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The Reaction Centers (RCs) proteins are membrane proteins representing the key component
so flight energy transduction in photosynthetic organisms. Upon photon absorption, these
photoenzymes produce a long lasting intra protein hole electron couples whose charges are
separated by 3 nanometers. The dipoles formed within the RCs can be effectively employed as
transducing cores of several biological-organic hybrid devices whose design can accomplish
photocurrents generation or act as phototransistor. To widen the application of the RCs to as
many substrate as possible one valuable strategy is the bioconjugation of the protein with
specific molecules ad-hoc selected to improve enzymatic performance and/or integration in
proper scaffolding. In the present manuscript, we investigate the changes of the isoelectric
point of the RC from the carotenoidless strain of the photosynthetic bacterium Rhodobacter
sphaeroides R26 by inducing “in silico” mutations to predict on the role of the aminoacids
involved in the bioconjugation.

INTRODUCTION

The integration of the stunning efficiency of photosynthesis with the rapidly developing
field of organic electronics is opening a completely new scenario in the quest for
biocompatible, environmental sustainable and efficient energy conversion.
Photosynthetic microorganisms, active subcellular components, photosynthetic enzymes
and pigments can be used as energy transducing units in properly designed bioelectrical
hybrid devices[1]. For the purpose of the present manuscript, attention will be focused on
the photochemical core, the so-called reaction center (RC), extracted from the green
strain of the purple -sulphur bacterium Rhodobacter sphgeroides R26. The RC is a
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intraprotein dipole formed by a positive and a negative charges separated by roughly
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three nanometers. With the opportune precautions and chemical modifications[2-3], these
photoenzymes can be integrate in biohybrid devices for several applicative purposes[4-
6].The three-dimensional structure of the RC from Rhodobacter sphaeroides R26 and the
role of the protein subunits and of the cofactors in the cascade of electron transfer
reactions that eventually generates the long lasting intraprotein dipole are briefly here
illustrated. TheRC is a membrane-spanning enzyme composed by three protein subunits
named L, M, and H. Solubilization of the protein in aqueous buffer solution requires the
presence of a toroid formed by a zwitterionic or non-ionic detergent surrounding the
transmembrane alfa-helices. The protein scaffolding contains nine cofactors, namely four
bacteriochlorophylls, two bacteriopheophytins, two ubiquinones, and one bivalent iron
ion. The cofactors are arranged in two branches named A and B according with the
crystallographic structure showed in Figure 1.[2,7-8].
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Figure 1. Representation of the three dimensional structures of the photosynthetic RC according to the crystallographic
data from the protein databank, pdb code 2J8C [9]. (A) Protein scaffolding with the three subunits showed in orange (L),
blue (M), and purple (H). The cofactors are shown in light green. (B) Space organization of the cofactors. The long
aliphatic chains needed to anchor the cofactors to the protein subunits are omitted for clarity while the two branches are
indicated. The bacteriochlorophyll dimer is represented in red; the two monomers of bacteriochlorophyll (BChla and
BChlg) are represented in cyan. In all cases, the central magnesium is the van der Walls sphere in green. The
bacteriopheophytins (BPheoa and BPheog) are represented in orange and the two ubiquinones are represented in dark
green (Qa) and red (Qg) respectively. A non-heme low spin ferrous ion, indicated by a blue van der Waals sphere, sits
between the two quinones. The two parallel horizontal lines represent the limits of the photosynthetic membrane. The
dimer faces the periplasm while the quinone complex faces the cytoplasm. For comparison the estimated thickness of the

bilayer and the length of the electric dipole generated after illumination are shown.

Upon illumination, the absorption of a photon promotes an electron of the
bacteriochlorophyll dimer (D) that reaches the excited state D*. A consequent cascade of
electron transfer reactions transfer the excited electrons from the dimer to the primary
electron acceptor Qa and finally the secondary acceptor Qgp, forming the charge
separated-stated D'Qg". The intraprotein dipole has a length slightly longer than 3 nm
and a lifetimes that depends upon the environmental conditions and ranges between one
and three seconds[10-13].

In bioelectronics, the RC has been used as photoactive component in several devices
architectures, such as silica/silicon electrodes[14-15] or in melanine-like systems[16] for
photocurrent extraction, or in electrolyte-gated organic transistors for photovoltage
generation[17-18].Specific chemical-physical properties of the RCs can be ameliorated
via genetic manipulation [19-20] or chemical bioconjugation to ad-hoc designed
molecules [2-3,21-23].
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tyrosine (Tyr). Regardless on the target aminoacid, the bioconjugation alters some
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physico-chemical properties[24] that may result of valuable importance in the
interactions between the proteins and other proteins, or active surfaces, or biomimetic
environments. From the bioelectronics point of view, the surface charge and isoelectric
point (pI) of the RCs are both of great relevance. The pl, that represents the pH at which
the net surface charge of a protein is zero, is assessed in-silico by substituting the target
aminoacid with glycine (Gly), the simplest aminoacid that does not possess a lateral
chain. The knowledge of pl is particularly valuable in the isolation protein procedures
and in understanding the interaction between protein and electroactive surfaces.

H subunit
0 0 60
MVGVTAFGNFDLASLAIYSFWIFLAGLIYYLQTENMREGYPLENEDGTPAANQGPFPLPK
70 9 120
PKTFILPHGRGTLTVPGPESEDRPIALARTAVSEGFPHAPTGDPMKDGVGPASWVARRDL
13 140 150 160 170 180
PELDGHGHNKIKPMKAAAGFHVSAGKNPIGLPVRGCDLEIAGKVVDIWVDIPEQMARFLE
90 200 210 220 230 240

VELKDGSTRLLPMOMVKVQSNRVHVNALSSDLFAGIPTIKSPTEVTLLEEDKICGYVAGG
50 260

LMYAAPKRKSVVAAMLAEYA

L subunit

60
MALLSFERKYRVPGGTLVGGNLFDFWVGPFYVGFFGVATFFFAALGIILIAWSAVLQGTW
120
NPQLISVYPPALEYGLGGAPLAKGGLWQIITICATGAFVSWALREVEICRKLGIGYHIPF
170 180
AFAFATLAYLTLVLFRPVMMGAWGYAFPYGIWTHLDWVSNTGYTYGNFHYNPAHMIAISF
1 210 220 230 240
FFTNALALALHGALVLSAANPEKGKEMRTPDHEDTFFRDLVGYSIGTLGIHRLGLLLSLS
250 260 270 280
AVFFSALCMIITGTIWFDQWVDWWQWWVEKLPWWANIPGGING

M subunit

MAEYQNIFSQVQVRGPADLGMTEDVNLANRSGVGPFSTLLGWFGNAQL(SE(P)IYLGSLGVfg
LFSGLMWFZglGIWFWYngWNPAVFLRDLFFFSLEPPAPEYGLSFA,'APLKEGGLWLi:(S)
FFMFVAVWSWWGRTYLRAQALGMGKHTAWAFLSAIWLWMVLGFIRPILMGSWSEAVP:gg
FSHLOWTNNF SLVHGNLFYNPFHGLSIAFLYGSALLFAMHGATILAVSRFGGERELE%:E

250 260 270 280 290 300

DRGTAgEgAALFWRWT\IGFNATMEGIHRWAIWMAVLVTLTGGIGILLSGTVVDNWYVWGQ
0
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Figure 2.Primary sequence of the three subunits of the RC from Rhodobacter sphaeroides R26. The RC contains 22

Lysine residues (K) shown in red, 5 cysteine (C) residues shown in green, and 28 Tyrosine (Y) residues shown in bleu.

EXPERIMENTAL DETAILS

The pl values were obtain using the “Isoelectric Point Calculator” web service, recently
developed by L.P. Kozlowski[25]. IPC is an independent program designed for the
accurate estimation of protein pl using different sets of dissociation constant (pKa), and
compare results with other calculator available online. Furthermore, the web service also
uses several other algorithms as shown in Table 1. In each case, we evaluate the
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the time, for each subunit of the model protein.
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RESULTS AND DISCUSSION

Isoelectric point calculation

The photosynthetic RC from Rhodobacter sphaeroides R26 contains 848 aminoacids.
The primary sequence of the three protein subunits[26-28] is shown in Figure 2 where
each aminoacid is indicated with its one-letter code. Lysine (K) residues are in indicated
in red, cysteine (C) residues in green, and tyrosine (Y) residues in blue. The native RC
has a pl 6.1 as measured by isoelectric focusing (EIF)[29] . The pl of the whole RC was
predicted by the Isoelectric Point Calculator[24] and compared to several other pl
predicting software presented in the IPC webpage (http://isoelectric.org/) and indicated in
Table 1 accordingly to the author[24]. The most accurate among the 11 algorithms is the
IPC that, as shown in Table 1, predicts a value of 6.00, less than 2% divergent from the
measured value. Furthermore, the dependence of the pl calculated value is very similar
for all the tested algorithms, showing a strong internal consistency in the calculation. IPC
will be hence used throughout this study.

Table 1: Calculation of the isoelectric point of non-mutated RC using different algorithms

IPC |Toseland | Thurlkill |Nozaki_Tan |Dawson EMBOSS  |Grimsley Sol L i ProMoST

RC | 6.00 | 6.49 6.80 6.58 6.30 6.77 6.68 6.30 6.31 6.30 6.37

Figure 3.Spatial distribution within the three dimensional structure of the RC of (A) the lysine residues shown in blue,

(B) cysteine residues shown in black and (C) tyrosine residues shown in green.

Lysine residues

The spatial distribution of lysine obtained from crystallographic data is shown in Figure
3. Residues L8, L110, and H130 are buried within the protein, not available to
bioconjugation, and will be ignored. Residues H106, H132, H135, H146, H163, H184,
H220, H232, H247, and H249 are located on the external hydrophilic portion of the H
subunit and protrude in the cytoplasm. Residues M 144, 1L.202, L204, H60, H62 and H197
are in very close proximity to the detergent toroid surrounding L and M subunits.
Residues M110, L83 and L268 lay in close proximity to the periplasm[2]. In Figure 4 is
shown the predicted pl as function of the in-silico mutation of lysine to glycine. The
effect of removing the protonable lysines on the isoelectric point of the three subunits in
quite relevant. In particular, the effect is quite pronounced on the H subunits, where the
pl diminishes by almost two units.

https://acervojournal.org/| | Page No: 45
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Figure 4. Predicted isoelectric point value of each subunit of the RC as function of increasing in-silico mutation of lysine

to glycine residues.

Cysteine residues

The RC contains five cysteine residue located on the H and L subunits as shown in
Figure 3B. Residues L93 and L.247 are buried within the hydrophobic part and will be
not taken into account since have no contribution to the surface charge of the protein.
Residue L109 sits at the interface between the hydophobic and the hydrophylic regions,
and residues H156 and H245 are located on the hydrophobic portion immerse in the
cytoplasm. The effect of the changes in the pl due to mutations on the cysteins in
glycines, shown in Figure 5, is much less pronounced than in the case of lysine reidues.
In particular, the effect due to the cysteine in the H subunit is negligible.
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Figure 5. Predicted isoelectric point value of each subunit of the RC as function of increasing in-silico mutation of lysine

to glycine residues.

Tyrosine residues

The RC contains 28 tyrosine residues distributed in the three subunits. Their spacial
distribution is given in Figure 3C. As previously, buried Tyr (M52, M211, L10, L129).
The dependence of the calculated pl values upon the Tyr mutation is negligible for all
three proteins subunits. Data are presented in Figure 6. This finding is coherent with the
phenolic group of Tyr remaining protonated up to pH 9.
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Figure 6. Predicted isoelectric point value of each subunit of the RC as function of increasing in-silico mutation of lysine

to glycine residues

CONCLUSION

The correlation study of bioconjugation and protein isoelectric point can help to predict
the best operating conditions for selective functionalization of amino acid when
electrostatic interactions and surface charge are decisive factors for the implementation
of proteins in electronic devices. Here we show how the pl behavior of the reaction
center from Rhodobacter sphaeroides depends upon “in silico” mutations of the
aminoacids typically involved in bioconjugation strategies. Isoelectric points of the RC
have predicted by replacing the lysines, cysteines, and tyrosines with glycine. As
expected, if the RC is deprived of surface lysine residues, a strong decrease of pl can be
observed, associated with an increase of the negative charge of the overall subunits. This
range corresponds to the pH decrease needed to reach the net overall surface charge of
zero. On the contrary, when cysteine modification occurs, only minor variation of pl are
reported. Finally, with tyrosine substitution there are no changes in isoelectric point and
charge, despite the large amount of it in the RC sequence.

These results imply a significant difference in physico-chemical properties, depending on
the type of bioconjugation reaction. Bioconjugation to lysines residues strongly influence
the protein surface charge. These predictions can be helpful in planning molecular
decoration of the photoenzyme and integration of RC in biohybrid devices.
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