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Recent structural data for (bacterio)chlorophylls and chlorins
as isolated molecules? and in proteins®® demonstrate the skeletal
flexibility of the chromophores that can be imposed by crystal
packing and/or protein constraints. We present here single-crystal
X-ray data for a homologous series of methyl bacteriopheo-
phorbides d, derived from the antenna chlorophylls of the green
photosynthetic bacterium Chlorobium vibrioforme.® The results
illustrate the crystallographically significant conformational
variations possible for the same chlorophyll skeleton. Comparable
variations have also been noted, albeit at lower resolution, for the
bacteriochlorophylls ¢ (BChl) in the BChI antenna protein of
Prosthecochloris aestuarii® and the BChls b that comprise the
primary donor (special pair) of the Rhodopseudomonas viridis
reaction center protein.”®

We thus consider theoretically the possibility that such con-
formational variations can affect the highest occupied (HOMOS)
and lowest unoccupied (LUMOS) molecular orbital levels of the
chromophores and thereby modulate their redox potentials and
light absorption properties. We test the concept by demonstrating
that a sterically distorted porphyrin of known structure exhibits
experimental optical and redox properties in solution consonant
with theory and extend the calculations, using crystallographic
data for the Rps. viridis primary donor,® to show that a redox
asymmetry is possible in the BChl subunits that comprise the
special pair of that bacterium.

Smith and Bobe® have demonstrated that green bacteria
light-adapt by sequential alkylation of the antenna chlorophylls
to yield a series of homologues with different substituents at
position 4 of ring II (see structure in Figure 1). Single-crystal
X-ray diffraction of metal-free derivatives (pheophorbides) from
Chlorobium vibrioforme yield the following results:® (a) The

(1) (a) Brookhaven National Laboratory. (b) University of California.

(2) Strouse, C. E. Proc. Natl. Acad. Sci. US.A. 1974, 71, 325. Chow, H.
C.; Serlin, R.; Strouse, C. E. J. Am. Chem. Soc. 1975, 97, 7230. Serlin, R;
Chow, H. C.; Strouse, C. E. Ibid. 1975, 97, 7237.

(3) Kratky, C.; Dunitz, J. D. Acta Crystallogr., Sect. B 1975, B32, 1586;
1977, B33, 545. Kratky, C.; Dunitz, J. D. J. Mol. Biol. 1977, 113, 431.
Kratky, C.; Isenring, H. P.; Dunitz, J. D. Acta Crystallogr., Sect. B 1977, B33,
547.
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R. J. Am. Chem. Soc. 1984, 106, 6457.
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(a) Smith, K. M; Goff, D. A.; Fajer, J.; Barkigia, K. M. J. Am. Chem. Soc.
1982, 104, 3747. (b) Ibid. 1983, 105, 1674. (c) Fajer, J.; Barkigia, K. M.;
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(6) Tronrud, D. E.; Schmid, M. F.; Matthews, B. W. J. Mol. Biol. 1986,
188, 443.
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Figure 1. Structural formula of methylbacteriopheophorbide d. R, can
be ethyl, n-propyl, isobutyl, or neopentyl.
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Figure 2. Linear display of the skeletal deviations from the plane defined
by the four nitrogens of the bacteriopheophorbides 4, in A. Substituents
are not shown. I[llustrated are: (a) and (b) the two crystallographically
independent molecules in the unit cell of 4,5-diethyl-methylbacterio-
pheophorbide d; (c) 4-propyl, 5-ethyl-meBPheo 4; (d) and (e) the two
crystallographically independent molecules in the unit cell of 4-iso-
butyl,5-ethyl-meBPheo d; (f) a different aggregate of 4-isobutyl,5-
ethyl-meBPheo d; (g) 4-neopentyl,5-ethyl-meBPheo d. The order of the
rings is [, I, I1I, V, and IV from left to right. Esd’s for the deviations
from planarity <0.01 A.

substituents range from ethyl to n-propyl, isobutyl, and neopentyl.
(b) Removal of the magnesium affords a series of dimeric and
higher aggregates that are hydrogen bonded via the 2-(1-
hydroxyethyl) group to the 9-keto group or to the carbonyl group
of the propionic acid side chain of ring IV, depending on the
method of crystallization. (c) Significant conformational variations
are found for the same pheophorbide skeleton, depending on the
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Figure 3. Linear display of the skeletal deviations from the plane defined
by the four nitrogens of Zn tetraphenyloctaethylporphyrin, in A, Sub-
stituents are not shown. Esd’s for the deviations from planarity <0.02

aggregation. The deviations of the pyrrole rings from the plane
defined by the four nitrogens range between £0.5 A and are
illustrated in Figure 2.

Preliminary single-crystal X-ray data show zinc tetraphenyl-
octaethylporphyrin!® (ZnTPOEP, (5,10,15,20-tetraphenyl-
2,3,7,8,12,13,17,18-octaethylporphinato)zinc(II}) to be severely
saddle shaped (Figure 3) with the 8 protons of adjacent pyrrole
rings displaced by ~=%1 A relative to the plane of the four ni-
trogens. NMR data!! establish that the puckered conformation
is retained in CH,Cl, solution. Remarkably, the first absorption
band of the compound is shifted to 637 nm compared with A,
of 586 nm for Zn tetraphenyl porphyrin (ZnTPP) or 569 nm for
Zn octaethylporphyrin (ZnOEP). Also noteworthy, the oxidation
halfwave potential of ZnTPOEP in CH,Cl, has decreased to +0.47
V (versus SCE) compared to those of ZnTPP and ZnOEP, £,
= 0.75 and 0.63 V, respectively, while the reduction potentials
in tetrahydrofuran are as follows: E,j; = -1.54,-1.35, and -1.63
V, for ZnTPOEP, ZnTPP, and ZnOEP, respectively.

Quantum mechanical ZINDO calculations!®!? predict the
experimental trends with calculated red shifts of 1900 cm™ for
a conformational change from a planar Zn porphyrin to one with
the saddle structure of ZnTPOEP to be compared with observed
shifts of 1370 and 1880 cm™ relative to ZnTPP!* and ZnOEP,*
respectively. The calculations also predict that the puckered
porphyrin will be easier to oxidize by 0.12 eV, whereas reduction
is insensitive to the distortion. Similar calculations for puckered
chlorins and bacteriochlorins predict red shifts of 1200 and 820
cm™!, respectively.

Extension of the calculations to the different conformations
observed® for the BChls b that comprise the special pair of Rps.
viridis also predicts different optical and redox properties. For
the BChl b associated with the L protein subunit, A, = 807 nm
with calculated energies of ~2.030 and -5.850 eV for the LUMO
and HOMO, respectively, and for the BChl associated with the
M subunit, A, = 762 nm with energies of ~1.920 and -5.880
eV for the LUMO and HOMO."

The above combination of experimental and theoretical results
clearly suggests that the conformational variations observed in
vitro and in vivo can provide a mechanism for altering optical and
redox properties. Such effects, in conjunction with additional
modulations induced by neighboring protein residues,”!® may thus
combine to cause the observed asymmetry in the triplet!” and
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oxidized donor'® of Rps. viridis and the vectorial electron flow!6
that occurs in the reaction center. The same considerations also
offer an attractively simple rationale for the optical features of
the BChl a antenna of Prosthecochloris aestuarii (A, = 793-825
nm).19:20
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Photosynthetic reaction centers use light to generate energetic,
long-lived charge-separated states by employing a series of
short-range electron-transfer steps to achieve overall long-range
charge separation across a lipid bilayer membrane. We have
previously shown that covalently linked carotenoid~porphyrin—
quinone (C-P—Q) triads'"'? and a carotenoid—porphyrin—diquinone
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