of Co(l) species formed upon photoexcitation of Bdb-Co(ll) (followed atA = 400 nm): (a) in the absence of
NaEDTA and (b) in the presence of BEDTA, 0.01 M. (B) Transient restoration of eosin ground state ¢f Bdb-Co(ll) followed at 510 nm in

the presence of NEDTA, 0.01 M.
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Scheme 1. Electron Transfer Pathways upon Photoexcitation +_ TN
of E?—-Mb-Coll) Co(l)+H Co(lll) = H Co(lll) +H, (13)

TEo* the quantum yield for the formation of the Co(l)-species in the

;E‘jz'm ot e Feo photoinduced electron transfef,= 1.4 x 102 Also, during
= A $a=63x107s irradiation of the photosystem, the protein exists in the reduced
state, E6&-Mb-Co(lll)-H (characteristic absorbanckgyax = 406
Eo™ + Eo*" Eo™ + Co(D) nm). These results suggest that the protonation of the Co(lll)-H
species is the slow, rate-limiting, process ig-évolution.
The fact that protonation of the Co(lll)-H species is slow
suggests that rapid insertion of appropriate substrates into the

kpsq =3.6410%s°!

Kpg = 1.4%10° 57!

" Co(lll)-H could be used to drive the effective hydrogenation
in the presence in the presence of the respective substrates with the concomitant inhibition of
° of EDTA . . -

JEo Eo? + Co(ll) kn=2x10s] H,-evolution. Steady-state irradiation of an aqueous photosys-

tem, pH= 7.5, that includes Eo-Mb-Co(ll) and NaEDTA,
and saturated with a gaseous atmosphere of acetylene results
_ in the formation of ethylene. Under these conditions; H
prieS evolution is blocked and ethylene is the only photoproduct.
Eo% + Eo¥" - PPN R Eo* + Co(I) Figure 8 (curve a) shows the rate of ethylene formation at time
oD =3s intervals of illumination. The quantum yield for the ethylene
roduction is¢p = 1 x 1072 For comparison, the rates of
thylene formation in the two reference photosystems, consisting
of Mb-Co(ll) and diffusional E&~ (curve b), and of diffusional
Ec* and Co(ll)-protoporphyrin IX (curve c) are also shown.
The efficiency of GH4 formation in the two reference systems
. . lis substantially lower than in the presence of the chromophore-
shows effective electron transfer quenching and a reasonablymodhcied Co(Il)-reconstituted myoglobin, EoMb-Co(ll).
long lifetime of the photogenerated redox species due to the Formation of ethylene in the photosyst’em that includes Eo
association of the chromophore and Co(ll)-center with the Mb-Co(ll) and acetylene is attributed to the insertion of
protein. The covalent linkage of the chromophore to the protein acetylene into the photogenerated Co(lll)-H species, eq 14. It
facilitates the quenching process, but simultaneously, the is interesting to note that the quantum yield fQi—Eform’ation

separation of the redox species by the protein stabilizes the. _fold hiaher th hat f lution in th |
photoproducts against back electron transfer. These aspects wiI'S 50-fold higher than that for Hevolution in the analogous

be important in analyzing the photocatalytic features of Eo

in the two reference systems are summarized in eq 11 and ec@
12. The back electron transfer rate in the system that includes
eosin and Co(ll)-protoporphyrin, without the protein matrix, is

Mb-Co(ll) and those of the reference systems. Col) + H* —= Co(I1l)---H " ———"

Photocatalytic Transformations in the Presence of E& - H
Mb-Co(ll). The characterization of the photoinduced electron /H \ N
transfer reactions in Bo-Mb-Co(ll) indicated that oxidative ol —C=C Coffip+ C=C @4

quenching of the chromophore yields the Co(l)-photoproduct H H H H
and that in the presence of the sacrificial electron donog; Na
EDTA, the EG-Mb-Co(l) is accumulated. The reduced Photosystem that lacks acetylene. This observation further
Co(l) center in a protic medium such as water, forms a Supports the conclusion that protonation of the Co(lll)-H
Co(|||)-H Speciesl Formation of the Co(|||)-H species could intermediate is rate-limiting for HeVO'Ution and eXplainS the
then be an efficient catalytic species for various chemical Origin for the inhibition of H-evolution in the E&-Mb-Co(ll)
transformations, i.e., hydrogen evolution by protonation or in the presence of £i,. Insertion of acetylene into the
hydrogenation of unsaturated compounds or @@ insertion Co(lll)-H intermediate is faster than protonation leading to the
of the respective substrat&s. selective photohydrogenation of acetylene tgH& The
Steady-state irradiation,= 475 nm, of an aqueous solution, ~Participation of the Co(lll)-H species in #evolution and
pH = 7.5, of EG--Mb-Co(ll) in the presence of NEDTA hydrogenation of acetylene are further supported by kinetic
yields the evolution of hydrogen. The quantum yield ot H  isotope effects corresponding to 2.9 and 2.5 for the two
evolution corresponds tp = 2 x 1074 Control experiments  transformations, respectively.
revealed that irradiation of Mb-Co(ll) in the presence of:Na Figure 8 compares the rate of.iy formation in the
EDTA or of E?-apo-Mb and NsgEDTA does not yield any ~ Photosystem Eo-Mb-Co(ll) to the two reference systems that
H,-evolution. These experiments indicate that the eosin chro- include diffusional E&~ and Mb-Co(ll) and the protein lacking
mophore as well as the Co(ll)-protoporphyrin 1X center are Photosystem that includes diffusional Ecand Co(ll)-proto-
essential components fortévolution. Similarly, irradiation ~ Porphyrin IX components. The efficiency of,84 formation

of Ec*-Mb-Co(ll) in the absence of NEDTA, does not in the reference photosystems is substantially lower than in the
produce hydrogen, indicating that the sacrificial electron donor E®*~-Mb-Co(ll) assembly. The low efficiency of £, forma-
is an essential ingredient. tion in the Mb-Co(ll) and diffusional Eo is attributed to the

The evolution of hydrogen is attributed to the protonation of inefficient quenching of Ec?~ by the Co(ll)-center embedded
the Co(lll)-H intermediate formed via the Co(l) species gener- in the protein. The low yield of ethylene formation in the
ated by the photoinduced electron transfer, eq 13. Nonethelessphotosystem that includes the diffusional Co(ll)-protoporphyrin

the quantum yield for ktevolution is very low as compared to ~ and EG" is rationalized in terms of the rapid back-electron

— _ : transfer reaction of the intermediate photoproducts. Thu&,-Eo
(32) The rate constant for the oxidation of /@TA by the E0™ species  \h_Co(11) represents an assembly with the appropriate balance

was also determined by following the depletion of Eor the accumulation - . o . .

of Eo®" in the reference system (Eo-Ec™)-apo-Mb in the presence of O Stimulate the effective oxidative quenching of the excited

NaEDTA. chromophore due to its covalent attachment to the protein and
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Figure 8. Rate of ethylene evolution at time intervals of illumination E02—-Mb-(£o(lll) \C:c/
(A > 475 nm) of (a) E&-Mb-Co(ll), 0.17 mgmL™, (b) Mb-Co(ll), H/ \R
0.17 mgmL~! and E@", 25 uM, (c) Co(ll)-protoporphyrin I1X, 12.3
uM and EG-, 2.5uM. In all systems NZEDTA, 0.01 M is included. (1s)
All experiments were performed in 3 mL phosphate buffer,#pH.5, ) .
under saturated atmosphere of acetylene. increase of the substrate concentration does not affect the

hydrogenation rate. Assuming that the Co(ll)-site in the
simultaneously to sufficiently stabilize the intermediate photo- reconstituted E&-Mb-Co(ll) acts as active site for hydrogena-
products by their spatial isolation via the protein matrix. tion of 6, eq 15, then the kinetics of hydrogenation of
Stabilization of the photoproducts against back electron transfer acetylenedicarboxylic acids) should follow the Michaelis
facilitates the reduction of the oxidized chromophore by the

sacrificial electron donor and enables the effective formation HOLC _ oM

of Ec*-Mb-Co(l) that acts as the catalyst for hydrogenation of VAR

ethylene. " i
Reconstitution of apo-Mb with Co(ll)-protoporphyrin IX ™

yields a catalytic active site in the protein for hydrogenation of

acetylene. Thus, the Co(ll)-reconstituted protein represents a
semisynthetic biocatalyst. We were able to show that the
reconstituted protein reveals features that mimic functions of

Menten model, eq 16, whekg is the initial rate at any substrate
concentrationVmaxis the maximum rate upon saturation of the
active-site by the substrate, akg, is given by eq 17. The

natural enzymes. The kinetics of photohydrogenation of an K

X . ; 1_ 1 m 1
acetylenic substrate was examined by following the rate of V_V_+ vV ig| (16)
hydrogenation of acetylenedicarboxylic ac&) (n the photo- 0 max max[S]
system E&-Mb-Co(ll) and NaEDTA at different concentra- K,
tions of 6. The analysis was performed with the substr&je ( K= _ et (17)
rather than with gaseous acetylene since it enables us to control kg + kg

precisely the concentration of the substrate in the aqueous

medium. The photohydrogenation product§aire maleic acid ~ €xperimental rates for photohydrogenation6aby Ec*~-Mb-
Co(ll) at different concentrations 08, Figure 9(A), were

HO,C—C=C—CO,H analyzed according to eq 16, Figure 9(B). A linear relationship
6 is obtained from which the valuéénax = 0.6 uM-min~1 and
Km = 4 mM were derived. Thus, the semisynthetic protein
(92%) and fumaric acid (8%). Figure 9(A) shows the initial assembly, E&-Mb-Co(ll) follows the Michaelis-Menten
rates of the formation of maleic acid@)(upon photohydroge-  model characteristic to enzymes.
nation of 6 by E?~-Mb-Co(ll), at different concentrations of Preparation of Photoenzymes by reconstitution ofx- and
6. The rate of maleic acid formation increases as the concentra-f-Subunits of Hemoglobin. Preparation of the chromophore-
tion of 6 increases. The maximum rate of hydrogenatio® of modified Co(ll) reconstituted myoglobin, EoMb-Co(ll) re-
is observed at a concentration of cax11072 M and further vealed photoinduced electron transfer between the photoenzyme

200 L L 1 ! 10.0 . y
A B
150 @ B 75 | A

. min/uM

Maleic acid / pM

100 o 5.0 .
© 2 Ky =4mM
] 0]" = _ -
% 2 Vmax = 0.6UM/min
2 + (a
0 T T T T 0.0 ) \
0 50 100 150 200 250 0 0.0004 0.0008 0.0012
time / min [S]-I /LLM'l

Figure 9. Photohydrogenationl(> 475 nm) of acetylenedicarboxylic acids)( to maleic acid in a system composed offEMb-Co(ll), 0.17
mg-mL~tin 3 mL 0.1 M phosphate buffer, pk 7.5, that contains 0.01 M NBDTA. (A) Initial rates of the maleic acid formation at different
initial concentrations 06: (a) 1 x 1073 M; (b) 2.5 x 103 M, (c) 5 x 1073 M, and (d) 1x 102 M. (B) Analysis of the hydrogenation rates of
6 to maleic acid according to eq 16: Lineweav&urk plot.
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units. The system Bo-Mb-Co(ll) reveals, however, several 12 12
scientific disadvantages. The modification sites of the protein
by the EG~-chromophore are unknown and hence the resulting A B
photoenzyme lacks a defined structure. Also, the polysubsti-
tution of the protein by two eosin units introduced a competitive
self-quenching electron transfer pathway which complicated the
electron transfer reactions in the resulting photoenzyme. A o o6 S ool
major advance could be accomplished by tailoring Co(ll)- © o
reconstituted photoenzymes that include a single eosin chro-
mophore unit in defined structures. In such photoenzymes, the
electron transfer parameters could be correlated with the protein
structure and the self-quenching electron transfer route could
be eliminated. Tailoring of site-specific eosin-modified Co-
(In-reconstituted photoenzymes was based on the reconstitution O e e o0 R e R
of hemoglobin su_buni'_[s (bovine _source). Hemoglgbin, Hb, is i / nm x\/ o
a tetramer ofltvvc.) identicat- subunits and tqu?-subunlts. Each Figure 10. Absorption spectra of (A) Eo-o-Hb-Co(ll), 7 4M and
of the subunits includes a protoheme active center for oxygen .

- . e " (B) EQ*-B-Hb-Co(ll), 7 uM.
binding. The separated subunits can function independently in
binding of oxygen.

single cysteine 93 residue. TReHb-Co(ll) was reacted at pH

H CO,H
c=c
\
HO,C H
(8

The Hb tetramer was separated to thend subunits by
protection of the cysteine residues withhydroxymercury

= 6.5 with eosin-4-maleimide4}, eq 18. At this pH value,
lysine residues of the protein are protonated and Michael
addition of cysteine to the maleimide residue is favoied.
Figure 10(B) shows the absorption spectrum ofE6-Hb-
Co(ll). The two absorption bands At= 526 nm € = 83 000
M~tcm™) and A = 426 nm € = 120000 M-cm?)
correspond to the eosin and Co(ll)-protoporphyrin, respectively.

benzoic acid followed by chromatographic separation and The loading of eosin corresponds to 1. That is2E6-Hb-

removal of the protective group. Tleor 5-Hb heme subunits

Co(ll) is specifically modified at Cysteine-93 site by the eosin

were reconstituted by the general method presented in Figurechromophoré#

1. The heme site was removed and the resultingabth and
apof3-Hb were reconstituted with Co(ll)-protoporphyrin IX to
yield a-Hb-Co(ll) andS-Hb-Co(ll). By analyzing the absorp-
tion bands af = 426 nm € = 120 000 M 1-cm™1)30 of samples
of known protein content afi-Hb-Co(ll) andj-Hb-Co(ll), the
loading of the reconstituted protein corresponds to 1:1.
The reconstitutedi-Hb-Co(1l) ands-Hb-Co(ll) were further
modified by the eosin chromophoregd-Hb-Co(ll) includes a

HoN

o chain

The o-Hb-Co(ll) reconstituted subunit does not include
cysteine residues. Nevertheless, reaction of proteins with eosin-
4-maleimide, 4), at pH > 7.0, where lysine residues are
deprotonated, permits the Michael addition of amine groups to
the maleimide sité® The a-Hb-Co(ll) was reacted with4) at
pH = 7.0, at 4°C, for 30 min to yield the eosin-modified
Co(ll)-reconstitutedo-Hb, E~-o-Hb-Co(ll), eq 19. Figure
10(A) shows the absorption spectrum of the resulting o

o
h=6.5 .
+ P Eo>—N (18)
HS S

(¢}

B chain B chain

Co(Il) Co(Il)
o

ph=7.0 Eo2—N

(19)

iy

o

a chain
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Hb-Co(ll). The absorption bands at= 526 nm andl = 426 0.008 . ; : : :
nm correspond to the eosin and Co(ll)-protoporphyrin units,

respectively. From the absorbance of the two bands the molar 0.006-

ratio of eosin to Co(ll) units is calculated to be 1:1. Tdxib-

Co(ll) protein includes 11 lysine residues. The eosin loading 0.004-

of the resulting protein could correspond to an average loading a

and imply the presence of poly-substitutedHb-Co(ll) residues 3 0.002+

by E&*, or alternatively, single modification of different lysine

sites by the eosin chromophore. Nonetheless, it was pointed 0+

out that poly-substitution of the protein by the eosin chro-

mophore is accompanied by the self-quenching electron transfer -0.002 T T T + T
path. It will be addressed later that no self-quenching electron <100 0 100 200 300 400 500
transfer route is operative in Eoa-Hb-Co(ll). It will also be time /psec

shown that the eosin chromophore irfEa-Hb-Co(ll) reveals

a single-exponential decay implying a single population of the
chromophore. These observations suggest th#t-EeHb-Co-

(I) represents a protein assembly where a specific lysine residue
is modified by a single Eo-chromophore unit. The method

to elucidate the modification site will be discussed later. We
believe that the special conditions employed in the modification
of a-Hb-Co(ll), eq 19 (short reaction time and low temperature),
and the availability of a single lysine residue exposed to the

aqueous environment led to the site-specific formation éf Eo o o L
a-Hb-Co(ll). -

Photoinduced Electron Transfer in E¢*"-a-Hb-Co(ll) and -0.001 . . . - .
Eo?~-B-Hb-Co(ll). The photoinduced electron transfer reac- -1000 0 1000 2000 3000 4000 5000
tions in EG-a-Hb-Co(ll) and E8~-3-Hb-Co(ll) were charac- time /ltsec
terized by time-resolved laser flash photolysis, as described 001 . ) . ) ,
earlier for EG~-Mb-Co(ll). For quantitative characterization ’
of the photoinduced electron transfer in the two photoenzymes, 0 v -
two reference proteins, lacking the Co(ll)-protoporphyrin cen-
ters, EG™-apoe-Hb and E8™-apof3-Hb were prepared. These 0.014 "
chromophore-modified proteins were prepared by reacting apo- 4 0.024 L
o-Hb and apg3-Hb with (4) under similar conditions used for 3
the preparation of Bo-a-Hb-Co(ll) and Eé~--Hb-Co(ll). 0.03+ -
Upon excitation of E& -apof-Hb, the bleached ground-state 0,04
at4 = 520 nm and the formation of thdEc?"-apo3-Hb, atl ' c I
= 580 nm, were observed. No self-quenching photoproducts, 0.05 ! . ; ; .

Ec~ and Eo® are detected. Similar transient species are -1000 0 1000 2000 3000 4000 35000

observed for E&-apoa-Hb. Thus, in the single chromophore- time /pusec

modified a-Hb andS-Hb the self-quenching electron transfer ~Figure 11. Transient absorbance changes upon photoexcitation?of Eo
routes are eliminated. B-Hb-Co(ll), 0.17 mgmL~*in 0.1 M phosphate buffer, pH 7.5: (A)
Photoexcitation of E&-8-Hb-Co(ll) results in a transient ~ D€c&Y Ol:‘ﬂllle eo§|n trlll%lgt f°”°"‘(’fdgt: =90 nn;. ﬁB) Decay of COOE')
spectrur_n, that includes the bleacheql _ground-stg@eSZO nm, fsé)n%?vzsd gt %Vilg m?,]tl nm. (C) Recovery of the eosin ground state
the TE6?~ atA = 560 nm and an additional speciesiat 400
nm (not observed in Bo-apof-Hb) that corresponds to the
reduced Co(l)-protoporphyrin IX center. Thus, photoexcitation
of Ec?~-B-Hb-Co(ll) results in the transient formation of electron
transfer products. Figure 11(A) shows the transient decay of
TE?-B-Hb-Co(ll). The decay is single-exponential with a time
constankr ops= 7.7 x 10 s71. Formation of the Co(l) species
implies that the oxidative electron transferi&o?-Mb-Co(ll)
occurs. We prefer, however, not to use the comparison of the

will be elucidated later by an alternative procedure. The
formation of the Co(l) species,= 400 nm, indicates, however,
that an oxidative electron transfer quenching mechanism is
operative. Figure 11(B) shows the transient decay of the Co(l)
species as a result of the back electron transfer, eq 21. The
decay is single-exponential with a back electron transfer rate-
constant corresponding tg¢ = 370 s'L.

k,=370s1

k= 18x 10851 Eo ™ -5-Hb-Co(l)

.
Ed8-Hb-Col)  (20) Ed®-B-Hb-Co(ll) (21)

TEG® -B-Hb-Co(ll)
) ; If the TEG>-8-Hb-Co(ll) decays by two routes, i.e., native
decay time-constants d£0*~--Hb-Co(ll) and Ec*~-apos- triplet decay and electron transfer quenching, then the recovery
Hb for quantitative determination of the quenching rate constant. of the ground state Bo-3-Hb-Co(ll) should consist of the two
The chromophore microenvironment in afiddb could sub- transient populations TEc? -A-Hb-Co(ll) and Eo--Hb-
Stantia"y differ from its SUrrOUndingS in EO'ﬂ'Hb'CO(”) due Co(|)) Figure ll(C) shows the recovery of the bleached
to different structures of the proteins. Such different micro- ground-statej = 510 nm, upon excitation of the system. The
environments could substantially influence the native decay of transient that restores the ground-state does not fit a single
the excited chromophore. The quenching rate constant, eq 20.exponential process but fits a biexponential kinetics, implying
(33) (a) Smyth, D. G.; Blumenfeld, O. O.; Konigsberg, Blochem. J. the presence of two.different populations that restore the ground-
1964 91, 589. (b) Ishi, Y.; Lehrer, S. Biophys. J.1986 50, 75—80. state. One populatiogs.st= 0.73+ 0.02, restores the ground
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Table 1. Kinetic Parameters and Quantum Yields in the Electron
Transfer of Eé-a-Hb-Co(ll) and E&™-3-Hb-Co(ll)

Ec®-a-Hb-Co(ll) E-8-Hb-Co(ll)

kgs? 6.5x 10° 1.8x 10°

bq 0.13 0.25

kp st 3.4x 10 0.37x 10°

krst 43 x 10° 5.9x 10°

ot 0.87 0.75
state with a fast rate constaikizss = 5900+ 50 s'1, whereas A
the second populatiogsew = 0.27 £ 0.02, restores the ground- ‘/‘(‘ b
state with a slow rate constakg,, = 370+ 20 s. The slow i

rate-constant that regenerates the ground-state coincides with j?f
the back electron transfer rate-constant, eq 21, determined by Lz (e ;
following the decay of Co(l), and hence the population (27%) f}/\ A f\ T
regenerating the ground-state by the slow path is attributed to ___Jf(‘f—‘\i?,"\f%/ 7 Tj &:25'7
Eo~-5-Hb-Co(l). The population (73%) restoring the ground- ) b {}' ~ r_}
state by the fast route is thus attributed to the native decay of A |
TE®?-B-Hb-Co(ll). Thus, the native decay 3Ec?* -B-Hb- :

Co(ll) is kt = 5900 s. The triplet decay of Ev-S-Hb-

Co(ll), Figure 11(A), represents the observed decay rate- Figure 12. Two-dimensional X-ray image of nativ8-Hb (from
constantkr opsWhich represents the sum of native and quenching bovine). The Fe(ll)-protoporphyrin IX and the cysteine 93 are marked
paths Kkt ops= kr + kq, Sincekr andkr opsWere determined by in bold. The distance between the S-atom of the cysteine 93 residue
analyzing the transients shown in Figure 11(C) and Figure and the metal center at the porphyrin site is calculated to be 12.87 A.
11(A), respectively, the derived quenching rate constant, eq 20,

corresponds td = 1.8 x 10® s1. The electron-transfer ~ reorganization energy, accompanying electron transfer, are
quenching rate-constant is of similar magnitude as the native €xpected to be similar in the two photoenzymes. Hence, the
decay of the excited chromophoreTiio?—-3-Hb-Co(ll). Thus, differences in quenching rates and back electron transfer rates
the fraction of excited chromophore that will lead to electron can be attributed to different doneacceptor distances in the
transfer products is given byq = kg/(kq + kr), where the two photoenzymes (vide infra). Of specific importance is to
fraction of excited chromophore that decays naturally without note the long lifetimex = 2700us) of the redox photoproducts
electron transfer is given byr = kr/(kq + k7). Substitution of Eo~-3-Hb-Co(l).

the respective rate constant yielglg = 0.25 andgr = 0.75. Figure 12 shows the two-dimensional image of the X-ray
These fractions are identical to the ratio of the two populations structure of natived-Hb-Fe(ll). Assuming that reconstitution
that restore the bleached ground-state, as analyzed by thef 8-Hb with Co(ll)-protoporphyrin IX does not alter the protein
biexponential transient shown in Figure 11(C). These results structure, and realizing that the chemical modification of the
support our conclusion that the ground-state is regenerated byprotein occurs site-specifically at cysteine residue 93, then the

the two complementary routes: the native decayEd -f- distance between the eosin chromophore and the Co(ll)-
Hb-Co(ll) and back electron transfer of £g3-Hb-Co(l). protoporphyrin IX acceptor site is estimated to dhe= 12.87
Scheme 2 summarizes the sequence of electron-transfer proA. The observed electron-transfer rates ireEg8-Hb-Co(ll)
cesses that proceed upon excitation of E6-Hb-Co(ll). and E&-a-Hb-Co(ll) will be analyzed in terms of the Marcus

A similar set of experiments was performed with the’E0  theory?in an attempt to elucidate the chromophore modification
o-Hb-Co(ll) and the respective reference compouné Eapo- site in EG-a-Hb-Co(ll).

o-Hb. The decay of Ec?-a-Hb-Co(ll) is single-exponential
with an observed rate constantlafons= 4.95x 10*s™X. The
derived values of the rate constants for the electron transfer
guenching, native decay of the excited triplet and back electron
transfer, are summarized in eqs—224. Table 1 summarizes
the rate constants for oxidative electron transfer quenching of
the two photoenzymes, Boo-Hb-Co(ll) and E8~-B-Hb-
Co(Il) and the fractions of electron transfer products formed
and their recombination rates in the two photoenzymes. The

Marcus relation of long-range electron transfer rakes, in
donor-acceptor pairs is given by eq 25, whex&° is the free
energy change accompanying electron transfds, the reor-
ganization energyki°ag is the electronic coupling constant of
the donofr-acceptor pair at a van der Waals distancl,= 3
A), dis the distance separating the donacceptor pair, anf
is the decay-constant of the electronic coupling as a function
of distance. As the chromophore and electron acceptor sites in

—6.5x 18s-1 3 \12
TE0* -a-Hb-Co(ll) ks E0 -a-Hb-Co(l) (22) o= (#kBT) “H3g-exp{ —A(d — d )} -
_ kp=4.3x 1051 _ ° 2
TEQ -a-Hb-Co(ll) Ec? -a-Hb-Co(ll) (23) ex‘{_ (A46/1 k:T/l)} (25)
4x 108

=3, s1
Eo‘*—a—Hb-Co(|)k"4~ Eo® -a-Hb-Co(ll) (24) o
Ed* -a-Hb-Co(ll) and EE~--Hb-Co(ll) are identical, the free
triplet excited state iIfEc?-a-Hb-Co(ll) decays 7-fold faster ~ energy changes accompanying the electron-transfer quenching,
than inTEc?~-3-Hb-Co(ll). This can be attributed to different AG°y, and back electron transfenG®, in the two photo-
environments of the eosin chromophore in the two photo- enzymes are identical. The reduction potential of Co(ll)-
enzymes. The electron transfer quenching and back-electronprotoporphyrin IX in the reconstituted proteins EScoiycoq)
transfer rates are slower in EgB-Hb-Co(ll) than in E&™-a- = 0.61V, and the reduction potential of theo?~ chromophore

Hb-Co(ll). TheAG? for the electron transfer reactions and the and the oxidized chromophore EareE°® = —0.90 V andE®
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= 1.10 V, respectively® Using these values, the free energy
changes accompanying the electron transfer quenching, eq 26
and back electron transfer, eq 27, were calculated for the two

TE0® -a/B-Hb-Co(ll) —

E0™-a/f-Hb-Co(l) AG®,=—0.6eV (26)
E0-a/B-Co(l) — Ec? -a/B-Hb-Co(ll) AG°, = —1.7(e\/)
27

photoenzymes. In each of the two photoenzymes; feeHb-
Co(ll) or E*-B-Hb-Co(ll), the electron transfer proceeds at
fixed distances,d), characteristic for each of the proteins. For
each of the enzymes, two experimental electron transfer rate-
constants are known (electron transfer quenchigoand back
electron transferky). Thus, the reorganization energy,
involved in the electron transfer in each of the photoenzymes
can be calculated by eq 28.

AG,”” — AG,?

AG, — AGy
4kBT{Inkq—M

K, 2k T

A= (28)

By substitution of the respective rate constants and free energy

values, the reorganization energies for electron transferin-Eo
o-Hb-Co(ll) and E&~-3-Hb-Co(ll) were calculated to bk, =
1.15+ 0.1 eV andig = 1.1+ 0.1 eV. The reorganization
energies accompanying electron transfer in the two photo-
enzymes appear to be similar. This is reasonable as the-dlonor
acceptor pair in the two photoenzymes are identical.

In the photoenzyme Eo-3-Hb-Co(ll) the distance between
the chromophore site and the Co(ll)-acceptor centedsis=
12.87 A. Since the reorganization energyljs= 1.1 eV and
the free energy-change for the electron transfer quenching is
AGy® = —0.6 eV, the decay constant of the electron coupling,
f, can be calculated using eq 29. The derived valug is
1.35 A-1. A similar value is obtained upon usingpkand the
free-energy changeA\G° associated with the back electron
transfer. The electronic coupling decay consfadepends on

_(AG+A)

47k T } (29)

k) = 10" exp{ —p(d — 3)} -exp{

the nature of the doneracceptor pair. Thus, a simil@rvalue
should accompany the electron transfer it Ea-Hb-Co(ll).
The valuesAG°, (or AG®y), 4 and$ are identical in the two
photoenzymes Eo-3-Hb-Co(ll) and E&-a-Hb-Co(ll), and the
only difference is the doneracceptor distance at which electron
transfer occurs. This allows us to estimate the dewm@ceptor
distance in the photoenzyme Eeun-Hb-Co(ll) using the
experimental ratid’y/k%, (or k’,/k*,) and eq 29 as outlined in
eq 30 or eq 31. By substitution of the respective values,
the electron-transfer distance (or dorecceptor separation)
de = 11.2 @0.1) A is obtained. The eosin chromophore in
Ec?-a-Hb-Co(ll) substitutes one of the lysine-sites. Figure 13
shows the two-dimensional X-ray structureceHb and the 11
lysine residues present in the protein are marked. Lysine
residue, Lys-90, is located at a distancedef 11.10 A that is

(34) The specific modification of cysteine-93 residugsdfib-Co(ll) by
eosin was further supported by titration gfHb-Co(ll) and E@~-3-Hb-
Co(ll) with 5,5-dithiobis(2-nitrobenzoic) acid (Ellman’s reagent). While
p-Hb-Co(ll) contains a single free cysteine residue, no free cysteine was
detected for E&-3-Hb-Co(ll).

(35) (&) Moser, J.; Gtael, M. J. Am. Chem. Sod984 106, 6557
6564. (b) Kepka, A. G.; Grossweiner, L.Photochem. Photobioll971,

14, 621-639.
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Figure 13. Two-dimensional X-ray image of native-Hb (from
bovine). The Fe(ll)-protoporphyrin IX and the 11 lysine residues are
marked in bold. The distance between theitrogen atom of lysine
90 to the metal center of the porphyrin is 11.10 A.

B

—. = exp{—(d; — dy)} (30)
kq B
B
d,=d,+ %-mﬁ& (31)

closest to the calculated electron-transfer distance. Thus, the
kinetic analysis suggests that the chromophore is associated with
the Lys-90 position in E&-a-Hb-Co(ll). The structure of
o-Hb, Figure 13, indicates that Lys-90 is located at the exterior
periphery of the protein and that the amino residue is not
sterically hindered by the protein matrix. We suggest that the
structurally nonhindered position of Lys-90 at the protein
periphery leads to kinetic preference of modificationdyyand
hence to a single chromophore-modified photoenzymé;£o
a-Hb-Co(ll).

The detailed analyses of the photoinduced electron transfer
in Ec®~a-Hb-Co(ll) and EE=B-Hb-Co(ll) revealed that in the
two reconstituted proteins oxidative quenching yields the
intermediate electron transfer products&a/3-Hb-Co(l). This
suggests that the two reconstituted proteins could act as
hydrogenation biocatalysts in the presence of the sacrificial
electron donor, N&EDTA, eq 32 and eq 33. Figure 14 shows
the rate of ethylene formation upon steady-state irradiation of
Ec?-a-Hb-Co(ll) and E8™-3-Hb-Co(ll) in the presence of Na
EDTA under a saturated atmosphere of acetylene. The quantum
yield for ethylene formation correspondsdo= 0.02 for EG-

Eo-a/p-Hb-Co(l) + Na,EDTA —
E0” -aUB-Hb-Co(l) + NaEDTA,,

'
oxidation products (32)

Eo® -aU-Hb-Co(l) + H" — Eo* -aU8-Hb-Co(lll)-H (33)

Eo” -Uf-Hb-Co(lll)-H + C,H,
E0” -a/B-Hb-Co(lll) + C,H, (34)

a-Hb-Co(ll) andg = 0.004 EG~-3-Hb-Co(ll). Control experi-
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Figure 14. Rate of acetylene hydrogenation to ethylene at time intervals
of illumination @ > 475 nm) of (a) E& -a-Hb-Co(ll), 0.17 mgmL~?
and (b) E6™-3-Hb-Co(ll), 0.17 mgmL~1. All systems include Na
EDTA, 0.01 M, and are saturated with acetylene. Experiments were

Figure 15. Scheme of electron transfer pathway for cyclic photoin-
duced hydrogenation of acetylene by lactate usinty #b-Co(ll) and
LDH as biocatalyst.

performed in 3 mL 0.1 M phosphate buffer, pH 7.5. 2 | . L L
Scheme 2. Electron Transfer Pathways upon Photoexcitation R *
of Ec?—--Hb-Co(ll) L 15 4 L
=]
TEo2 - B - Hb - Co(Il) z . . . |
\ Ky = 1.8x10%! E s x I
Na,EDTA .
Eo"-B-Hb-Coj ——— Eo® - -Hb-Co(l) 0 . : : ,
NaEDTA, 3 5
Ky = 0.37x10% ! + Nap ox 0 100 200 t/m?;) 400 500
Figure 16. Rates of formation of products upon illumination of a
Eo® - B - Hb - Co(II) photosystem, 3 mL, phosphate buffer, 0.1 M, pt¥.4, that includes

] E0*~-Mb-Co(ll), 0.11 mgmL~%, LDH, 0.6 unitsmL™%, 5, 8 x 1073 M
ments revealed that no photohydrogenation of acetylene takesand lactic acid, 16 M, under atmospheric pressure of acetyler®) (
place in the absence of BEDTA, or upon application of the  rate of ethylene formationx() rate of pyruvic acid formation.
reconstituted Co(ll)-proteins lacking the £echromophore,
o/B-Hb-Co(ll), or upon application of the respective eosin- As a model system that operates according to this principle,
modified apo-proteins lacking the Co(ll)-protoporphyrin sites, the photoenzyme Eo-Mb-Co(ll) as a reductive site was
Ec?-apoo/B-Hb. These experiments confirm that electron coupled to lactate dehydrogenase, LDH, usiNgnethyl-
transfer from the excited eosin chromophore to the Co(ll)- ferrocene caproic acidy as diffusional electron carrier, Figure
protoporphyrin IX sites, and subsequent scavenging of the 15. Lactate dehydrogenase, LDH (E.C. 1.1.2.3) is a flavo-
oxidized photoproduct by NEDTA, are essential processes to ~ Cytochromeb, enzyme composed of four subunits, 230 Kd. Each
induce the photohydrogenation of acetylene to ethylene. of the tetramer units includes an Fe(ll)-prophyrin and FAD

Cyclic Photosynthetic Systems through Application of the site36 The enzyme biocatalyzes the oxidation of lactic acid and
Eo2-Mb-Co(ll) Photoenzyme. The detailed analysis of the ~ cytochromec acts as a native electron carrier for LBH.
photoinduced electron transfer in EeMb-Co(ll) and E&-o/ Steady-state irradiatior, > 475 nm, of a photosystem that
B-Hb-Co(ll) revealed the important conclusion that the primary includes E6--Mb-Co(ll), LDH, N-methylferrocene caproic acid
redox photoproducts exhibit a relatively long lifetime. The (5), and the substrates acetylene and lactic acid for the respective
lifetime of Eoc~-Mb-Co(l) was found to be 7us and of two biocatalysts, results in the formation of ethylene (reduction
Eo-a-Hb-Co(l) and Eo-3-Hb-Co(l) 300us and 270Qus, product) and pyruvic acid (oxidation product). Figure 16 shows
respectively. The stability of the electron transfer products is the rate of ethylene evolution and pyruvic acid formation at
attributed to the rigid protein structures that spatially separate time intervals of illumination. The rates of formation of the
the oxidized photoproduct from the reduced species. The two products is identical and they are formed in an equimolar
oxidized chromophore is anticipated to be located at the protein ratio. Since the hydrogenation of acetylene, eq 35, and oxidation
periphery, whereas the Co(l)-protoporphyrin IX site is embedded of lactic acid, eq 36, represent two-electron redox reactions,
in the protein. In this configuration, it is expected that a
diffusional reversible electron donor could be oxidized by the H— C=C—H+2e"+2H" — CoH, (35)
oxidized chromophore. Diffusional electron mediators usually oH o
do not electrically communicate with redox centers embedded [ I
in proteins, unless specific channels allow the penetration of CH3—CH —COH —> CH3—C —COzH +2e~ +2H"  (36)
the redox mediator into the protein. Thus, oxidation of the
diffusional electron mediator by the oxidized chromophore could the cyclic operation of the photosynthetic system, Figure 15, is
further separate the redox species and assist in their stabilizatiorexpected to yield the products at a 1:1 molar ratio. The quantum
against back-electron transfer, Figure 15. Introduction of a yields for the formation of the products correspondgte 2
second oxidative protein (enzyme) that recognizes the oxidized x 10-3. From the number of moles of products formed in the
diffusional electron mediator could then stimulate the oxidation photosystem after 450 min of irradiation, the total turnover
of the substrate which is specific to the second protein. Thus, numbers (TTN) of LDH and Eo-Mb-Co(ll) were calculated
by coupling a reductive photoenzyme and an oxidative biocata-to be 70 and 120, respectively. This indicates that the
lyst through a diffusional electron mediator, cyclic photosyn- biocatalysts are recycled in the light-induced chemical trans-
thetic transformations could be induced. formations. Control experiments revealed that all of the



Hemo-Protein-Deried Photocatalysts J. Am. Chem. Soc., Vol. 118, No. 50, 199613

4 0.0087
T (c)
3 0.006
(a)
< .
= 2 (b) 2 0.0047
- o
< <
="
— 1 0.0027 (b)
(a)
0 o
-1+ T T T T T 1 -0.002 T T ™ T m T L
0 0.l 02 03 04 05 20 -10 0 10 20 30 40 50 60
E / Volt t/us

Figure 17. Cyclic voltammograms of an electrolyte solution composed Figure 19. Transient decay of the photogenerated ferrocenylium cation,
of 0.01 M phosphate buffer and p&0,, 0.1 M, that includes LDH 5+, (followed atA = 630 nm): (a) in the presence of EeMb-Co(l),

0.15 unitsmL~* and N-methylferrocene caproic aci®é)(3 x 1074 M (b) after addition of LDH and lactate, & 1072 M.

(a) without added lactate; (b) in the presence of lactate, 203 M;

and (c) with lactate & 10-2 M. All experiments were recorded under ~ absorption band of the ferrocenyl cationdat= 630 nm. This

Ar, scan rate 2 m¥ . A Au-electrode was used as working electrode result clearly indicates that the primary ‘Eevib-Co(l) was

and SCE as reference electrode. reduced by¥%) to yield the ferrocenyl cation, eq 37. Figure 19
(curve a) shows the transient decay of the ferrocenyl cation,
(5)*, photoproduct as a result of back electron transfer to the

Lactic acid Co(l) site, eq 38. The decay corresponds to a second-order
® processky = 6.25x 10P M~1-s71, Photoexcitation of a system
N that includes E&-Mb-Co(ll), 5, and LDH yields the ferroceny
) cation that decays much faster, Figure 19 (curve b). The
v o observed second-order decay rate-constant for the ferrocenyl
" Fyravi seid cation in the presence of LDH igps= 1.6 x 107 M~1-s71,
Au The enhanced decay rate of the ferrocenyl cation in the presence
Blectrode of LDH is consistent with the mediated oxidation of LDH by
Figure 18. Electrqbioc_:atalayzed oxidatio_n of lactate by LDH in the the ferrocenyl cation, eq 39. Thus, the recombination of the
presence of the diffusional electron mediaby. ( oxidized ferrocenyl cation and the oxidation of LDH b§)t

provide two routes for depletion of the oxidized electron carrier
(kobs = kbt + kox). By substitution of the back electron transfer
rate-constant of §)* with the Co(l) species, eq 38, the

These control experiments suggest that the electron caBjier ( bimolecular rate constant for the oxidation of LDH by the

is essential to couple the reductive photoenzymé Hdb- ferrocenyl cation, eq 39, is estimated to kg = 1.5 x 10’

Co(ll) and LDH and implies that LDH acts as the biocatalyst M~ 'S *. This kinetic analysis clearly demonstrates that the
for the oxidation of lactic acid. oxidation of LDH by the photogenerated ferrocenyl cations is

The detailed electron transfer features of the cyclic photo- Kinetically favgfec! (ca. Tfold as compared to the recombina-
synthetic system were characterized by time-resolved laser!ion rate of £)" with the reduced Co(l) site).

photolysis and electrochemical means. The photoinduced intra- . _ n
protein electron transfer reactions in EeMb-Co(ll) were E0"-Mb-Co(l) + Fc— Eo* -Mb-Co(l) + F¢"  (37)

components were essential to stimulate the evolution 6f,C
and formation of pyruvic acid. Exclusion of the electron
mediator b) or LDH prevented the formation of pyruvic acid.

characterized earlier (vide supra). To account for the electron- —6.25x 106 M—L-s-1
; ; ; 2— + Kor
transfer processes in the cyclic photosystem, Figure 15, theEo™ -Mb-Co(l) + Fc
secondary electron transfer between the primary photoproducts Eozf-Mb-Co(II) + Fc (38)

Eo~-Mb-Co(l) and the electron carrieb) needs characteriza-
tion. Also, the oxidation of lactic acid by LDH in the presence
of the oxidized electron mediatds)(requires experimental and
mechanistic support.

Figure 17 shows the cyclic voltammogramsNsfmethylfer-
rocene caproic acidy in the presence of LDH, in the absenc
of lactic acid (curve a) and upon addition of lactic acid (curves
b and c¢). Addition of lactic acid results in an electrocatalytic
anodic current at the characteristic oxidation potentialS)f (
The electrocatalytic anodic current increases as the concentratio
of lactic acid is elevated. Control experiments revealed that
no electrocatalytic anodic currents are observed when the redox
mediator or LDH are excluded from the electrolyte. These
experiments clearly indicate that the oxidized electron carrier
is recognized by LDH and that it mediates the biocatalyzed  (36) (a) Jacq, C.; Lederer, Eur. J. Biochem1974 41, 311—320. (b)

Kox = 1.5x 107 M-1-s-1

LDH + Fc" LDH,, +Fc  (39)

Figure 20 shows the transient recovery of the bleached
e ground-state eosird (= 510 nm) upon photoexcitation of Eo
Mb-Co(ll) in the presence dN-methylferrocene caproic acid
(5). This recovery of the ground-state chromophore should be
compared to the transient shown in Figure 5(B), where the
fecovery of the bleached eosin is followed as a result of the
photoexcitation of E&-Mb-Co(ll) alone. The bleached ground-
state chromophore in the presence of the ferrocene electron
carrier is recovered by a very rapid process, much faster than
the characteristic recovery of EoMb-Co(ll) due to the

oxidation of lactic acid by LDH, Figure 18. Labeyrie, F.; Baudras, A.; Lederer, F.Methods in Enzymolog¥leischer,
Our previous discussion emphasizes that upon excitation of ggGPaCker’ L., Bds.; Academic Press: New York, 1978; Vol. 53; pp-238
Ec®>-Mb-Co(ll) the photoproducts Eo-Mb-Co(l) are formed (37) (a) Amine, A.; Deni, J.; Kauffmann, J.-Mioelectrochem. Bioenerg.
and they recombine with a back electron transfer rate constant1994 34, 1hZ}128. gb) Cass, A. E. G,; Davis, G(.; ;—iill, H. A. O.; Nancarrow,
; —1 itati — Mh- D. J.Biochim. Biophys. Actd985 828 51-57. (c) Cass, A. E. G.; Davis,
corresponding to 1.4 10° s, Excitation of the E&-Mb G.; Green, M. J.; Hill, H. A. OJ. Electroanal. Cher.985 90, 117-127.
Co(l) in the presence of-methylferrocene caproic acidb) (38) Pfennig, N. IfiThe Photosynthetic Bactefi€layton, R. K., Sistrom,

results in the transient absorption spectrum of the characteristicw. R., Eds.; Plenum Press: New York, 1978; Chapter 1, p 8.
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0.01 — L . L Conclusions
07 e i We have presented a novel approach to tailor photoactive
0.014 L biocatalytic materials by reconstitution of native heme-proteins
a with Co(ll)-protoporphyrin IX and chemical modification of the
S -0.027 i reconstituted proteins with a chromophore unit. Myoglobin,
-0.03 - Mb, anda or 8 subunits of hemoglobin, Hb, were reconstituted
with Co(ll)-protoporphyrin IX and further modified with the
-0.044 - . . . . .
eosin chromophore to yield a series of photocatalytic proteins,
-0.05 ; , - r l “photoenzymes”, E& -Mb-Co(ll), E0*-a/f-Hb-Co(ll). The
L series of chromophore-modified Co(ll)-protoporphyrin 1X re-
t/us constituted proteins reveal photocatalytic properties and induce
Figure 20. Transient recovery of eosin ground-state of”EMb- under steady-state illumination the photohydrogenation of
Co(ll), followed ati = 510 nm, in the presence &f 8 x 1072 M. acetylene to ethylene. Detailed kinetic analysis of the photo-

hydrogenation of acetylenedicarboxylic acid by?Edb-Co-
(I reveals that the semisynthetic protein follows the Michaelis
Menten kinetic model.

The light-induced electron transfer paths in the series of
photoenzymes was characterized by time-resolved laser pho-
tolysis experiments. In all of the proteins, oxidative electron-
transfer quenching of the excited triplet eosin by the Co(ll)-
protoporphyrin IX site was observed, and the formation of the
redox species Eo-Mb-Co(l) and Eo6 -a/B-Hb-Co(l) was
established. The electron transfer reactions in the site-specific

intramolecular recombination. The recovery of the ground-state
eosin chromophore in the presence ®fproceeds by two
complementary routes, eq 40. One route involves the intra-
molecular back electron transfer and the second path involves
the oxidation of the diffusional ferrocene component by the
oxidized chromophore. The lifetime of the oxidized chro-
mophore in the presence of the ferrocene electron mediator is
0.06 us that corresponds to an observed rate-constant for the
recovery of the eosin chromophore kjs = 1.7 x 10" s%

Since the intramolecular back electron transfer rate constant is o a
ko = 1.4 x 10P s, the rate constant for the oxidation of the Medified photoenzymes Eo-a-Hb-Co(ll) and E8”-f-Hb-Co-

electron mediator by the oxidized eoskyq, is calculated to (an were analyzed in terms of Marcus theory. This allowed us
be keeg = 2 x 10° M 1571 (kops = ko + keedFC]; [FC] = 8 x to elucidate the structural features of the photoenzynmEEo
1073 M). a-Hb-Co(ll).
The redox species formed upon photoinduced electron transfer
K = 1.5 x 10551 in the series of photoenzymes revealed high stability against
Eo?-Mb-Co(l) back electron transfer. This was attributed to the spatial
Eo®~-Mb-Co(l) (40) separation of the redox intermediates by the rigid protein
*Fe Eo2--Mb-Co(l) + Fc* assembly. The pronounced stability of the primary redox
Kea=2x109M1 + 571 intermediates allowed us to couple the reductive photoenzyme
Eo*~-Mb-Co(Il) with an oxidative enzyme lactate dehydroge-
From the back electron transfer rate constant and the ratenase, LDH, using a diffusional redox carriskmethylferrocene
constant for the oxidation of the electron carrier, the fractions caproic acid §). The cyclic photohydrogenation of acetylene
of the initial oxidized chromophore which are depleted by the py |actate was accomplished in the photosystem that included
recombination and oxidation of the ferrocene compongsa, the two biocatalysts. Interestingly, the photosynthetic bacteria
are calculated to béred = ked FC]/kobs = 0.94 andp, = ku/kops chloroflexus uses lactate as the oxidation substrate, similar to
= 0.06. We realize that the primary photoproducts are ihe artificial systen#® The detailed analysis of the vectorial
sufficiently stgblllzed to favor the oxidation of the diffusional  gjectron transfer in the cyclic photosystem revealed enhancement
electron mediator over the back electron transfer, and 94% of i, the stapility of the oxidized and reduced intermediates formed.
the primary oxidized photoproduct is depleted by the oxidation T was attributed to the higher degree of spatial separation
of the ferrocene component. This analysis allows us 10 of the redox species as a result of the sequential electron transfer
summarize the electron transfer reactions in the cyclic photo- (a5ctions. This effect resembles the charge separation in the

system that includes the two biocatalysts?Edlb-Co(ll) and photosynthetic reaction center where vectorial electron transfer

LDH, as outlined in Figure 15. assists the stabilization of the redox intermediates. The method
A vectorial electron transfer (or hole-transfer) between the 4 ailor photoenzymes via reconstitution of native proteins and

reductive semisynthetic photoenzyme?E#b-Co(ll) and LDH the coupling of two redox biocatalysts to stimulate cyclic

proceeds in the photosystem and is mediated by the diffusional yh1osynthesis open the possibility to organize a variety of new
electron carrier N-methylferrocene caproic acid. The SUCCESS hhatosynthetic systems.

in inducing this vectorial electron transfer originates from the
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secondary oxidation oB} by the oxidized chromophore. The
secondary electron transfer path adds further stability to the
resulting redox species due to insulation of the Co(l)-species
from the oxidized ferrocenylium cation product. This enables
the oxidation of the redox-active center of LDH ). The
latter process yields long-lived, stable redox sites trapped in
the two proteins. As a result of this, effective hydrogenation
of acetylene at the Co(l) electron-trap and oxidation of lactic
acid at the hole-trap occur. JA9608712
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Mb-Co(ll) and EG~-Mb-Co(ll); rate of hydrogen evolution by
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Co(ll); and transient absorption spectra of?Ea-Hb-Co(ll)
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