Biochemistry2005,44, 8865-8872 8865

Density Functional Theory Calculations on the Dielectric Constant Dependence of
the Oxidation Potential of Chlorophyll: Implication for the High Potential of P680
in Photosystem Tl

Koji Hasegawa*® and Takumi Noguchi®

Laboratory for Photo-Biology (1), RIKEN Photodynamics Research Center, Aoba, Sendai, Miyagi 980-0845, Japan, and Institute
of Materials Science, Unersity of Tsukuba, Tsukuba, Ibaraki 305-8573, Japan

Receied February 15, 2005; Résed Manuscript Recegd April 4, 2005

ABSTRACT: The primary donor chlorophyll (Chl) of photosystem Il (PSIl), P680, has an extremely high
oxidation redox potentialHy) of ~1.2 V, which is essential for photosynthetic water oxidation. The
mechanism for achieving a high potential such as that of P680 has been one of the central questions in
photosynthesis research. Here, we have examined the dielectric cor¥tdapéndence of thE.y of
monomer Chl using density functional theory calculations with the polarizable continuum model. The
calculatedE,x of a model Chl compound exhibited a sharp increase with a decreasa the relatively

low € region ¢ < 5). In contrast, in the highertegion,Eqx was rather insensitive toand converged to

a constant value at very highvalues. This tendency in the highregion explains the experimental

Eox values of isolated Chh that have been observed in a relatively narrow range of-007/@3 V. The

Eox Oof Chl in an ideal hydrophobic protein was estimated to~e4 V at ane value of 2. This value
indicates that Chl in a hydrophobic environment originally has a Eglfthat is sufficient for oxidizing

water Eox = 0.88 V at pH 6). On the basis of the reported X-ray crystallographic structures, the protein
environment of P680 in PSII was estimated to be more hydrophobic than that of the primary donors in
bacterial reaction centers. It is therefore suggested that the low-dielectric environment around P680 is
one of the major factors in its very hidh,, and thus, introducing nonpolar amino acids into the binding
pocket of P680 was an important process in the evolution of PSII.

Photosynthetic water oxidation began at least-2% the water-oxdizing capability: creation of the catalytic site,
billion years ago by cyanobacterig, @). Utilization of water the so-called Mn cluster, and increasing the oxidation redox
as a terminal electron donor for reduction of carbon dioxide potential E.y) of the primary donor chlorophyll (Chl) to a
to synthesize sugar was an ultimate strategy for early level sufficient for water oxidation3( 5). The primary donor
photosynthetic life to survive on Earth. The beginning of of purple photosynthetic bacteria, e.g., P87®Rbbdobacter
water oxidation was also a turning point in the evolution of sphaeroideshas anE,, of ~0.5 V (6), which is far below
other life on Earth; molecular oxygen released as a byproductthe potential of water oxidation of 0.88 V at pH 6, the pH
made the atmosphere aerobic, leading to the extensiveshowing the maximum ©evolving activity in PSII prepara-
development of life. tions (7) (Figure 1). In contrast, the primary donor of PSII,

Water oxidation is carried out in photosystem Il (PSIl), P80, is estimated to have an extremely higly of
which is thought to be developed from the type Il reaction 1.1-1.3 v (Figure 1) 8—11). This value is much higher
center (RC) of anoxygenic photosynthetic organisms or than the potentials of any other primary donors, and even
homodimeric RC as a common ances®r-$). During the  higher than theE,, values of isolated Chh in organic
evolution of PSII, two major events were necessary to gain gg|yents [0.740.93 V (12-20)] (Figure 1). How this
extremely high potential of P680 was achieved during the
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Ficure 1: Comparison of the redox potential of PE&R680 in
PSII with the potentials of P870P870 in the RC oRb. sphae-
roides Chl a*/Chl a and Bchla*/Bchl a in organic solvents, and
water (Q/H,O at pH 6.0). The redox potentials of Caf/Chl a
and Bchlat/Bchl a in solvents are distributed in some potential
range depending on solvent species.

monomeric nature of P68030—32) should provide a
potential higher than that of the strongly coupled dimer like
P870. However, this mechanism of weak coupling cannot
fully explain the E,x of P680 that is even higher than the
reportedE,, of monomeric Chla by 0.3-0.5 V (Figure 1).

Another simple mechanism for increasing Hgis placing
positively charged amino acid groups near P680. D2-Arg181
has been proposed to be the candidate for such an amin
acid residueZ3). According to the recently published X-ray
structure of PSII§3), however, no charged amino acids are
found in the vicinity of P680 and the D2-Arg181 side group
is more than 13 A from the Mg atom of P680, the distance
at which strong screening effects for attenuating the elec-
trostatic interactions have been observed in bacterial RCsCOMPUTATIONAL METHODS
(34, 39). . .

There is one missing consideration in the above argument._ All calculations were performed in GAUSSIAN 087).
Does monomeric Ché in typical photosynthetic proteins The initial coordlnate_s of atoms in the model Chl compound
indeed have aro value in the potential range of Chl (Figure 2) were obtained from the c.rystal _structure of gthyl
0.74-0.93 V, that has been determined in organic solvents? chlorophyllidea (58). Geometry optimization was carried
In electrochemical measurements, polar solvents with high Ut for both neutral Chl and its cation radical (Chby the
dielectric constants must be used to dissolve supporting'estricted and unrestricted DFT method, respectively, using
electrolytes. In contrast, it is known that the local dielectric B&Cke’s three-parameter hybrid function&b) combined
constant in the protein interior is generally lo@6-41). In with the Lee-Yang—Parr correlation functionab() (B3LYP)
particular, Chl molecules bound to photosynthetic proteins @nd the 6-31G(d) basis set. Final electronic energies were
usually exist in hydrophobic environments with quite low calculated at the B3LYP/6-3#G(d) level for the optimized
dielectric constants3p). In this respect, Rutherford and Faller ~ Structures. These calculations were performed in the gas
(5) recently proposed that thEo. of monomer Chl is  Phase and in solvents approximated with H#FCM (PCM
intrinsically high in the dielectric environment of a RC calculation using the integrated equation formallsm model)
protein. Also, very recently, Ishikita et al42) calculated (61—-63). Seven solvent parameters included in GAUSSIAN
the redox potentials of P680 and other Chl molecules in PSII 03 were used: argone(= 1.4), benzene ¢( = 2.2),

RCs considering the protein environment, and showed thechloroform € = 4.9), dichloroethanee(= 10.4), acetone
importance of the low-dielectric environment around P6g0 (¢ = 20.7), dimethyl sulfoxide { = 46.7), and water

in realizing the high potential of P680. However, a clear view (e =78.4).

of the relationship between tlgy of Chl and the surround- RESULTS

ing dielectric property has not yet been obtained. Clarifying
this relationship therefore should provide an important basis The structure of the model Chl, whose geometry was
for understanding the mechanism of the extremely Iigh optimized at the B3LYP/6-31G(d) level, is shown in Figure
of P680. 2. This Chl model retains the structure of Ghéxcept for

In this study, the dielectric constari dependence of the the phytyl ester side chain and ethyl group, which are
Eox of Chl was calculated using the density functional theory replaced with a methyl group to reduce the number of atoms.
(DFT) method with the polarizable continuum model (PCM). Table 1 summarizes the results of energy calculations of Chl
DFT calculations have recently been applied to Chl-related and Cht in the gas phase and in various solvents with
molecules, and successfully provided information about the different ¢ values. Thee dependence of the electronic
electronic, magnetic, and vibrational properties of their cation energies Eqed of Chl and Chf is depicted in Figure 3.

Ficure 2: Structure of model Chl used in this study.

and anion radicals as well as those of neutral species
(43—53). Although solvation effects have been treated in
some quantum chemical calculatiodd,(53—56), systematic
investigation on this subject has not yet been performed.
From the calculatedt dependence, th&, of Chl in a
%onpolar environmente(= 2) representing the interior of
hydrophobic proteins was estimated. On the basis of the
results that were obtained, the reason for the high potential
of P680 and the strategy for increasing the potential in the
evolution of PSII are discussed.



DFT Calculation of Chl Redox Potential

Table 1: Calculated Electronic Energies, lonization Potentials, and
Oxidation Redox Potentials of Model Chl in Solvents with Different
Dielectric Constants

Eelec(ev)b
E chl chr IP (VP Eonf® (V)4 Eon (V)©
1.0 —51234.240 —51228.010 6.230 1.80 1.96
1.4 —-51234.407 —51228.530 5.877 1.45 1.61
2.2 —51234.583 —51229.007 5.576 1.15 1.31
4.9 -—51234.854 —51229.568 5.286 0.86 1.02
10.4 —51234.014 —51229.874 5.141 0.71 0.87
20.7 —51235.108 —51230.043 5.065 0.64 0.80
46.7 —51235.155 —51230.114 5.041 0.61 0.77
78.4 —51235.262 —51230.260 5.002 0.57 0.73

@ Dielectric constants of the gas phase (1.0), argon (1.4), benzene
(2.2), chloroform (4.9), dichloroethane (10.4), acetone (20.7), dimethyl
sulfoxide (46.7), and water (78.4)Electronic energies of Chl and Chl
calculated at the B3LYP/6-3#G(d) level for their optimized geom-
etries obtained at the B3LYP/6-31G(d) level in solvefitenization
potential obtained as the difference between Eag. values of Chl
and Cht. 9 Calculated redox potential vs the SHE of the @Bhl redox
couple. The absolute potential of the SHE was assumed to be 4.43 V
(68, 69). ¢ Corrected redox potential obtained by adding a constant
(0.16 V) toEx@'to fit to the experimental potentials of Chin organic
solvents (see Figure 4).
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Ficure 3: Calculated electronic energieBeg9 of Chl (®) and
Chl* (m) as a function of the dielectric constant.

Although the Egec values of Chl and CHI were rather
insensitive tae in the highere region, they rapidly increased
ase was lowered in the relatively low+egion € < 5). This
¢ dependency oEqec Was more prominent in Chlthan in
Chl.

The ionization potential (IP) of Chl at each dielectric
constant was estimated as the differenceEin. values
between Chl and Chl(fourth column of Table 1). The IP
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FiIGURE 4: Calculated oxidation redox potentid(c2) of model

Chl (--+) as a function of the dielectric constam) {n comparison
with the experimental potentials of Chlin organic solvents®).

The solid line expresses the corrected redox poterigf() of

Chl obtained by adding a constantigc@ to fit to the experimental
potentials. The inset shovis,*" values of Chl in various solvents
(a; Table 1) plotted as a function of + 1/, showing a linear
relationship. The experimental data are also plotted in this graph
(®). The estimatedE," value at are of 2 is given.

60

The standard redox potential versus the standard hydrogen
electrode (SHE),E°(SHE), can be converted from the
electronic energy on an absolute scalabs), by the
following equation %4, 67, 68)

E°(SHE)= E(abs)— E,

where Ey, is the absolute potential of SHE referenced to
vacuum, which has been estimated to be 4.43%8, 69).
Becausds(abs) corresponds to the IP of the reduced species
(67), the standard redox potential versus the SHE of the
ChI*/Chl couple,E, can be estimated from the IP of Chl
by the equation

E, =IP—4.43

The calculatedEq (Eo®) at eache is presented in Table
1 (fifth column), and theE, @ curve as a function of is
depicted in Figure 4+(:). The Ex*® was estimated to be
1.80 V in the gas phasec (= 1.0), and it decreased
dramatically with an increase inbut finally converged to
a constant value of0.6 V. Thus Ey® was highly sensitive
to € in the relatively lowe region ¢ < 5), and became
insensitive in the highe¢-region [Figure 4 {--)].
Experimental values of the oxidation potential of Ghl
measured in various aprotic solvent&<{20) are also plotted
in Figure 4 @). These measurements were performed in
tetrahydrofuran { = 7.5), dichloromethanee(= 8.9),
butyronitrile € = 24.8), propionitrile ¢ = 29.7), acetonitrile
(e = 36.6), and dimethylformamide & 38.2) as solvents.
These experimental potentials range between 0.93 and
0.74 V. The calculate#,,? of the model Chl in the range
of 7—40 was 0.78-0.60 V [Table 1 and Figure 4+)]. This

value in the gas phase was estimated to be 6.230 eV. Thisresult is in satisfactory agreement with the experimental data,

value is in good agreement with the IP of 6.1 eV for @hl

in the gas phase previously estimated from the measuremen
of the photocurrent threshold in solutiodd) and the IPs of

~6 eV for various chlorin compounds in previous ab initio
MO calculations 43, 44, 48, 65, 66).

although calculations provided values lowerb.15 V than
those from the experiments. This deviation is at the same
level of the average errors-(0.18 eV) of the absolute IP
values by the B3LYP method previously estimated for
various small molecules’(, 71). Selection of a basis set
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[6-311+G(d)] also influences the calculated values. In fact,
the smaller basis set of 6-31G(d) provided further smaller
@ values (by~0.28 V) in the gas phase. The necessity
of using a large basis set to obtain a reliable potential of
Chl has been pointed out in the previous DFT stugl) (It
should be emphasized, however, that what is important in
our study is not the absolute value of the calculaiggd®
but its change depending @enThe observed dependence
of Eox°® was a general tendency even in calculations with a
smaller basis set and for different Chl models, including those
with a more truncated chlorin ring, with a water ligand to
Mg, and with a bacteriochlorin ring (not shown).

To correct the errors in the absoluE,® values, an
appropriate constant was added to Hag? curve [Figure 4
(--+)] to fit to the experimental potentials. The best fit was
achieved with the constant of 0.16 V, and the correéigd
(Eox®") curve as a function of is shown in Figure 4 with a
solid line. The relatively large deviation of the experimental
data at are of 8.9 (dichloromethane) from thig, " curve
could originate from partial aggregation of Ghin dichlo-
romethane that does not provide a fifth ligand to Mg. The

" was 1.96 V in the gas phase < 1.0) and converged
to ~0.74 V at very highe values. Crystal and Friesnet4)
previously calculated the solvation energy for model Bchl
in dimethylformamide { = 38.2) at the B3LYP/6-31G(d,p)
level and obtained a value of approximatety.3 V, which
is similar to our result of approximately1.2 V at the same
€. The Ex®" values for various solvents (Table 1, sixth
column) plotted against + 1/e [Figure 4 inset £)] showed
a linear relationship, in agreement with Born’s theorg)(

DISCUSSION

The dielectric constant of proteins comprises electronic
polarization (high-frequency dielectric constant or optical
dielectric constant) and reorientation of polar protein groups
(36, 39—41). Since such reorientations of chemical groups
are rather restricted in the protein matrix, local dielectric
constants of the protein interior are generally |&641).
This is the case particularly for hydrophobic proteins such
as photosynthetic RCS37, 40). If we assume that a Chl
molecule exists in an ideal hydrophobic protein that does
not include any polar amino acid groups, then the dielectric
property of the Chl binding site would be attributed only to
the electronic polarization of the surrounding groups. In this
case, the local dielectric constant of the Chl site will be
regarded as being2, which is a general value of the optical
dielectric constant of organic molecule36( 39).

From the obtained dependency B> on ¢ (Figure 4),
the Eqox of Chl at ane of 2.0 can be estimated to be 1.37 V
(Figure 4 inset). Thus, it is concluded that in the nonpolar
environment of an ideal hydrophobic protein, Chl originally
has a very high potential of1.4 V. This value, which is
much higher than the generally accepteg of monomer
Chl (~0.8 V) in organic solventsl@—20), is sufficiently
high for Chl to oxidize waterH,x = 0.88 V at pH 6.0). This
estimation also indicates that tkg, of P680, which has been
estimated to be~1.2 V (8—11), is only slightly (by
~0.2 V) lower than theE,x of monomer Chl in an ideal
hydrophobic environment (Figure 5). In contrast, Eg of
P700 0.5 V (73)] is significantly lower (by~0.9 V) than
this original potential of Chl. Th&, of Bchl a in an ideal
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Ficure 5: Relationship of the oxidation redox potentials of @hl
and Bchla in a nonpolar environment (= 2) with those of P680
in PSII, P700 in PSI, and P870 in the bacterial RC.

hydrophobic environment is assumed to bé&.2—1.3 V,
taking into account the potential gap of 8:0.2 V between

Chl a and Bchla in organic solventsl(7, 20). Thus, theEq

of P870,~0.5 V (6), is lower than thisEx of Bchl a in a
hydrophobic protein by 0:70.8 V (Figure 5). The question
from this potential scheme is now the reasons for the smaller
potential decrease in P680 in comparison with those of other
primary donors.

Table 2 lists the polar amino acid groups [whose dipole
moments are higher than 1.0 4], and the carbonyl and
ester groups of Chl molecules surrounding P680, P870, and
P700, which were selected on the basis of the X-ray
structures of PSIl fromThermosynechococcus elongatus
(PDB entry 1S5L) 83), the RC from Rb. sphaeroides
(PDB entry 1AlJ) ¢5), and PSI fromT. elongatus(PDB
entry 1JBO) 76), respectively. The O, N, or S atoms of these
side chains and polar groups are witfTi A of the C, N, O,
or Mg atoms of the chlorin rings (rings—V plus keto
Cy—=0 and acetyl =0 groups, but without other side
groups and a phytol chain). T A distance was adopted
in an effort to select the chemical groups directly facing the
primary donors, on the basis of the observation that the
distance between the Mg atom and thkearbon of its His
ligand is~6.5 A in all the (B)Chls of these primary donors.

Nine polar amino acid groups and two ketg=€D groups
of accessory Chls (Cki and Chp,) are found around P680,
while 16 polar amino acids, two ketog€O groups of
accessory Bchls (Band By), and two acetyl =0 groups
of the partner Bchls of the dimer itself (Bnd Ry) are present
around P870. It is noted that a similar number of polar
groups, i.e., 18 polar amino acids and fou=Q groups of
Bchls, are found around P960 BRhodopseudomona#ridis
(PDB entry 1PRC){7) (not shown). Thus, only half of the
number of polar groups exist around P680 compared with
the primary donors of purple bacteria. In addition, 13 polar
amino acids, two keto &0 groups, and two carbomethoxy
C,=0 groups of accessory Chls (eC-A2 and eC-B2) are
present around P700 in PSI. It seems evident therefore that
the environment of the binding pocket of P680 in PSII is
much more hydrophobic than that of P870 (P960) and P700.

The above qualitative considerations suggest that the
hydrophobic environment around P680 is one of the major
reasons for its high potential, that is, the small potential
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Table 2: Polar Amino Acid Side Chains and (B)Chl Groups Bchl—Bph heterodimer with a positive charge localized on
Surrounding the Primary Donors the Bchl side, whereas the charge in wild-type P8T9
significantly delocalized. Also, charge delocalization in

P68G P87 P700 -

P700 has been proposed by FTIR studi84)( In contrast,
polar group$ d (A)° polargroup$ d(A)°  polargroup$  d (A)° P680 has a relatively large separation of Chl molecules
amino acid side chain  amino acid side chain  amino acid side chain  [Mg—Mg distance of 8.2-8.3 A (33, 85) in comparison with
D1-183M 38 L-158S 6.4  A-603Y 4.8 a distance of-7.6 A in P870 {5)], and the positive charge
D1-187Q 56  L-160T 64  A-G55W 6.3 has been suggested to be rather localized on the Chl on the
gi;:ﬁ? 52-,;1 t:igg; gg AA'_Zgg\';'V i'z D1 side 80-32), although partial delocalization is evident
D2-186Q ts  L-168H 59 A742T 48 from the presence of a weak mid-IR intervalence band in
D2-191W 35  L-173H 59 A743T 30 P680 (86, 87). Thus, the dlmerlzanpn effect_ on tiE},_X
D2-192T 51  L-244S 38 B-629Y 5.9 decrease may be small in P680, being consistent with the
D2-197H 22 L-247C 52 B-631W 6.2 relatively smaller potential decrease of P680 from the
D2-282S 3.8 L-248M 3.6 B-634S 4.7 calculatedE.x of monomeric Chl at ar of 2 (Figure 5).

Chl M-186T 5.2 B-660H 2.4 In the development of PSII from the bacterial RE-6),
Chlp; G=0 5.9 M-187N 57 B-663W 45 the Ex of the primary donor had to dramatically increase
Chlbz G=0 58  M-190S 38  B-726T 50 by as much as~0.7 V to gain the capability of water
M-195N 58 B-727Y 6.0 o : i i .
M-202H 23 chi OX|dat|9n (Flgurg 1). From.thg con_S|derat|qns given above,
M-205S 37 eC-A2G=0 34 the major strategies for achieving this evolution are presumed
M-210Y 34 eC-A2GQOOMe 4.0 to be as follows. (i) Replacing polar amino acid residues
Bchl eC-B2 G=0 3.1 around the primary donor with nonpolar ones produces a
PLC=0 3.6 eC-B2GOOMe 3.9 more hydrophobic environment. Indeed, the number of polar
Pw C2=0 3.4 amino acids was reduced almost to half in PSII (Table 2).
B C=0 6.4 This strategy of changing dielectric properties should be very
Bu G=0 64 effective in controlling the potential, becauBg; is highly

aBased on the X-ray structure of PSI| Bfelongatusby Ferreira et sensitive toe in the relatively lowe region ¢ < 5), which
3:(- SS)S(iggrggtéélss%wjlagfglOQSEh(ePé'Br ag’n?:fuikllf) Sgg‘s‘ﬂegc might be realized in the photosynthetic proteins, and because
on the )Fé-ray structL)Jlre of PSI df. .elongatusby Joyrdan e;[ al. 76) thg potential can be controlled within the range~a1.65 V
(PDB entry 1JBO)¢ Amino acid side chains with dipole moments ~ (difference between-1.4 V at ane of 2 and~0.75 V at
larger than 1.0 D74) are selected as polar residueShortest distances  very highe values; Figure 4) by changing (ii) Changing
between the O, N, or S atom of the polar groups and the C, N, O, or the charge distribution by polar groups around P increases
'\C"g "gom of the Ejbi‘:terio)‘:'rlorg ring, i”fc'“gg‘?othi\c‘?”juga_tgd kgto its potential 42). (i) Weakening the electronic coupling of
o grglzgl;pin(?/\r/‘highetrfilgedtiysmﬁncegi??epssor;ha i\ a)ré intog 0 A% the dimer decreases the extent of charge delocalization

(5, 24, 25). This mechanism will upshift the potential by

~0.15 V if complete charge localization is realized
(78—80). (iv) Changing the pigment structure from Bchl
to Chla (3) increases the potential by 6:0.2 V (17, 20).
Other factors such as distortion of the chlorin ri@g)(might
also contribute to the upshift of the potential. In contrast,
the well-known hydrogen bond strategy for increasing the
potential 6, 26—29) seemed not to be adopted in the PSII
evolution 6, 25) judging from the free keto €0 interactions

decrease form the original potential of monomer Chl in an
ideal hydrophobic environment. A larger number of sur-
rounding polar groups will increase the local dielectric
constant of the binding pocket and decrease the potential of
P870 (P960) and P700. Such dielectric effects of polar groups
could be larger than those expected from their apparent
numbers listed in Table 2, because of a greater likelihood
that water and ions penetrate into the polar protein matrix. ; : : .
In addition to the dielectric effect, electrostatic interactions of P680 @3), p_o§S|ny because th!s strategy conflicts with
of the polar groups should directly affect thg.. It is noted, the hydrophqb|C|ty §trategy descnbgd apove.
however, these electrostatic effects either decrease or increase !N conclusion, this DFT calculation showed that Chl
the potentials. Indeed, recent calculations by Ishikita et al. originally has a very high redox potential in a nonpolar
(42) showed that the charges of amino acid side chains have€nvironment, which is sufficient to oxidize water. The
a negative effect in total on the P680 potential, while the hydrophobic protein environment around P680 in PSII may
charges of cofactors contribute to its positive shift. be one of the major factors in achieving its high potential of
Another important factor in controlling the potential is ~1.2 V. Further t_heore.tlcal calculapons epr|c_:|tIy including
dimerization of (B)Chl. Stabilization of the cation radical nea_rby amino acid residues and pigments will be needed to
due to delocalization of a positive charge over the dimer clarify the reason f_or the large potential difference between
decreases thE,y of a primary donor 26—29). The extent ~ P680 and other primary donors.
of the Eox decrease by charge delocalization has been
estimated to be 0.130.18 V in P870 ofRb. sphaeroides ACKNOWLEDGMENT
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