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We have studied the effect of axial ligation to chlorophyll and bacteriochlorophyll using
density functional calculations (DFT). The study comprised eleven models of axial ligands,
namely His, 2His, Asp/Glu, Asn/Gln, Ser, Ser,� Tyr, Met, H2O, protein back-bone, and
phosphate. Model systemsof the reaction centersP680and P700where also included, and
we have compared geometries,binding energies, reduction potentials, and absorption spec-
tra.

Our results are explain why most chlorophylls are �ve-coor dinate in available crystal struc-
tures.The axial ligand decreasethe reduction potentials, and can thereforegive no explana-
tion to the high potential of P680.However , we observea correlation between axial ligands
and their location in the various photosynthetic reaction centers.

Abstract

All living organism on this planet are in some way dependent on photosynthetic organ-
ism to accumulate photons. Photosynthesis involves two big complexeswhich have a large
concentration of chlorophyll molecules, Thesechlorophyll molecules have two strong ab-
sorption bands around 680and 450nm.

A survey of axial ligands in the light harvesting complex (LHC) from spinach and in
photosystem I & II (PSI & PSII) from cyanobacterium, shows that most chlorophylls are
�ve-coor dinate. In the LHC water, carboxylates, and amides constitutes the most common
ligands (14–29%),whereasin PSIand PSII the dominating ligand is histidine (68–75%)

Table 1: A survey of axial ligands in the LHC, PSI,and PSII.

Ligand LHC PDB:1RWT PSI PDB:1JB0 PSII PDB:1S5L
Frequency Range Frequency Range Frequency Range

No 2 17
Met 2 255-260
Tyr 1 244
Water 29 187-214 18 195-250
Alcohol 7 339-370 3 342-343
Asn/Gln 14 214-232 4 210-218 3 226-228
Back-bone 14 211-222 1 224 3 347-348
His 14 219-232 68 217-275 75 223-232
Phosphate 7 224-236 1 226
Asp/Glu 21 207-222 3 214-277
Ethyl 3 246

We have investigated the effect of axial ligation in a systematic manner.

Introduction

Chlorophyll (Chl) and bacterial chlorophyll (BChl) were modeled asthe tetra-pyrr ole back-
bone with the cyclopentanone ring included, but without any side chains. The models of
Chl and BChl only dif fer in the saturation of the bond in ring II of BChl. Becausethe side
chains were not taken into account, the models make no dif ferencebetween (B)Chl aand b.

Figure 1: A chlorophyll molecule and our model of it.

The following axial ligands where considered, water (H 2O), CH2CONH 2 as a model of as-
pargine (Asn), CH3COO� for aspartate(Asp), CH3CONHCH 3 for an amino-acid back-bone
(Backb), imidazole for histidine (His), CH3SCH3 for methionine (Met), [CH 3OPO2OCH3]�
for phosphate (Phos),CH3OH asa model of an alcohol, e.g. serine (Ser),and a phenol group
asa model of tyr osine (Tyr). Mor eover, calculations on a deprotonated alkoxide (Ser� ) and
a six-coordinate system with two histidine ligands (2His) were also performed. The addi-
tion of the 2His system where done to understand why no six-coordinate systemwas found
in the survey (Seethe table above).

All calculations where performed according to the following scheme,using the TURBOMOLE package[6].

Reduction potentials were estimated by

E0 = Eoxidizedstate� Ereducedstate� 4:43 (1)

where the factor 4.43eV is an estimate of the potential of the standard hydr ogen electrode.
Binding strengths of the various ligands to the ligand-fr ee(B)Chl was estimated asthe Mg–
ligand bond dissociation energy, in the following way

BDE = Ecomplex� EChl � E ligand (2)

Method

Bondstrengths
As inclined by the survey in Table 1, chlorophylls tend to be �ve-coor dinate. This is dif fer-
ent from haem, which frequently is six-coordinate (e.g. all cytochromes) [3]. To understand
where this dif ferencewe have studied the intrinsic strength of the bond between the axial
ligands and Mg in Chl and BChl, asmeasured by the bond dissociation energy (BDE) of the
Mg–ligand bond (de�ned in Eqn. 2). The results from the Chl calculations are collected in
Figure 2. The BDE for BChl are on average 4 kJ/mole stronger than those for Chl. These
values are rather approximate sinceno basis-setsuperposition error, zero-point energy, and
entropic effects are considered. Their inclusion would all decreasethe strength of the bind-
ing, typically by 30-40kJ/mole.

Figure 2: The BDE for the various axial ligands to Chl.

We can conclude that the BDE of the �rst axial ligands to Chl and BChl is quite normal:
For example, the corresponding BDEs of His and Asn ligands to Co(II)corrin are 85–52
and 72–35kJ/mole (� =1–80)[4] and the binding energy of water to Fe(II)porphine is 57–40
kJ/mole [5], i.e. similar to what is found for Chl and BChl. However , the binding of a
second ligand to (B)Chl is much weaker than normal: In fact, there is no gain in binding
energy of the secondligand in the two solvent models. In contrast, the binding of a second
His ligand or a second water molecule to Fe(II)(porphine) is 51–23,and 48–20kJ/mole
(� =1–80), respectively [4], [5]. This explains why six-coordinate Chl molecules are not
encountered in the proteins.

Reductionpotentials
Many of the processesin photosynthesis involve the transfer of electrons. The driving force
for such reactions is the reduction potential. Therefore, we have investigated the effect of
axial ligation on the reduction potential on our models. The reduction potentials of Chl
are listed in Figure 3. In general, the potentials decreasewhen an axial ligand is added,
showing that the axial ligand stabilizes the oxidized state. The reduction potentials of the
BChl speciesare 0̃.45 V lower than those of the corresponding Chl complexes, but they
exhibit the sametrends asChl.

Figure 3: The reduction potential for the various axial ligands to Chl.
Left Chl+ + e� ! Chl0, right Chl0 + e� ! Chl� 1

The calculated result for Chl without any axial ligand (1.11V, � =4 and 0.64V, � =80) is close
to the experimental one, 0.93V in tetrahydr ofuran (� =7.6) [1].

In PSI, the electron path consistsof P700,a Chl a molecule ligated by a water, followed by
a Chl a ligated by methionine. This choice of axial ligands seemsspecial. The calculated
reduction potential of a neutral Chl with an axial H 2O ligand is 1.87V (� = 4) and for me-
thionine the potential is 1.79V, i.e, a dif ference of 0.06V. This means that the Chl ligated
by water is not prone to acceptan electron compared to the methionine ligated Chl. It has
been proposed that this prevents back-transfer of electrons [2]. In the PSII reaction center,
the reactive speciesin the electron transfer pathway are P680,Chl a, and Pheo. This shows
the same trend in reduction potentials as the corresponding pathway in PSI: The second
Chl hasa slightly lower reduction potential than the thir d one,Chl a1.69V and Pheo1.53V
(� = 4), i.e, a dif ferenceof 0.16V. Likewise, in the bacterial reaction center (BRC)the two �rst
molecules of the electron transfer pathway are a BChl a ligated by an axial histidine and a
Pheomolecule: The potential of the BChl molecule is predicted to be 0.37V lower than that
of Pheo.

Consequently, although there are structural dif ferencesbetween the electron transfer path-
ways of PSI,PSII, and BRC, they all share a common feature, viz that the secondmolecule
in the electron transfer pathway has a lower potential than the thir d one. This is probably
of a functional importance, avoiding the back-transfer of the electron.

Results
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