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Intact farnesyl (31R)-bacteriochlorophyll (BChl)c in carbon tetrachloride forms a stable dimer at room
temperature characterized by two resonances resolved for each individual proton in the NMR spectrum and
by a long wavelength shift of the Qy absorption band to 710 nm. All the proton resonances are precisely
assigned on the basis of two-dimensional H-C and H-H correlation experiments. Authentic farnesyl acetate
is used for assistance in the assignment. Extensive nuclear Overhauser effects (NOE) are observed, from
which distances between intermolecular proton pairs are evaluated. Geometry of the macrocycles determined
from the distance information and refined by a molecular mechanics program is found to clearly explain the
observed complexation shifts. Strong intermolecular NOE signals observed for 10-H/201-H and 10-H/21-H
exclude a face-to-face arrangement but support an antiparallel “piggy-back” conformation for the BChlc
dimer. Farnesyl protons do not show significant complexation shifts, and it is suggested that the farnesyl side
chain may adopt a folding-back conformation with most of the group fluctuating around the periphery of the
macrocycle in a restricted motion. The two-dimensional exchange experiment demonstrates that molecules in
the dimer experience slow exchange between the two nonequivalent configurations with an exchange rate
constant of about 1.8 s-1. Finally, the stereochemical effect of chirality at the 31 position on the aggregation
behavior and possible relationships among 680, 710, and 740 nm species are discussed.

Introduction

Bacteriochlorophyll (BChl)c is a major green pigment family
that occurs only in green photosynthetic bacteria. About 90%
of the total chlorophyll-type pigments were found as a BChlc
homologous mixture in green nonsulfur bacteria (Chloroflex-
aceae) and in many species of green sulfur bacteria (Chlorobi-
aceae).1-3 Most BChl c is present in chlorosomes, antenna
complexes attached to the inner surface of cytoplasmic mem-
brane of the cell. InChlorobium tepidum, the chlorosomes have
elongated bodies of uniform shape and size with a typical
dimension of 150 nm× 60 nm.4 They function to absorb light
energy, which is then transferred to the adjacent photosynthetic
membrane. Because only a small amount of protein was isolated
from chlorosomes with a protein to BChlc ratio of about 0.5:1
(w/w),5,6 which is nearly 2- to 3-fold lower than in light-
harvesting antenna of other photosynthetic species,3,7 pigment-
pigment interaction has been suggested to play an essential role
in the organization of the pigments in chlorosomes.3,8-11

However, the exact role of the small amount of protein in the
chlorosome structure, function, and assembly has remained
controversial despite the efforts of many investigators.12-15

Apart from the functionality of protein, BChlc is capable of
self-association in vitro to form various aggregates with different
sizes in organic solvents. Purified BChlc forms oligomers in
hexane with the Qy absorption peak at∼740 nm, about 70 nm
red-shifted from that of its monomeric form as observed in
methanol, and the absorption spectra closely resemble that of
BChl c in chlorosomes.16,17In addition to the 740 nm oligomer,
there are at least two other aggregates formed in CH2Cl2, CHCl3,

and CCl4 (or benzene) with absorption maxima at 680 and 710
nm for R-type BChlc.8,18,19The 710 nm species is reported to
exhibit unusual spectroscopic properties, in particular an intense
fluorescence emission.8,20 A large number of studies have been
made to elucidate the structure of the 740 nm aggregate in re-
lationwith theorganizationofBChlcinchlorosomes.8-11,16,17,21-23

Descriptions of the large aggregation structure have converged
into two basic models3 in which the BChlc molecules are
arranged in antiparallel or parallel chains. In the antiparallel
model, molecules in each chain are linked by an H-bond
between the 31-hydroxyl and 131-keto groups, with the BChlc
in opposite chains being attached by hydroxyl ligation of the
central Mg atom, whereas in the parallel model, each BChlc
molecule is linked to the next by 31-hydroxyl-to-Mg ligation
and to the one after the next by 31-hydroxyl-to-131-keto
H-bonding. Nozawa et al.9,10 extended the antiparallel chain
model, known as the “ring overlap model”, and included more
than a single row of pigments in the oligomer. Chiefari et al.11

proposed an extension of the parallel chain model that also
includes more than two chains of pigments. However, owing
to the large molecular weight and structural inhomogeneity, the
structure of the 740 nm aggregates has not been solved.

With the difficulties in determining the structure of 740 nm
aggregates, the intermediate 680 and 710 nm oligomers have
attracted the attention of researchers with speculation that these
oligomers may serve as building units of the 740 nm aggregates.
A detailed study of the structure of an oligomer closely related
to BChl c was first made by Smith et al.24 for bacteriochloro-
phyllide (BChlide)d, which differs from BChlc at the 20-carbon
with the methyl group (BChlc only, Figure 1) replaced by a
proton and with the farnesyl chain replaced by a methyl group.
The BChlided oligomer in pure CDCl3 has been definitely
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shown by proton NMR spectroscopy to be a stable dimer that
is long-lived on the NMR time scale. Two possible structures,
known as “face-to-face” and “piggy-back” models, were shown
to be consistent with the observed chemical shifts based on a
double-dipole ring current calculation.25,26 Similar structures
have been proposed for BChlc in CDCl3 because of the
similarity of the spectra.9,24 The 680 and 710 nm species are
considered to exist at equilibrium, since the two species almost
always appear together and their absorption intensities are
dependent on the total BChlc concentration and polarity of the
solvents. Olson and Cox19 propounded the aggregation state of
the 710 nm species to be a tetramer formed by association of
two dimers from the concentration dependence of absorption
spectra. However, Causgrove et al.20 proposed a cyclic arrange-
ment of three dimers for the 710 nm species from the result of
polarized fluorescence experiments, and they argued that this
species is probably not a building block of the large aggregates.
In a previous paper, we have definitely demonstrated that the
710-nm-rich species is predominated by BChlc dimers on the
basis of small-angle neutron scattering experiments from which
the sizes of aggregates were determined without using fitting
parameters.27

In this study, we present detailed assignment of1H NMR
spectra of intact BChlc dimer in pure CCl4 solution made by
two-dimensional heteronuclear and homonuclear correlation
techniques. The sample used is (31R)-[E,E]BChl cF (8,12-diethyl
BChl c esterified with farnesol), the most abundant component
constituting about 70% of whole BChlc homologues28 and
showing a 710 nm absorption maximum in CCl4 solution (Figure
1). Our reason for using the intact BChlc is that it has been

suggested that the farnesyl chain plays an important role in the
aggregation of BChlc with the ester carbonyl group engaged
in strong hydrogen bondings as revealed by NMR,24 FT-IR, and
FT-Raman experiments.29 Authentic farnesyl acetate was used
to assist identification of the farnesyl proton resonances. The
spectra recorded for the 710 nm species can be best interpreted
in terms of a physically exchanging dimer with a characteristic
feature of asymmetric conformation. Analyses of the structure
and dynamics of the dimer are made based on the results of
two-dimensional nuclear Overhauser enhancement and ex-
change (NOESY) and rotating frame nuclear Overhauser effect
(ROESY) experiments. Quantitative measurement of the ex-
tensive NOE signals allows a precise evaluation of the dimer
structure and dynamics without relying on specific models. The
results of this study confirm and emphasize many of the previous
findings and provide independent evidence for the intermolecular
distance and macrocyclic geometry. A recent X-ray crystal-
lographic study by Senge and Smith30 on the methyl ester of
(20-methylphytochlorinato)nickel(II), an analogue of BChlc,
demonstrated a higher degree of conformational distortion of
the macrocycle at the methyl-substituted C20 position compared
with BChl d series. Existence of the methyl group at C20 has
been found to be responsible for a 10 nm red shift of the long
wavelength absorbing band in ether and a 20 nm red shift in
living cells.31,32 In this respect, our result may provide comple-
mentary information for clarifying the structural and functional
differences between the BChlc and the BChld series.

Experimental Section

Materials and Sample Preparation. Crude BChlc mixtures
were extracted from dry cells ofChlorobium tepidumwith
methanol, and the major component (31R)-[E,E]-BChl cF was
then purified by chromatography as described elsewhere.9,10 A
partially 13C-labeled sample was obtained by a similar procedure
except that the sodium acetate in the culture medium was
replaced by sodium acetate-1-13C (13C > 99.9 atom %, Isotec
Inc.). Farnesyl acetate (trans,trans-, purity > 95%) was pur-
chased from Aldrich Chem. Co. (Milwaukee, WI). Deuterated
methanol (CD3OD, D > 99.95%) was from Merck (Darmstadt,
Germany). Carbon tetrachloride (purity> 99.8%, Infinity pure
grade) was purchased from Wako Pure Chemical Industries,
Ltd. (Japan) and was dried with Na2CO3 during storage.
Pigments and solvents were degassed separately and then purged
with argon gas; this operation was repeated several times. BChl
c solutions were prepared under an argon atmosphere by
dissolving the dried pigments in solvents with a monomer
concentration of 2 mM. The solutions were then moved into
NMR tubes and further purged with argon gas before sealing
the NMR tubes.

NMR Measurements. All NMR experiments were acquired
on a Bruker DRX-400 spectrometer equipped with an inverse
probe (TXI) and gradient module. Temperature was controlled
at 22 °C by a Bruker variable-temperature controller. Field-
frequency lock for the sample in pure CCl4 solution was
achieved by inserting a 1 mm D2O-filled inner tube in the 5
mm NMR tubes. One-dimensional1H spectra were recorded
with 32K data points, sweep width of 5827 Hz giving a digital
resolution of 0.35 Hz/point, acquisition time of 2.8 s, and 64
accumulations. Two-dimensional1H-1H spectra were acquired
with a spectral width of 5500 Hz, 512t1 points, 2K data points
in t2, and 16, 24, or 32 transients for eacht1 point. Double
quantum filtered (DQF) COSY spectra were performed using
the pulse sequence described by Davis et al.,33 in which the
phase information during the evolution period is retained and a

Figure 1. Molecular structure of the intact (31R)-[E,E]-BChl cF and
its absorption spectra in pure CCl4 (solid line) and in methanol (dotted
line). Both concentrations were 2 mM.
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phase-sensitive spectrum with pure absorption line shapes is
produced. Gradient pulses were present only during the double
quantum period and just prior to acquisition. Conventional pulse
sequences were used for NOESY and ROESY experiments.34,35

NOESY spectra were recorded with mixing times of 0.075, 0.15,
0.4, and 1 s. ROESY spectra were recorded with a spin-locked
period of 200 ms. Two-dimensional1H-13C shift correlation
spectra using1H-detected heteronuclear multiple-quantum co-
herence via a direct coupling method (HMQC) were acquired
with the pulse sequence described by Hurd and John.36 The
spectral width for1H was 4800 Hz and for13C was 17 kHz. A
total of 512t1 points of 2K data points were acquired. For each
t1 value 64 or 128 transients were recorded, the number of scans
depending on the experiment. During acquisition, the13C was
decoupled using a broadband GARP modulation.37 Chemical
shifts were referenced to tetramethylsilane (TMS). All two-
dimensional spectra were recorded in pure absorption with time-
proportional phase incrementation (TPPI)38 to allow for dis-
crimination between positive and negative signals.

Molecular Mechanics Calculation. Molecular mechanics
calculations were performed using a HyperChem software
(Hyper Cube Co.) on a Indy workstation (Silicon Graphics Inc.).
In the calculation, the farnesyl side chain was replaced by an
ethyl group. Dimer geometry was optimized using molecular
mechanics program MM+ with an extension of force field of
MM2 developed by Allinger and co-workers.39 MM+ treats
bond and bond angle terms with higher order terms than the
standard quadratic and contains a stretch-bend cross term.
Electrostatic potential energy terms were neglected because it
was reported to have only a small effect on the structure.40

Instead, the electrostatic contribution was evaluated by a set of
bond dipole moments associated with polar bonds. Distances
evaluated from NOESY experiments were employed as restraints
in the energy minimization calculation. The force constant used
for the strength of the restraints was 700 kcal mol-1 Å-2.

Results

Assignments of Farnesyl Acetate. Figure 2 shows the1H
NMR spectra oftrans,trans-farnesyl acetate in CD3OD. Eleven
resonances out of 13 nonequivalent proton resonances were
resolved. Assignments for each proton can be readily made with
assistance of DQF-COSY and HMQC spectra, and the results
are shown in Table 1. Carbon-carbon connectivity was
established by a C-C correlation experiment.41 The most
downfield1H signal was assigned to be f2-H on the basis of its
strong correlation with f1-H. Small splittings (1.1 Hz) were
observed for the f2-H triplet, indicating a long-range coupling
(4Jtrans). Resonances of f6-H and f10-H cannot be distinguished
from the 1D spectrum owing to structural similarity. However,

the results of H-H and H-C correlation suggest the upfield
triplet to be f10-H on which the4JHH coupling was also
observed. Among the four CH2 groups (f4, f5, f8, and f9) with
chemical shifts in the range 1.8-2.1 ppm, f8 protons were found
to give the most upfield resonance from H-C correlation, and
the structurally similar f8-H and f9-H yielded almost identical
shifts. Resonance of f3a-H was specifically identified by its
correlation with f1-H. The H-C correlation spectrum indicated
a chemical shift of 1.560 ppm for f12-H, while protons of f7a-H
and f11a-H did not yield individual resonances.

Assignments of Intact [E,E]-BChl cF Dimer. Using the
assignment of farnesyl acetate, we are able to specifically assign
all proton resonances of the intact BChlc dimer formed in pure
CCl4. Figure 3a shows that upon formation of dimers the1H
NMR spectrum changed significantly from that of monomers
in methanol (Figure 3b), and apparently, there was no simple
connection between the two spectra. Each individual proton gave
rise to two resonances, yielding a total of 58 signals (parts of
them were overlapped) from the 29 nonequivalent protons of
each [E,E]-BChl cF molecule (17 attached to macrocycle and
12 to the farnesyl chain). The asymmetric feature of the dimer
spectrum is very similar to that observed for BChlided in pure
chloroform by Smith and co-workers.24 Despite the complexity
of the1H spectrum of the [E,E]-BChl cF dimer, fortuitously13C
chemical shifts of the dimers remained almost unchanged, or
only slightly changed, with respect to those of the monomer
except for peak splittings.41 This greatly assists the assignment
of the1H spectrum of the dimers through H-C correlation, since
the 13C chemical shifts of monomeric species have been well

Figure 2. 1H NMR spectrum of authentictrans,trans-farnesyl acetate in methanol at concentration of 10%. Peak marked S is due to nondeuterated
methanol impurities in the solvents.

TABLE 1: Assignments of trans,trans-Farnesyl Acetate in
Methanol-d4

1H

position chemical shift (ppm) spin couplinga

f2-CH 5.223 7.5 (t)
f6-CH 4.998 5.7 (t)
f10-CH 4.983 5.7 (t)
f1-CH2 4.466 7.1 (d)
f5-CH2 2.012 6.8 (t)
f4-CH2 1.963 5.7 (t)
f9-CH2 1.960 5.7 (t)
f8-CH2 1.865 7.1 (t)
f3a-CH3 1.605 (s)
f12-CH3 1.560 (s)
f11a-CH3 1.493 (s)
f7a-CH3 1.493 (s)
CH3-COO 1.898 (s)

a Abbreviations in parentheses: d, doublet; s, singlet; t, triplet.
Multiplicities represent the first-order couplings observed from the
spectra rather than those predicted from the molecular structure. Values
indicate coupling constants in Hz.
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established for many chlorophyll derivatives.22,41-50 Figure 4
shows the H-C correlation spectrum of natural abundance
[E,E]-BChl cF in CCl4. When it was combined with the results
obtained with the partially13C-labeled sample,1H chemical
shifts of the [E,E]-BChl cF dimer were determined, and the full
assignments are given in Table 2.

Assignments of 5-, 10-, and 31-H of the dimer spectrum were
straightforward, since these protons attach to the carbons whose
chemical shifts have been well established. The chemical shifts
of the 31-H in dimer, heavily overlapped with those of 181 and
propionic protons (171 and 172), were also confirmed by their
correlations with 32-H in the DQF-COSY spectrum. The
resonances of 5-H and 31-H shifted to higher field and showed
the largest complexation shifts (∆δ ) δdimer - δmonomer), while
the resonances of 10-H moved slightly to lower field. This is a
typical example demonstrating that the two types of protons in
the dimer experienced opposite effects of ring current. Assign-
ment of the 132-protons was most difficult because the signals
were too weak to be resolved with the natural abundance sample
even by long-time acquisition. Use of the partially13C-enriched
sample revealed two pairs of resonances separated by about 0.63
ppm on the1H-axis and with almost identical13C chemical shift
in the H-C correlation spectrum (Figure 5). Because a strong
H-H correlation of an AM coupling pattern was also observed
for these protons from the DQF-COSY spectrum (Figure 5),
each pair of the resonances can only be interpreted in terms of
a doublet, rather than two singlets, with a coupling constant of
about 18 Hz. This value is consistent with geminal couplings
of five-membered ring compounds with aπ-electron system
adjacent to the CH2 group.51 Large complexation shifts were
observed for the 21-methyl protons in the dimer spectrum, as
can be expected from its proximity to ring I. Four protons on
the propionic side chain of each monomer, forming a four-spin
system due to chiral centers at 171 and 172 carbons,52,53 gave
rise to eight well-resolved spots on the dimer HMQC spectrum,

but it was not possible to determine the coupling constants.
Protons of the 181-methyl were assigned on the basis of both
H-C correlation and 1D1H spectral shape, since the two signals
can still be clearly observed as doublets in the CCl4 solution. It
was of interest to note that the complexation shifts exhibited a
very asymmetric behavior with one shifted to a little higher field
and another shifted largely to a lower field. This result provides
critical criteria for examining the dimer structure, as will be
mentioned in the Discussion. In a similar way, another pair of
doublets upfield were assigned as 32-methyl protons.

For the farnesyl chain, only f1-methylene showed a single
resonance in the dimer spectrum, while two resonances were
observed for each of all other groups. The complexation shifts
for these protons were relatively small (typically in the range
0.15-0.3 ppm) compared with those of the groups attached to
macrocycle, but all had positive values (to the lower field). The
protons attached to the backbone of the farnesyl chain had
slightly larger complexation shifts than the methyl protons.

NOE Measurements and Exchange Property of [E,E]-
BChl cF Dimer. It is our aim to obtain information on the
geometry and dynamic property of the BChlc dimer in solution
by NMR. For this purpose, cross-relaxation experiments were
conducted. Figure 6 shows the NOESY spectrum of [E,E]-BChl
cF in CCl4 with a mixing time of 150 ms. Extensive cross
correlation signals with a negative sign (corresponding to
negative NOE) were observed in contrast to the positive NOE
observed in methanol solution. From the chemical shift assign-
ment of the dimer spectrum, we were able to assign all the
signals in terms of either dipole interaction or exchange between
the two molecules in the dimer species. Since all signals in the
NOESY spectrum had the same sign (negative), further ROESY
experiments were carried out to distinguish between the real
NOE cross-peaks from those due to exchange, since NOE in
the rotating frame is always positive. Figure 7 shows the
negative part of the ROESY contour plot in which the

Figure 3. 1H NMR spectra of the intact (31R)-[E,E]-BChl cF (2 mM) in pure CCl4 (a) and in methanol (b). Peaks marked S are due to nondeuterated
water in the inner capillary and nondeuterated methanol in the solvent. Some remarkable shift changes for the key functional groups upon dimer
formation are indicated by gray lines. For a full assignment, see Table 2 and text.
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resonances have the same phase as diagonal resonances; i.e.,
all cross-peaks visible are due to exchange. It is evident that
physical exchanges occurred for each corresponding proton pair
with different configurations. A cross-signal at 4.46 ppm
correlated with H-5 was also clearly observed, implying the
existence of an exchangeable proton with the meso proton. There
is some evidence, from HMQC experiments, that no H-C
correlation was found for this proton, and this may be a 31-
hydroxyl proton. After the cross-peaks due to exchange were
identified, all other cross-signals can be analyzed in terms of
either intramolecular or intermolecular interactions. By com-
parison with the NOESY spectrum of monomeric [E,E]-BChl
cF in methanol-d4, a number of the cross-signals that can only
be interpreted by the intermolecular dipole couplings were
extracted and listed in Table 3. Clear NOE correlations observed
for 10-H/201-H and 10-H/21-H strongly suggest a piggy-back
(both molecules are in the same orientation with the upper side
of one facing the lower side of another24), rather than face-to-
face, configuration of the dimer.

To evaluate distances from the NOE data, a series of NOESY
spectra were recorded with various mixing time,τm. Figure 8
shows the integrated intensities of several selected cross-peaks
and a diagonal peak as a function ofτm. The mixing times giving
rise to maximum intensities of cross-peaks were found in the
range 0.2-0.4 s. Therefore, the relative cross-peak intensities
measured withτm ) 0.15 s can be used to obtain the quantitative
distance information with good accuracy on the basis of the
initial rate approximation.54 In this case, an internuclear distance,
rij, can be calculated from ther-6 dependence of NOEij by rij

) r0(NOE0/NOEij)1/6, where NOE0 is a measured NOE intensity
and corresponds to a known fixed internuclear distancer0. We
choose the average distance of an intramolecular proton pair,
5-H/71-H asr0 ) 2.89 Å and assume that this distance does not
change upon dimer formation. Then the intermolecular distances
between other proton groups were determined as shown in Table
3. These values were subsequently used as constraints in the
molecular mechanics calculation for constructing the [E,E]-BChl
cF dimer structure.

Determination of the Dimer Structure. The six intermo-
lecular distances determined from NOE experiments imposed
strong geometric restriction on the macrocycle configuration.
The final dimer structure was refined using the molecular
mechanics program MM+. Figure 9 shows two side views of
the dimer structure of macrocycles. The farnesyl side chain was
replaced by an ethyl group. The 10-proton of the top molecule
was located around the upper center between 21-H and 201-H
of the bottom molecule (Figure 9, top). Consistent with the X-ray
crystallographic result,30 the 201-methyl group was found to have
a large displacement above the macrocyclic mean plane and
therefore was closer to 10-H of the upper molecule compared
with the 21-methyl group. The two macrocyclic planes were
almost parallel with a separation of about 3.3 Å. From another
angle of the side view (Figure 9, bottom), one can see that the
181-methyl group of the upper molecule points toward the
periphery of the macrocycle of the lower molecule with
proximity to 31 and 71 protons, whereas the other 181-methyl
group of the lower molecule points away from the dimer moiety.
This piggy-back geometry can reasonably explain the asym-

Figure 4. 1H-13C HMQC spectrum of natural abundance (31R)-[E,E]-BChl cF (2 mM) in pure CCl4. For eacht1, 128 transients were recorded. The
long thin spots along 4.5 ppm of1H axis are due tot1 noise.
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metric behavior observed in the chemical shifts of 181-H, for
which the complexation shifts were 1.01 and-0.15 ppm,
respectively. According to the structure, the hydroxyethyl group
is arranged in such a way that the 31 proton lies on the same
level of the mean plane and the 31-hydroxyl group orients toward
the central Mg of the adjacent molecule as a ligand while the
32-methyl group points to the outside of the dimer. The
conformation accounts for the observed large complexation
shifts for the 31 proton (-3.01 and-3.69 ppm) and small
complexation shifts for 32 protons (-1.13 and-1.66 ppm).
Figure 10 shows a top view of the macrocycles. The overlapping
region covers full ring I and a small part of ring II and is much
larger than that calculated for the BChlided dimer. As a result,
whole 3-hydroxyethyl, 5-H, and 21-methyl groups fall inside
the macrocycle of the adjacent molecule, resulting in the
significant upfield shifts for these protons, whereas for each of
the 71- and 201-methyl pairs, one was located over the boundary
of the overlapping area and another located away from the area,
consistent with the observed shift behavior. Oxygen atoms of
the hydroxyethyl group were found in positions displaced from
the vertical about the central Mg of the neighboring molecule.
The angle between two Qy transition moments was measured
to be 26.1°.

Discussion

Two-dimensional NMR spectroscopy provides a complemen-
tary method to titration experiments and selective labeling by
chemical synthesis for the assignment of the complicated dimer
spectrum. H-C correlation is particularly useful for assigning
those protons with exactly overlapping1H chemical shifts. The

assignments of this study were also greatly facilitated by
comparison with the spectrum of authentic farnesyl acetate.
Overall, the proton chemical shifts determined for the intact
[E,E]-BChl cF dimer were in accordance with those for BChlide
d by Smith et al.24 but revealed more detail. Previously, only
one resonance was tentatively assigned for the 31-H at about
2.5 ppm in the BChlided dimer spectrum. We confirmed this
assignment by HMQC experiments and further definitely
identified another resonance at 3.21 ppm, which totally over-
lapped those of the side chain propionic protons. The latter
assignment is in good agreement with the calculated chemical
shift for a piggy-back conformation from the ring current model
that predicted a value of 3.5 ppm.24 Two hydroxyl protons have
not been identified in the previous experiment. An unassigned
peak at 4.46 ppm of this study was found in correlation with
5-H from the 2D exchange spectrum, and this proton appeared
not to bond with a carbon atom. Since the meso protons in
chlorophyll and related compounds are known to undergo
deuterium exchange with CH3OD in carbon tetrachloride
solution,47,55this peak may be assigned as one of the 31-hydroxyl
protons.

Notably all the resonances for the 132 protons in the dimer
spectrum have been precisely assigned. We are interested in
these protons because they are the most distant from ring I,
where the two pyrrole rings are apparently overlapping, and

TABLE 2: Assignments of 1H NMR Spectra of Intact
[E,E]-BChl cF

position CD3OD CCl4a
complexation

shift

5-CH 9.572 7.65, 6.68 -1.92,-2.89
10-CH 9.369 9.58, 9.52 0.21, 0.15
31-CH 6.215 3.21, 2.53 -3.01,-3.69
132-CH2 5.058 5.395 (J ) 18.6) 0.34

5.050 4.768 (J ) 18.2) -0.28
f2-CH 4.911 5.22, 5.06 0.31, 0.15
f6-CH 4.874 5.08, 4.88 0.21, 0.01
f10-CH 4.829 5.00, 4.85 0.17, 0.02
18-CH 4.511 4.80, 4.76 0.29, 0.25
f1-CH2 4.210 4.35 0.14
17-CH 4.018 4.63, 4.17 0.61, 0.15
121-CH2 3.931 3.99, 3.88 0.06,-0.05
201-CH3 3.714 4.12, 3.59 0.41,-0.12
81-CH2 3.650 3.99, 3.88 0.34, 0,23
21-CH3 3.232 1.20, 1.87 -2,03,-1.36
71-CH3 3.152 3.36, 2.98 0.21,-0.17
172-CH2 2.36 3.21, 2.98 0.85, 0.62

2.90, 2.81 0.54, 0.45
171-CH2 2.07 2.40, 2.34 0.34, 0.27

2.02, 2.00 0.05, 0.07
32-CH3 1.977 0.85, 0.32 -1.13,-1.66
f5-CH2 1.849 2.09, 1.87 0.24, 0.02
f4-CH2 1.788 2.04, 1.81 0.25, 0.02
122-CH3 1.777 1.94, 0.95 0.16,-0.82
f9-CH2 1.758 1.99, 1.80 0.23, 0.04
f8-CH2 1.704 1.92, 1.73 0.22, 0.03
82-CH3 1.604 2.01, 1.88 0.41, 0.28
f12-CH3 1.436 1.58, 1.46 0.14, 0.02
f3a-CH3 1.436 1.57, 1.52 0.13, 0.02
181-CH3 1.417 2.43, 1.27 1.01,-0.15

(J ) 5.7), (J ) 5.0)
f11a-CH3 1.368 1.54, 1.38 0.17, 0.01
f7a-CH3 1.327 1.52, 1.38 0.19, 0.05

a Coupling constants are in Hz.
Figure 5. DQF-COSY spectrum of natural abundance (31R)-[E,E]-
BChl cF (top) and1H-13C HMQC spectrum of partially13C-labeled
(31R)-[E,E]-BChl cF (bottom) in pure CCl4 used for the assignment of
132 protons. Both samples had a pigment concentration of 2 mM. From
the spectra, the geminal coupling constant was determined to be 18
Hz. 13C chemical shifts were assigned on the basis of distortionless
enhancement by polarization transfer (DEPT) experiment.41
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could be used as a sensitive probe for examining the ring current
effect. The two nonequivalent protons in each molecule became
much more distinguishable upon formation of dimer in CCl4

and resulted in two clearly separate chemical shifts with a
geminal coupling constant of 18 Hz (Figure 5). By analogy with
chlorophyll a and chlorophylla′,56 the downfield signal may
be assigned as the proton above the macrocyclic plane and the
other below the plane. In the dimer, the 132 protonsaboVe (or
below) the nodal planes gave exactly the identical chemical shift
for different molecules, indicating that the corresponding protons
in different molecules are in the same environment. These
protons are the only ones attached to the macrocycle, which
show one resonance in the dimer spectrum. It was not clear
before whether the change in the chemical shift of 132 protons
was a direct result of the influence from the adjacent molecules
as in the case for other protons. The result of this study indicates

that these protons are not affected by the ring current effect
from the neighboring macrocycles and that the chemical shifts
in the dimer spectrum reflect their intrinsic values of monomer,
as a result of the reduced molecular motion (due to increased
molecular weight and viscosity). The monomeric behavior of
the 132 protons may also be considered as evidence showing
that the 710 nm species in CCl4 are composed of uniform [E,E]-
BChl cF dimers, rather than large oligomers, in which there is
no essential macrocycle overlap on ring V.

Compared to the peripheral protons, few remarkable features
have been found in the complexation shifts of farnesyl protons.
Only f1 protons gave a single resonance in the dimer spectrum,
and this may be attributed to their distant position from the ring
overlap region as in the case of 132-CH2. This is in contrast
with the ester methyl protons of BChlided reported by Smith
et al.24 They found a pronounced difference between the two

Figure 6. NOESY spectrum of intact (31R)-[E,E]-BChl cF in pure CCl4 focused on upfield area (a) and downfield area (b) with a mixing time of
150 ms. For eacht1, 24 transients were recorded. Both diagonal and cross-peaks appeared as a negative phase. Several signals that can only be
interpreted by intermolecular dipole couplings are labeled with bold letters, whereas some signals that can be attributed to intramolecular dipole
couplings are labeled with plain letters.
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resonances in the dimer spectrum, one sharp signal with∆δ )
-0.06 ppm and another much broader signal with∆δ ) -0.62
ppm. The different spectral shapes and complexation shifts were
interpreted in terms of possible conformations of the propionic

side chain in comparison with the crystal structure, leading to
the conclusion that the ester chains in the two molecules adopt
different conformations upon formation of BChlided dimer.
Considering the difference of chain length between methyl and
farnesyl groups, the side chain of the [E,E]-BChl cF dimer may
adopt a different conformation from that of BChlided dimer,
and this could be confirmed by examining the complexation
shifts of other farnesyl protons. Two resonances were observed
for each of the other farnesyl protons with small downfield
shifts, suggesting that the whole farnesyl side chain is not fully
extended in the solution but rather adopts some conformation
with most of its length close to the dimer core. This is somewhat
similar to the situation reported for the BChlided dimer in which
an intermolecular hydrogen bond was assumed between the
carbonyl of the lower molecule and the hydroxyl of the upper
molecule with the propionic side chain folded back over the
parent molecule.24 However, any conformation adopted by the
farnesyl chainoVer the macrocyclic plane seems unlikely
because in this case substantial upfield shifts could be expected
for some of the farnesyl protons. Since we do not know the
conformation of farnesyl chain in monomeric [E,E]-BChl cF,
our explanation at this stage is that the farnesyl side chain in
the dimer may adopt a folding-back conformation with most of
the tail part fluctuating around the periphery of the macrocycle
in a restricted motion and the f1 methylene being positioned
just at the folding point.

The NOESY pulse sequence used in this study actually
measures cross-relaxation from two origins: dipolar coupling
and exchange. Both of them are present in this system. The
ROESY results indicate that BChlc molecules in the dimer
experience a physical interchange between the two molecules
with different configurations, i.e., the molecule at configuration
A exchanges with another molecule (within the dimer or in
another dimer) at configuration B. As we have identified those

Figure 7. Negative-phase contour plot of ROESY spectrum of intact (31R)-[E,E]-BChl cF in pure CCl4 with a spin-lock time of 200 ms. For each
t1, 24 transients were recorded. The cross signals marked by circles were attributed to exchange between the nonequavalent protons rather than due
to the NOE.

TABLE 3: Estimated Distances between Intermolecular
Protons

Hi Hj distance (Å)

10 201 2.69
21 3.58

201 5 3.76
71 2.96

181 31 3.15
71 3.68

Figure 8. Variations of the integrated intensities of several selected
peaks in the NOESY spectra as a function of mixing time. Only the
dashed curve refers to the right scale. Open symbols represent the
intensities of cross-peaks: 201/71(b) at 3.36/4.12 ppm; 201/71(a) at 2.98/
3.59 ppm; 10/201 at 3.59/9.52 ppm; 5/32(b) at 0.32/6.68 ppm and 5/32(a)
at 0.85/7.65 ppm; 10/21 at 1.20/9.52 ppm where the first chemical shift
is for t2 axis and second is fort1 axis. Closed circles represent the
intensities of the diagonal peaks of 5(a)/5(a) at 6.68/6.68 ppm.
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signals due to exchange, an estimation of the exchange rate may
be made from the intensities of NOESY signals. For a simple
two-site exchange between two uncoupled systems of spinsA
and B, if we assume equal populations and spin-lattice
relaxation timeT1,A ) T1,B ) T1, then the exchange rate constant,
k ) kAB + kBA, can be calculated using the intensities of diagonal
peaks (IAA, IBB) and cross-peaks (IAB, IBA) as follows:57

wherer ) (IAA + IBB)/(IAB + IBA). Applying the equation to the
NOESY data of [E,E]-BChl cF in CCl4 yielded k ) 1.8-1.9

s-1 over a range ofτm ) 0.075-1.0 s. The extremely small
exchange rate constant is not surprising in view of the reduced
molecular motion resulting from the formation of dimer and
the increased viscosity of CCl4 (viscosity ratioη(CCl4)/η(CH3-
OH) ) 1.59 at 20°C). The two sets of well-resolved resonances
and negative NOE effects observed in the [E,E]-BChl cF dimer
spectra were also a consequence of the slow exchange.

The complete assignment of all the peripheral proton reso-
nances together with quantitative NOE measurements provides
unambiguous evidence for the macrocyclic geometry. The strong
intermolecular NOE signals observed for 10-H/201-H and 10-
H/21-H pairs immediately excluded the face-to-face configura-

Figure 9. Side views of the BChlc dimer structure with an antiparallel piggy-back conformation. The energy-minimized structure was obtained
by molecular mechanics calculation with six intermolecular distances determined from NOESY experiment as constraints. Farnesyl side chain was
replaced by an ethyl group. Pseudoatoms (white diamonds) were introduced in the methyl groups for representing the average positions of the three
protons. Part a, top, shows that the 10-proton of upper molecule (red) is in close to the 21- and 201-protons of the lower molecule (green). Part b,
bottom, shows the conformation of the 3-hydroxyethyl group of the lower molecule and the close distances between 181-protons of the upper
molecule and the 31- and 71-protons of the lower molecule. Note that the 181-methyl of the lower molecule points downward.

k ) 1
τm

ln
r + 1
r - 1

(1)

3750 J. Phys. Chem. B, Vol. 103, No. 18, 1999 Wang et al.



tion and led to an antiparallel piggy-back dimer conformation.
This is in agreement with the conclusion reached by ring current
calculation that the piggy-back model best satisfied the NMR
data for the BChlided dimer structure in solution, even though
the face-to-face arrangement was shown to be also computa-
tionally compatible with the observed shifts.24 The dimer
structure determined for BChlc showed plane-to-plane distances
of 3.2-3.4 Å, indicating a close interaction between the two
macrocyclic planes. Kratky and Dunitz reported a similar value
of about 3.6 Å from X-ray crystallographic data for methyl
chlorophyllide dihydrate with one-dimensional stacks of partially
overlapped rings.58 Calculation from the ring current model by
Smith et al. also gave an average separation of about 3.5 Å
between the parallel planes for BChlided dimer.24 Owing to
the large overlap determined between the macrocycles, the
hydroxyethyl groups were found to be put over ring III of the
adjacent molecules with the oxygen atom apart from a position
along the perpendicular direction through the central Mg (Figure
10). This is in contrast to the crystallographic results for the
chlorophyll derivatives in which the oxygen atom of a water
molecule is coordinated to the Mg atom in an almost vertical
direction.58,59The difference in coordination may be interpreted
in terms of the differences between a water molecule and the
macrocycle-attached hydroxyethyl group for which large con-
formational restrictions could be expected. The Mg‚‚‚O distances
were measured to be about 2.9 Å, similar to that estimated for
the BChlided dimer. The configuration of the hydroxyethyl
groups, with dihedral angles to chlorin planes (OCCC) of 45°
and 70°, is demonstrated to best fit the spatial environment for
theR-type [E,E]-BChl cF dimer. This may explain the chirality

dependence of the aggregation behavior observed for various
BChl c and BChld homologues. It has become clear thatS-type
Mg-BChl c and S-type Mg-BChl d fail to form stable 710
nm species in solution. Instead, they form larger heterogeneous
aggregates with Qy absorption maxima of>740 nm.11,18Because
the positions of 32-methyl and 31-H are reversed for the
S-configuration (see Figure 9, bottom), an antiparallel piggy-
back conformation would lead to either of two consequences:
(A) considerable steric congestion between the 32-methyl and
5-H in the same molecule and between 32-methyl and 181-
methyl of the adjacent molecule if the hydroxyl group remains
at the same position as shown in Figure 9b; (B) an increase in
the Mg‚‚‚O distance if the dihedral angle (OCCC) rotates to
make the 32-methyl group point outward from the dimer.
Obviously, either situation could destabilize the dimer structure.
This implies that if a structural unit ofS-BChl c andS-BChl d
aggregates exists, it might adopt a different conformation from
the antiparallel piggy-back structure. The stereochemical infer-
ence has been supported by a recent result on zinc bacterio-
pheophorbidesd.60

Finally, we consider possible relationships among the 680,
710, and 740 nm species. From the results of this study along
with those from13C and15N NMR41 and small-angle neutron
scattering experiments,27 the 710-nm-rich species is obviously
predominated by BChlc dimer with individual molecules
exchanging their configurations between each other. As a result,
the 680 nm species may be explained as an intermediate product
of the exchange between monomer (668 nm) and dimer (710
nm). Additional evidence supports such an interpretation: (1)
the 680 and 710 nm components almost always appear together
in absorption spectra and the 680-nm-rich species cannot be
obtained at high concentration; (2) the 680 nm component seems
to be CD-inactive; (3) the 680-nm-rich species gives featureless
1H NMR spectrum with very low signal-to-noise ratio, probably
due to fast exchange. So far, the 710 nm species has been
thought to be too stable to associate with each other to form
higher aggregates. However, under certain conditions, formation
of the 740 nm species can be observed from a system containing
710-nm-rich species. Figure 11 shows the time variation of

Figure 10. Top view of the BChlc dimer showing the overlap of the
macrocycles. The structure is the same as in Figure 9. Hydroxyethyl
groups and 5-protons fall entirely within the macrocycle of the adjacent
molecule. Magnesium and hydroxyl oxygen atoms are blue and yellow,
respectively.

Figure 11. Time variation of absorption spectra of the intact (31R)-
[E,E]-BChl cF in pure CCl4 during a drying process. The spectra were
measured by a time-resolved multichannel photodiode array detector
(MCPD-2000, Otsuka Electronics, Japan) with a minimum sampling
time of 0.56 s and wavelength resolution of 1 nm. Sample solution of
50 µL (0.7 mM) was placed on an open, flat quartz cell (10 mm× 20
mm × 10 mm) to allow evaporation of the solvent at a natural rate at
room temperature. Incident light was led from the light source by an
optical fiber (12 mm i.d. and 1 m length) to the cell top, and the
spectrometer was attached to the cell-bottom face. The spectra plotted
in the figure were collected at 0, 5, 10, 15, 23, 30, and 33 s after the
spectrum started to change. The arrows show the direction of the
change.
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absorption spectra obtained from a drying process ofR-type
[E,E]-BChl cF in CCl4 (for experimental details, see figure
caption). A clear isosbestic point can be seen between the 710
and 741 nm absorption maxima, indicating a conversion from
a 710 nm species to a 740 nm species upon depletion of the
solvent. The conversion might be accompanied by a confor-
mational change of molecules in the dimer, which needs to be
confirmed, but any significant change would involve a much
higher energy process and is considered to be difficult in view
of the extremely high stability of the dimer. A better explanation
may be that the 740 nm species ofR-type [E,E]-BChl cF could
be made up by the 710 nm species as a building unit with the
conformation proposed in this study, but the association of 710
nm dimers to higher aggregates probably involves a different
type of interaction responsible for holding a number of the
dimers together; the interaction is considered to be much weaker
than that in the dimer. Although several models have been
proposed, the structure of the 740 nm species is still little known
because of lack of convincing experimental results, and
controversy still remains over the orientation and stacking form
of the pigment molecules in the aggregates.10,22,23This situation
may be attributed to the heterogeneous nature of the 740 nm
samples formed in vitro, as can be judged from the broadness
of the Qy absorption band and by the fact that there are no
diffractions observed from the samples prepared by the usual
hexane treatment (data not shown). To obtain more detailed
information on the structure of the 740 nm species, structurally
homogeneous and highly ordered samples are thought to be a
prerequisite, and as an essential step, the formation process of
bothR- andS-type 740 nm species needs to be well controlled
and thoroughly investigated. Several such experiments are
currently in progress in this laboratory.
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Glossary

BChl bacteriochlorophyll

BChlide bacteriochlorophyllide

Chl chlorophyll

DQF-COSY double quantum filtered correlation spectroscopy

NOE nuclear Overhauser effect

NOESY nuclear Overhauser enhancement and exchange

ROESY rotating frame nuclear Overhauser effect

HMQC heteronuclear multiple-quantum coherence
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