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Abstract: The axial coordination of central Mg?* ion in chlorophylls is of great structural and functional
importance for virtually all photosynthetic chlorophyll proteins; however, little thermodynamic data are
available on the ligand binding to these pigments. In the present study, spectral deconvolution of the
bacteriochlorophyll Qx band serves to determine the ligand binding equilibria and relationships between
thermodynamic parameters of ligand binding, ligand properties, and steric interactions occurring within the
pigment. On the basis of the temperature effects on coordination, AH°, AS°, and AG®° of binding various
types of ligands (acetone, dimethylformamide, imidazole, and pyridine) to diastereoisomeric bacteriochlo-
rophylls were derived from respective van't Hoff's plots. At ambient temperatures, only ligation by imidazole
and pyridine occurs spontaneously while AG° becomes positive for ligation by acetone and dimethylfor-
mamide, due to a relatively large entropic effect, which is dominating when the energetic effects of ligation
are small. It reflects, in quantitative terms, the control of the equatorial coordination of the Mg?* ion via the
axial coordination: a “hard” free Mg?* ion is made into a softer center through the coordination of tetrapyrrole.
Pigment structural features have comparable effects on the energetic and entropic contributions to the
difference of ligation free energy between the diastereoisomers of bacteriochlorophyll. AS® and AH° values
are consistently lower for the S epimer, most likely due to the steric crowding between bulky substituents.
The two epimers show a 5 J-mol~1-K~* difference in AS° values, regardless of the ligand type, while the
difference in AH°> amounts to 1.7 kJ-mol~*, depending on the ligand. Such steric control of ligation would
relate to the partial diastereoselectivity of chlorophyll self-assembly and, in particular, the very high
diastereoselectivity of the ligation of chlorophylls in photosynthetic proteins.

The coordination of ligands to Mg ions, essential in many Chlorophylls (Chls), the chief photosynthetic pigments,
biological systems, can be intuitively understood in terms of comprise a class of very important biological ligands of divalent
interactions between hard/soft acids and hard/soft bases (HSABMg ion, which together form kinetically stable compleaalith
modeF). For instance, the preferential blndlng of water and other the incorporation of this metal center, Chls gain new coordi-
oxygen-containing ligands (amides, ketones, ethers, and alco-mative properties because out of six binding positions in the
hols, etc.) to Mg" is explained as the reaction of hard bases first coordination sphere of Mg ion only four are satisfied in
with a hard centet.* This description, though only capturing 1y —tetrapyrrole complexes. The presence of two coordinatively
q_uqhtatlve cha}racterls_tlcs_, IS commqnly used because_|t S€€MYnsaturated sites in axial positions determines Chl interactions
difficult to obtain quantitative information about the coordination with the environment (polypeptides and solvents) and thus is

interactions of the Mg ion.2~¢ These weak interactions are . . .
difficult to monitor spectroscopically because M is a light of great structural importance for virtually all photosynthetic
P picaty g g Chl—proteins. This is why the axial ligation of Chls has long

element with a simple electronic configuration and a¥g b bi ¢ ) 63 b isinaly. litl
complexes are often kinetically too labité. een a su jegt of extensive stu es; ut.surpr|S|.ng y, little
thermodynamic data on chlorophyligand interactions can be
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found in the literature, except in the classic works of Evans
and Kat2! and Cotton et al?

In the course of the chromatographic separation of plant Chils,
major fractions of Chla and Chlb were always preceded by
minor satellite bands (denoted as prime Chls), with spectral
properties virtually identical to the main onEOnly after the
implementation of NMR spectroscopy were Katz and co-
workers able to identify these satellite fractions as epimeric Chls,
that is, as their 1ZR)-diastereocisomer$. The configuration
inversion around the C-%3carbon, being an aciebase-
catalyzed reaction, readily takes place with practically any
attempt to extract Chls from their natural milieu of photosyn-
thetic proteing? Therefore, the presence dR)¢Chls in photo-
synthetic tissues was long controversial and prompted discussion
as to the structure (and number of isomers) of Chls actually phytyl =
involved in photosynthesis, until their unequivocal detection in
extracts of various photosynthetic reaction centérg® Ulti-
mately, 13(R)-Chla (prime epimer) was identified as a com- Figure 1. Structure of BChla, the main chlorophyll of purple photosynthetic
ponent of the special pair in the crystal structure of the PS| Pacteria; chiral carbon atom 48 marked with  circle.
reaction center, where, with the4S)-Chla molecule, it forms
the P700 heterodiméf:25 Still, the finding remains somewhat
puzzling, especially in light of the high stereospecificity of key Pigment Preparation. BChla was isolated from wet cells of
enzymes involved in Chla biosynthesis/biodegradation pathways, Rhodobacter sphaeroiddsllowing a previously described methéd.

that is, Chla-synthetase and chlorophy!l&&¥. The pigment was purified by column chromatography on DEAE-
Th lect ¢ f Chis i itive to ch . Sepharose (Sigma, Germany) and eluted with 15% methanol in acetone
e z-electron system o S IS sensitive (o changes in (v/v). A mixture of prime and nonprime diastereoisomers of BChla

charge density on the centrally chelated mété this respect, a5 optained from the pure pigment by a 4-h treatment with a small
the electronic absorption features of bacteriochlorophyll @ amount of triethylamine (POCh, Poland) at room temperature. The
(BChla, the structure shown in Figure 1), the main Chl of reagent was removed in a stream of nitrogen and then under vacuum.
photosynthetic purple bactefigrovide a particularly interesting ~ The R- and S-diasterecisomers (epimers) of BChla were separated by
case, which can be conveniently used as a direct indicator of HPLC on silica gel (Varian, Microsorb 100 Si column, 4&50 mm,

the central metal coordination std#3In the present study, ~ €luent: 3% IPA inn-hexane, flow rate: 1 mL/min), according to a
spectral deconvolution of the BChla electronic absorption Previously described methGél.Because of a high sensitivity of the
spectrum serves to estimate thermodynamic parameters ef Chl pigments to light, oxyger, and temperature, al preparatory steps were
. . . . . . done as quickly as possible and in dim light. The pigments were stored
ligand interactions in solution and to reveal differences between

. . - . . . under Ar at—30 °C.
theR andSdiastereoisomeric forms of the pigment in coordina- Spectroscopic MeasurementsThe absorption spectra were mea-

tion properties, highly relevant to the diastereotopic ligation of g req at room temperature in 1-cm quartz cuvettes on a Cary 400
Chls in vivo3132 On the basis of temperature effects on the spectrophotometer (Varian, Palo Alto, CA). The temperature depend-
spectra, we determined the ligand binding equilibria and encies of the absorption spectra were determined on a Cary 50
relationships between thermodynamic parameters of ligand spectrophotometer (Varian), in a 1-cm quartz cuvette, placed in a holder,
binding, ligand properties, and steric interactions of the side equipped with an electronic temperature controller (Medson SC,
groups located near the C28enter of chirality in BChla. Poland).

The ligand binding equilibria were determined in neat solvents
(17) Strain, H. H.. Manning, W. MJ. Biol. Chem 1942 146, 275-276. (aceton_e_and o_IinjethyIformam_ide). and in aceto_nitrilg coqtaining 150
(18) Katz, J. J.; Norman, G. D.; Svec, W. A.; Strain, H.-HAm. Chem. Soc. mM pyridine or imidazole. The titration of BChla with aliphatic alcohols

(19) }496‘;]?1 i%%f%“ﬁi%ﬁ(:hem Scand.673 27, 1487-1495 was performed at 298 K by adding the ligands (from 1.18 to 2.24 M)
(20) V\yatanabé, T.; Kobayashi, M.; Hongu, A; Nakazato, M.; Hiyama, T.; 0 the pigment solution in acetonitrile. In all experiments the same 1

Materials and Methods

Murata, N.FEBS Lett.1985 191, 252-256. x 1075 M concentration of the pigments was used.
1) ;&agfﬂfdbwata”abe' T.; Kobayashi, M.; NakazatoFRBS Lett1987 Solvents and Reagents2-Propanol,n-hexane, diethyl ether, and
(22) Kobayashi, M.; Watanabe, T.; Ikegami, |.; van de Meent, E. J.; Amesz, J. acetonitrile were of HPLC grade (LabScan, Ireland). Triethylamine,

FEBS Lett1991, 284 129-131. acetone, methanol, 1-propanol, artutanol were of analytical grade
(23) Maeda, H.; Watanabe, T.; Kobayashi, M.; IkegamBibchim. Biophys. K » ~-Prop L . Y 9

Acta 1992 1099 74—80. (POCh); ethanol, pyridine, and dimethylformamide were of spectro-

(24) Jordan, P.; Fromme, P.; Witt, H. T.; Klukas, O.; Saenger, W.; Krauss, N. scopic grade (Uvasol, Merck, Germany). Acetonitrile was degassed and

(25) '\Blgtnu_rgﬁggl:%],‘:r%?g\fvgg' Nelson, Niature 2003 426, 630635 saturated with Ar before use. Imidazole (purit@9.5%) was obtained

(26) Fiedor, L.; Rosenbach-Belkin, V.; Scherz, A.Biol. Chem.1992 267, from Fluka, Germany.

@) %—ize%?c_hzzl\eﬁ'smoch S Lempert, U.; Criel, E.-diger, W, Eur. J. Spectral Deconvolution.The spectra were converted into the linear
Biochem.1994 219, 267-275. T T ' energetic scale and analyzed using PeakFit software, version 4.0 (Jandel,

(28) Hanson, L. KMolecular orbital theory of monomer pigmeng&cheer, H., USA). The Q bands were deconvoluted into a minimal number of

29) %C;I;Iaﬁgr? E_re,\j‘i:c%?tg?ﬁﬁ%’ :nL1 é%%ﬁw.pgo%%%?ioa 20017007 Gaussiar-Lorentzian components. Before the deconvolution, a back-

(30) Hartwich, G.; Fiedor, L.; Simonin, I.; Cmiel, E.; S¢hg W.; Noy, D.; ground correction was applied using a quadratic function. The spectra
Scherz, A.; Scheer, Hl. Am. Chem. S0d.998 120, 3675-3683. recorded in acetonitrile were corrected, including into the fit also the

(31) Balaban, T. S.; Fromme, P.; Holzwarth, A. R.; Krauss, N.; Prokhorenko,
V. |. Biochim. Biophys. Act2002 1556 197—207.
(32) Oba, T.; Tamiaki, HPhotosynth. Re002 74, 1-10. (33) Omata, T.; Murata, NPlant Cell Physiol.1983 24, 1093-1100.
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Figure 2. Absorption spectra oR- (—) and S- (O) diastereoisomers of
bacteriochlorophyll a in DMF. In the inset the difference between the two
spectra in the Qregion is shown.

vibrational sidebands of theyQransition. As a rule, the energies of
the vibrational sidebands of thec@ansition were placed 106300
cm?* higher than the origin.

Results and Discussion

During HPLC separation of the C-i8liastereoisomers of
BChla, to our surprise, fine but meaningful differences in their
absorption spectra were noted (Figure 2), which concerned
mainly the Q& absorption band, as indicated by a characteristic

shape of the difference spectrum (inset in Figure 2). Because

the Q transition in BChls is particularly sensitive to the central
metal and its coordination state??:30-34he differences possibly

pointed to a nonequivalency of the diastereoisomers in interac-

tions with axial ligands. The involvement of coordinative
interactions was further confirmed by the fact that the absorption
spectra of corresponding free bases (bacteriopheophytins)

prepared by demetalation of the diastereoisomeric BChls, are

identical (not shown). This leads to the conclusion that the
relative arrangement of the C-48arbomethoxyl and a bulky
Cyo moiety (phytyl) at the carbon #affects ligand coordination
to BChla. A degree of steric crowding between these two
moieties in 13(R)-Chla, where they are located on the same
side of the macrocycle, has been detected by Ni\Rhereas
phytyl residue indeed influences interactions of Chla with
solvents36:37

The equilibrium between 5- and 6-coordinated forms of BChla
in solution can be described as follows:

BChla-L + L == BChla-L,

Qy ~ 17200 cm* = Q, ~ 16 400 cm* )
where L denotes the solvent (ligand) molecule. Evans and'Katz
and Callahan and Cottéhhave found a direct correlation
between the energy of thexQransition in BChla and the
number of axial ligands, as indicated in eq 1. The position of
the equilibrium between the two coordination forms depends
on the ligand coordination strength; the binding of N-containing

(34) Noy, D.; Fiedor, L.; Hartwich, G.; Scheer, H.; Scherz, JAAm. Chem.
S0c.1998 120, 3684-3693.

(35) Hynninen, P. H.; Lgdnen, S.Magn. Reson. Cheni985 23, 605-615.

(36) Agostiano, A.; Catucci, L.; Colafemmina, G.; ScheerJH?hys. Chem. B
2002 106, 1446-1454.

(37) Fiedor, L.; Stasiek, M.; Mysliwa-Kurdziel, B.; Strzalka, Rhotosynth.
Res.2003 78, 47-57.
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Figure 3. Shifts of the Q band of bacteriochlorophyll a (¥ 10°° M) in
150 mM pyridine in acetonitrile, accompanying the temperature changes

from 298 to 258 K. Other experimental details are given in the Materials
and Methods section.

T
550

ligands, such as imidazole (Im) and pyridine (Py), seems
strongly favored? The fractions of the 5- and 6-coordinated
pigment change also as a function of temperature, as shown in
Figure 3. At lower temperatures, the fraction of the BChja-L
form grows significantly, indicating that binding of Py as the
sixth ligand to BChla is exothermic. The temperature effect on
the ligation is fully reversible, and the presence of a clear
isosbestic point indicates that on a slow (several minutes) time
scale no intermediate forms appear.

The equilibrium constant of ligand binding to BChla can be
derived from spectral data, applying deconvolutiérThis is
demonstrated in Figure 4; the deconvolution of thel@nd of
BChla in a moderately coordinating dimethylformamide (DMF),

with Gaussiar-Lorentzian components as best fitting, clearly

resolves two transitions comprising the band, one Witk near

16 350 cm! and the second near 17 200 cimBecause the
equilibrium position shifts toward the sixth coordinated species
at lower temperatures also in this case the sixth ligand binding
is exothermic.

As shown previously! the areas of the resolved transitions
correspond to the relative amounts between the 5- and 6-coor-
dinated forms in equilibrium. The same approach was applied
here to visualize differences in the coordination of tRe @nd
(9-BChla. The results of the deconvolution confirm that the
fractions of the 5- and 6-coordinated forms in DMF are not
identical for the two diastereoisomers (Figure 4). Similar
differences in coordination of the BChla diastereoisomers were
found in neat acetone or acetonitrile containing strongly
coordinating ligands, Py or Im (not shown).

The deconvolution of BChla absorption spectra in the Q
band region, measured over a 40 K range of temperatures
(between 298 and 258 K), enabled us to determine the changes
in the ligand binding equilibrium constants as a function of
temperature and construct van't Hoff's plots, shown in Figure
5. In all cases, the linearity of the plots indicates that, within
the applied range of temperatures, the ligation equilibrium
constants are not appreciably temperature-dependent, thus
facilitating a reliable determination of thermodynamic param-
eters of the sixth ligand binding to BChla. The thermodynamic
parametersAH®, AS’, and AG®) of binding various types of
sixth ligands, acetone, DMF, Im, and Py to the diastereoisomers
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Figure 4. Deconvolution of the @ absorption bands of the C-AB- andS-diastereoisomers of bacteriochlorophyll a in DMF at two temperatures: 298 and
263 K. The deconvolution was done with Gausstanrentzian curves (see the text for details). Experimental dataum of the fitted components;;
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of BChla derived from the respective plots are listed in Table
1. TheAH? values are negative and strongly ligand-dependent;
they decrease from-7 kJ/mol in acetone anet16 kJ/mol in
DMF to as much as-23 kJ/mol for Im and Py. In acetone and
DMF, AS’ counterbalances a favorable (negatité)° to result

in positiveAG®, rendering the ligation of BChla nonspontaneous

Im and Py occurs spontaneously as the respedise values
reach negative values-(-3.5 kJ/mol). Furthermore, the coor-
dination of other oxygen-containing ligands, such as aliphatic
alcohals, also seems unfavorable. Table 2 compares the changes
in AG® values accompanying the attachment of Py and various
alcohols as the sixth ligands, estimated from the equilibrium
constants via the titration of BChla in acetonitrile. The negative
value obtained for Py, which agrees very well with the one
derived from the van’t Hoff's plots (Table 1), shows that only
the binding of Py as the sixth ligand is spontaneous at ambient
temperatures. In the case of alcohols, similarly as with acetone
and DMF, their detachment is spontaneous rather than their
binding as the sixth ligands. Interestingly, a titration with water
(not shown), even with large, 5 orders of magnitude molar
excess, causes no shifts in the {€ansition, indicating that water
molecules have a very low affinity to the central Mg in BChla
and can hardly be bound as the sixth ligand.

Several conclusions emerge from the quantitative data on
ligand—BChla interactions, relevant to an understanding of the
coordination chemistry of Mg in biological systems, and in
particular to its functioning in complexes with tetrapyrroles.
First, the estimated energetic effectAH°®) of sixth ligand
binding seem relatively large; for Im and Py they even approach
the energies of hydrogen bonds. However, this rangAtdf
values corresponds to free energy penalty for removing ligands
from the outer rather than from the inner coordination sphere
of the Mg?*" ion.2 Also, the direction of the changes ikH®,
which roughly corresponds to the order of the ligand donor
number® is in fact opposite to that usually expected for
coordination to free Mg ion in solutiorf or in gas phas&There

in these two solvents. Thus, the entropic contribution becomesseem to be several reasons for these changes in properties of

dominating when the energetic effects of ligand binding are
relatively small. At ambient temperatures, only ligation with

38) Gutmann, V.Empirical parameters for donor and acceptor properties
Plenum Press: New York, 1978; pp-133.
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Table 1. Thermodynamic Parameters of the Sixth Ligand Binding to C-132 Diastereoisomers (Epimers) of Bacteriochlorophyll a2

AH? (kd/mol) AS° (JImol-K) AG° (kJ/mol) at 298 K
ligand R-BChla S-BChla R-BChla S-BChla R-BChla S-BChla
acetone (neat) —-6.3+1.3 —-7.0+1.2 —35.8+4.9 —41.6+4.3 +10.8 +11.5
DMF (neat) —15.3+0.7 —16.5+ 0.7 —61.0+ 2.5 —65.1+ 2.4 +9.3 +9.4
150 mM Im in acetonitrile —21.9+0.7 —225+1.1 —61.3+ 2.7 —65.3+ 3.8 —3.6 —3.0
150 mM Py in acetonitrile —21.5+1.8 —23.2+1.4 —60.5+ 6.5 —65.5+ 5.1 -3.5 -3.7

aValues were derived from the van't Hoff's plots shown in Figure 5. Experimental procedures are described in the Materials and Methods section.

Table 2. Experimentally Determined AGygg° Parameters of
Binding of Second Axial Ligands to S-BChla, in kJ/mol, Estimated
via Titration of the Pigment (1 x 1075 M) in Acetonitrile?

ligand

pyridine methanol ethanol propanol n-butanol 2-propanol
—-3.5 +1.5 +2.9 +2.9 +2.8 +5.6
aLigand concentration: pyridine 28150 mM, alcohols 1.1762.24 M.

between the two epimers. Th&S’ value is consistently 5
Jmol~1-K~ lower for theSform, regardless of the ligand type.
AH?° shows a similar tendency, being lower BChla by up

to 1.7 kdmol~1, depending on the ligand. The contributions of
the two parameters to the overallG® difference are quite
comparable as on the percentage basis the entropy changes by
7 to 16%, while the energy changes by 3 to 11%. Nevertheless,

Experimental procedures are described in the Materials and Methods section. ) . . .
the insensitivity of the entropy part to the coordinated ligand

the metal center upon coordination of tetrapyrrole. One reasonsuggests that the difference originates from the change in relative
is that the four Chelating bonds in Chls have a mixed ionic- orientation of the Carbomethoxy| and phyty| residues. The
coordinative character and the central Mg is only formally modifications at the periphery of the Chl molecule have been
4-coordinated in the absence of axial ligands. Further, the shown to strongly influence its coordinative interactions with
presently estimatedH® andAG® values obviously concernthe  pentide ligand4® Our results suggest that even relatively small

energies of binding of the sixth ligand to the central Mg and gy ,ctyral rearrangements affect ligand binding to Chis. Since
reflect, in a way, the decrease of positive charge density on thee jnyersion of configuration around the C2i@nter alone is

metal due to chelatioff. This is yet another instance of how
the equatorial coordination of Mgion controls axial coordina-
tion: a “hard” free M@" ion is made into a softer one via

coordination of the tetrapyrrole. This observation is very much
in line with the results of recent model studies on Ni-substituted
BChla, which showed the influence of the equatorial ligand
(tetrapyrroles-electron system) on the partial charges at the

not expected to involve changes in electronegativity of the
peripheral groups, lower values AfS° of sixth ligand binding

to the S-diastereoisomer of BChla could be related to steric
crowding between bulky substituents, which further imposes
some constraints on the coordinating speées.

Such structural control of ligation could underlie the partial

central metal ior¥® Because the change of the hardness of metal diastereoselectivity of Chl self-assemtiy’ and, in particular,
center is gross, the major conclusions from the present studythe very high diastereoselectivity of the ligation of (B)Chls in
of the sixth ligand binding can be extrapolated as well to the photosynthetic protein¥.32 Obviously, when macromolecules
binding of the fifth ligand. Therefore, such modulation of the (polypeptides) are coordinated as ligands to Chls, the steric

charge density (hardness) of the centralPMin Chls seems a

effects can be amplified and hence be more discriminating. This

prerequisite for the structural functioning of these complexes would be a reason for a highly conserved stereochemistry of

in photosynthetic Chtproteins, in which the Mg is almost
exclusively 5-coordinate#-321t not only widens the spectrum

Chls and a strict avoidance of an equilibrium mixture of their
diastereoisomeric forms in vivo, contrary to the situation in polar

of acceptable coordinative bonds to amino acid residues, butsolvents. A remarkable exception to this rule, with a strongly
also prevents saturating coordination of water molecules to the off-equilibrium diastereocisomer composition, is the P700 special

first coordination sphere of Mg ion in Chls. In effect, it

facilitates a strong coordination of Chls via nitrogen (His),

oxygen (Asp, Met), and even sulfur (Met) in Clroteing?440-43

pair, that is, the 1ZR)-Chla-13(S-Chla heterodime$#2531
Here, seemingly, the presence of the(83Chla is advanta-
geous, for example, to maintain the fine structural and electronic

The ease of tuning Mg coordinative properties via equatorial asymmetry of the special pair, crucial to the functioning of this
chelation would be then among the factors favoring the choice gaction centefs—5°

of that element as the metal center in Chls (with the rare

exception of Zn-complexing specfés
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entropic contributions to the difference of ligation free energy
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