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ABSTRACT: The stacking of the bacteriochlorophyll (BChl) c macrocycles and the role of water in forming
an aggregate sheet, in chlorosome, were examined by means of 13C NMR spectroscopy, the measurement
of the X-ray diffraction pattern, and 25Mg NMR spectroscopy. (1) The stacking of the macrocycles, i.e.,
weakly overlapped dimers forming displaced layers, was selected out of six different kinds of stacking so
far identified in the aggregates of isomeric BChl c in solution and in the solid aggregate of an isomeric
mixture of BChl c extracted from Chlorobium limicola. The selection was based on the comparison of
the intermolecular 13C · · · 13C magnetic-dipole correlations with the nearest-neighbor carbon-to-carbon close
contacts simulated for the above six different stackings. It has turned out that the stacking of the macrocycles
in chlorosome is basically the same as that in the in Vitro solid aggregate. (2) The crucial role of water
in stabilizing the aggregate structure in chlorosome was shown by tracing the dehydration processes and
by comparison with the solid aggregate using the X-ray diffraction pattern. Possible binding sites of water
molecules were located, by structural simulation, based on the particular stacking structure. (3) The dimer-
based stacking of the macrocycles was evidenced by 25Mg NMR spectroscopy, which exhibited a pair of
signals showing different quadrupole coupling, due to the presence or absence of a water molecule in the
axial position.

Green sulfur and non-sulfur bacteria have a unique antenna
complex called “chlorosome”, which mainly consists of a
self-assembly of bacteriochlorophyll (BChl)1 c and plays the
important functions of light-harvesting and photoprotection
(see refs 1-4for reviews). It has been generally accepted
that “the rod elements” forming cylindrical aggregates of
BChl c were enveloped in a lipid monolayer in chlorosome.
Historically, this picture of chlorosome was developed as
follows: Chlorosome was first identified by electron micros-
copy of thin sections of the cells (5), and a more detailed
structural analysis of negatively stained freeze-fractured

samples was performed (6). The “rod” structures extending
in parallel along the long axis of chlorosome were demon-
strated in Chlorobium limicola (7). “A rod structure” coming
out from the chlorosome envelope that was punctured by
osmotic shock was photographed, and a more detailed model
was built for the inside structure of chlorosome (8). However,
the correlation between the morphological rod structure and
the cylindrical aggregate of the BChl c molecules is still an
open question.

Recently, the above picture of chlorosome was challenged,
and a model of undulating lamella was proposed, instead
(9). Importantly, electron micrographs and low-angle X-ray
diffraction exhibited a key diffraction at ∼20 Å in chlo-
rosome that were embedded in vitreous ice. However, the
correlation between the morphological lamellar structure and
the aggregate structure of BChl c has not been determined
yet. Most recently, the long-range organization of BChl c
aggregate in chlorosome from Chlorobium tepidum was
investigated by cryoelectron microscopy (10). Interestingly,
end-on views revealed that the chlorosome was composed
of various multilayer tubes with some locally undulating
nontubular lamella in between. A schematic model for the
long-range organization of the BChl c layers that has been
presented strongly suggested that “a self-assembly of BChl
c forming a sheet-like structure” could be actually the basic
structure of aggregate in chlorosome (11).
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Now, we focus our attention on the short-range organiza-
tion of the BChl c molecules to form an aggregate layer;
Figure 1 presents six different stackings of macrocycles that
we have identified so far by NMR spectroscopy. With respect
to the long axis of a stacked column of macrocycles, the
farnesyl side chains extend on one side in the monomer-
based stacking of macrocycles, whereas they extend on both
sides in the dimer-based stacking (see Scheme 1 for the
chemical structure of BChl c). In both cases, the side chains
taking various conformations prevent regular assembly of
the columns to form a three-dimensional crystal structure;
therefore, the assembly of the BChl c molecules is considered
to be two-dimensional in nature.

To determine the assembly of BChl c molecules, 13C cross-
polarization/magic-angle-spinning (CP/MAS) nuclear mag-
netic resonance (NMR) spectroscopy played a most important
role, and both the dimer-based stacking and the monomer-
based stacking have been proposed based on the observed
aggregation shifts and the simulated ring-current effects.

Nozawa et al. (12) measured the 13C CP/MAS NMR spectra
of the intact chlorosome and the in Vitro aggregate of
extracted BChl c and concluded that the assemblies of the
BChl c molecules were basically the same between them.
They proposed a dimer-based stacking called “a direct ring
overlap model” (13).

Holzwarth and Schaffner (14) examined the aggregate
structure of methyl (31R)-bacteriochlorophyllide d by mo-
lecular modeling and proposed a monomeric stacking,
instead. Balaban et al. (15) measured the 2D radiofrequency-
driven dipolar-recoupling (RFDR) spectra and concluded that
the 2D response of BChl c in the intact chlorosome is
virtually indistinguishable from that of the in Vitro aggregate.
They also proposed a monomer-based stacking based on the
high-field shifts of the C21, C3, C32, C5, C121, C13, and
C131 resonances (see Scheme 1 for the typification of carbon
atoms). van Rossum et al. (16) applied high-field hetero-
nuclear 2D and 3D MAS NMR dipolar correlation spec-
troscopies to 13C-enriched chlorosome to determine the 1H
chemical shifts; based on the high-field shifts around the
peripheral part not only around ring I but also around rings
III/V, they concluded a monomer-based stacking.

However, Wang et al. (17, 18) concluded that the high-
field shifts may not be due to the ring-current effects but
due to the hydrogen bonding based on the detailed analysis
of the relevant signals in the piggyback dimer of (31R)-8-
ethyl-12-ethyl bacteriochlorophyll cF (R[E,E]) in CCl4 solu-
tion, supporting the dimer-based stacking.

Since the determination of the assembly of the BChl c
molecules by the use of the aggregation shifts (ring-current
effects) of the 13C and 1H signals turned out to be contradic-
tory, we have decided to take a completely different
approach, i.e., the determination of the stacking of macro-
cycles by comparison of the observed intermolecular
13C · · · 13C magnetic-dipole correlations with the simulated
nearest-neighbor carbon-to-carbon close contacts based on
various stackings that have been identified by 1H and 13C

FIGURE 1: Schematic presentation for the various stackings of macrocycles we have identified in the previous investigations (see text). They
can be classified into three different categories: “weakly overlapped monomers” forming (a) structure 1 and (b) structure 2, “strongly
overlapped dimers” forming (c) straight and (d) inclined columns, and “weakly overlapped dimers” forming (e) aligned and (f) displaced
layers. Each part of the BChl c molecule (see Scheme 1 for the chemical structure) is shown by the use of symbols: rectangle (the macrocycle),
bent arrow (the hydroxyethyl group coordinating to the Mg atom), dO (the keto-carbonyl group), and small triangle (the root of the
farnesyl side chain). When viewed from the direction shown by an arrow in Scheme 1, those parts at the front are left open, whereas those
parts at the back are shadowed or painted.

Scheme 1
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NMR spectroscopy of in Vitro aggregates. The isotope
dilution method is the most reliable method to extract the
intermolecular 13C · · · 13C magnetic-dipole correlation peaks
out of a mixture of intramolecular and intermolecular
correlation peaks in 2D magnetic-dipole correlation spectra;
upon dilution of [13C]BChl c from 100% to 50%, the
intramolecular correlation peaks should decrease in intensity
into 1/2, whereas the intermolecular correlation peaks should
decrease in intensity into 1/4.

In a previous investigation, we have actually determined,
by the use of this method, the assembly of BChl c in the in
Vitro solid aggregate of an isomeric mixture extracted from
Chl. limicola (hereafter, we will call this sample simply
“solid aggregate”) (19). We found a unique stacking of
macrocycles, as shown in Figure 1f, which we call “weakly
overlapped dimers forming displaced layers”. It consisted
of (i) the dimer-based stacking, (ii) the pseudo-monomer-
based stacking of structure 1 type, and (iii) the pseudo-
monomer-based stacking of structure 2 type (see Figure 7
of ref 19).

To apply this method to chlorosome, it was necessary to
develop a technique to reassemble chlorosome, because the
BChl c aggregates are enVeloped in the lipid monolayer. We
extracted two different pigment components from the cells
that were grown in the 13C and 12C media and mixed them
in a 1:1 ratio to assemble the chlorosome containing 50%
[13C]BChl c. The reassembled chlorosome was characterized
to have similar but longer morphological structure, almost
the same pigment assembly in the aggregate, and basically
the same excited-state dynamics (20).

In the present investigation, we first applied a 13C CP/
MAS NMR technique called dipolar-assisted rotational
resonance (DARR) to the reassembled chlorosome containing
[13C]BChl c and [12C]BChl c in a 1:1 ratio to extract the
intermolecular 13C · · · 13C magnetic-dipole correlations. Then,
we compared the resultant magnetic-dipole correlations to
the carbon-to-carbon close contacts simulated for a set of
stackings of macrocycles so far identified. Second, we
compared the X-ray diffraction pattern between chlorosome
and solid aggregate to find difference in stacking of mac-
rocycles, if any, and the structural role of water molecules.
Finally, we applied recently developed 25Mg NMR spec-
troscopy to chlorosome and solid aggregate to probe the
electric-field gradient on the central Mg atom of macrocycle.

We have addressed the following four specific questions:
(1) Does the aggregate structure in chlorosome consist of
the monomer-based stacking or the dimer-based stacking?
(2) What is the relation in the stacking of macrocycles
between chlorosome and solid aggregate? (3) What is the
specific role of water molecules in the aggregate structure
in chlorosome? (4) What is the relevance of the overall
aggregate structure in chlorosome to its physiological
functions?

MATERIALS AND METHODS

Sample Preparations. The cells of Chl. limicola f. sp.
thiosulfatophilum, of natural-abundance and 13C-enriched
isotopic composition, were grown anaerobically at 27 °C in
dim light in the medium of Wahlund et al. (21), the details
of which were described previously (19). Two kinds of
reassembled chlorosome, i.e., one consisting of 13C-enriched

components only (“100% [13C]BChl c”) and the other
consisting of a 1:1 mixture of the 13C-enriched component
and the component with the natural-abundance isotopic
composition (“50% [13C]BChl c”), were prepared by the use
of the same method as described previously (20).

NMR Measurements. (A) 13C NMR. All of the spectra were
recorded on a JEOL ECA600 NMR spectrometer with a
magnetic field of 14.096 T. A double resonance MAS probe
equipped with a 4.0 mm o.d. rotor was used, which was tuned
to 1H and 13C frequency at 600.17 and 150.9 MHz,
respectively. The DARR technique (22) was used to obtain
a set of spectra to determine the 13C magnetic-dipole
correlations. The spinning frequency of MAS was 10 kHz,
the contact time was 2.0 ms, the mixing times were 50, 100,
and 200 ms, and the data accumulation time was 17 h. The
temperature of each sample was estimated to be around 30
°C. Each sample suspension was carefully sealed in the rotor
to minimize the loss of water during MAS.

(B) 25Mg NMR. Measurements of unlabeled chlorosome
and solid aggregate were conducted on a JEOL ECA930
spectrometer under a magnetic field of 21.830 T where the
25Mg resonance frequency was 56.897 MHz. A single-
resonance MAS probe equipped with a 4.0 mm o.d. rotor
was used, and the spinning frequency of MAS was 13 kHz.
The signals were accumulated for 80 h in chlorosome and
for 10 h in solid aggregate by using a single-pulse sequence
with careful attention for the loss of water.

Model Building. Models of the aggregate of BChl c
molecules were built by arranging a repeating unit, i.e., a
monomer or a piggyback dimer, by the use of basically the
same protocol described in ref 19.

RESULTS AND DISCUSSION

Stacking of Macrocycles As Determined by Intermolecular
13C · · · 13C Magnetic-Dipole Correlations. (A) Stackings of
Macrocycles So Far Identified. Figure 1 schematically
presents various types of stacking of macrocycles we have
identified in the previous investigations. The stackings
include the monomer-based stacking and the dimer-based
stacking, and they can be classified into three different
categories: “weakly overlapped monomers” forming (a)
structure 1 and (b) structure 2, “strongly overlapped dimers”
forming (c) straight and (d) inclined columns, and “weakly
overlapped dimers” forming (e) aligned and (f) displaced
layers. Stackings (a)-(e) have been identified by high-
resolution NMR spectroscopy of the lower aggregates of
isolated BChl c isomers in solution (23-27), and stacking
(f) by 13C CP/MAS dipolar correlation spectroscopy of a solid
aggregate of an isomeric mixture of BChl c (“solid ag-
gregate”) (19), the details of which will be described below.

Weakly overlapped monomers of BChl c forming staircase-
like inclined columns, which extend to the opposite directions
((a) structure 1 and (b) structure 2), were found by high-
resolution NMR spectroscopy of (31S)-8-isobutyl-12-ethyl
bacteriochlorophyll cF (S[I,E]) in a 1:3 mixture of methylene
chloride and carbon tetrachloride by the use of the 1H and
13C aggregation shifts and the 1H-1H intermolecular nuclear
Overhauser effect (NOE) correlations (23, 24). (c) Strongly
overlapped dimers forming straight columns were identified
by high-resolution NMR spectroscopy of R[E,E] in chloro-
form by the use of the 1H and 13C aggregation shifts and the

76 Biochemistry, Vol. 48, No. 1, 2009 Kakitani et al.
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1H-1H intermolecular NOE correlations (25). (d) Strongly
overlapped dimers forming inclined columns were also
identified in the same type of suspension by the use of the
1H and 13C aggregation shifts (25, 26). (e) Weakly overlapped
dimers forming a staircase-like inclined column with aligned
layers were identified by high-resolution NMR spectroscopy
of (31R)-8-propyl-12-ethyl bacteriochlorophyll cF (R[P,E])
in a mixture of methylene chloride and cyclohexane (1:14)
by the use of the 1H and 13C aggregation shifts (27). (f)
Weakly overlapped dimers forming a staircase-like inclined
column with displaced layers were found by 13C CP/MAS
NMR spectroscopy of solid aggregate consisting of an
isomeric mixture of BChl c extracted from Chl. limicola by
the use of intermolecular 13C · · · 13C magnetic-dipole correla-
tions extracted from the proton-driven spin-diffusion spectra
(19).

(B) Extraction of Intermolecular Correlation Peaks. Figure
S1 (in Supporting Information) shows the DARR spectrum
of reassembled chlorosome (100% [13C]BChl c; mixing time
100 ms); the assignment of the 13C signals concerning the
macrocycle and farnesyl side chain, which was determined
by the use of an RFDR spectrum, is also indicated. The peak
trains along the inclined lines are due to the side bands of
MAS.

Figure 2 shows a set of DARR spectra that were recorded
with mixing times of 50, 100, and 200 ms. Each pair of
symmetrized spectra, in the form of triangles, consists of
one for 100% [13C]BChl c (top left) and the other for 50%
[13C]BChl c (bottom right). The intermolecular 13C · · · 13C
dipolar correlation peaks, whose intensity decreases to ∼1/4

on going from 100% to 50%, are indicated by red solid
circles for the macrocycle and by red broken circles for the
farnesyl side chain. Table 1 lists these intermolecular
13C · · · 13C correlation peaks for the different mixing times
thus extracted from the sets of DARR spectra. The numbers
of observed correlation peaks at 50, 100, and 200 ms were
12, 15, and 15, respectively. Those carbon atoms exhibiting
the intermolecular correlation peaks are indicated in Scheme
1 in red solid and broken circles for the macrocycle and
farnesyl side chain, respectively. All of the observed carbon
atoms are equally distributed around the macrocycle, a fact
which supports reliable structural assessment.

(C) Selection of the Most Plausible Stacking of Macro-
cycles. Figure 3 compares, in the atomic number presentation,
the observed intermolecular 13C · · · 13C magnetic-dipole cor-
relations and the simulated nearest-neighbor carbon-to-carbon
close contacts based on the six different stackings of
macrocycles (see Figure 1). Table 2 summarizes the scores
of agreement (in %) that are defined as the number of
correctly predicted correlation peaks divided by the total
number of the observed correlation peaks. The most plausible
stacking has been selected as described below.

Weakly overlapped monomers forming either (a) structure
1 or (b) structure 2 stacking do not explain the observed
correlation peaks in the diagonal region at all and explain
those in the off-diagonal region only partially. The averaged
scores of agreement are as low as 42% and 45% for (a)
structure 1 and (b) structure 2, respectively.

(c) Strongly overlapped dimers forming straight columns
explain the observed correlation peaks much better. As shown
in Figure 1, this model contains the stacked pairs of
macrocycles in parallel and in the same direction and,

therefore, predicts such a large number of close contacts in
the diagonal region; as a result, it gives rise to such a high
averaged score of agreement, 74%. However, this stacking

FIGURE 2: DARR spectra of reassembled chlorosome containing
100% [13C]BChl c (each top-left triangle) and 50% [13C]BChl c
(each bottom-right triangle) recorded with mixing times of 50, 100,
and 200 ms (each spectrum was symmetrized). The intermolecular
13C · · · 13C magnetic-dipole correlation peaks, whose intensities
decreased into ∼1/4 on going from 100% to 50% [13C]BChl c, are
shown in red solid and red broken circles for the macrocycle and
the farnesyl side chain, respectively. The correlation peaks thus
identified are listed in Table 1.

Stacking of BChl c Macrocycles in Chlorosome Biochemistry, Vol. 48, No. 1, 2009 77
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gives rise to very severe collisions between the pair of side
chains (not shown); therefore, the construction of this
stacking was not practical at all. (d) Strongly overlapped
dimers forming inclined columns nicely predict most of the
observed correlation peaks, except for those in the central
part of this particular presentation. The averaged score of
agreement is as high as 68%.

(e) Weakly overlapped dimers forming aligned layers do
not explain the observed correlation peaks so well; many
peaks in the diagonal and off-diagonal regions are left
unexplained. The averaged score of agreement is as low as
51%. (f) Weakly overlapped dimers forming displaced layers,
whose stacking motif was first found in solid aggregate (19),
explain best the observed correlation peaks and exhibit the
highest averaged score of agreement, i.e., 84%. Table 2
shows that the score of agreement at the mixing time of 200
ms for this particular stacking (f), i.e., 90%, is much higher
than those for other stackings (a)-(e), i.e., 40-70%.

In conclusion, the stacking of (f) “weakly overlapped
dimers forming displaced layers” is selected as the most
plausible stacking, which explains best the observed inter-
molecular 13C · · · 13C magnetic-dipole correlations.

Difference in Stacked Structures in Chlorosome and in
Solid Aggregate Probed by X-Ray Diffraction. (A) Crucial
Role of Water for the Integrity of the Chlorosome Structure.

Figure 4 compares the X-ray diffraction patterns for intact
and reassembled chlorosomes (the top two), solid aggregate
(the bottom), and during the processes of dehydration in
chlorosome (in between). The X-ray diffraction of chlo-
rosome was measured, while keeping the humidity, by
placing a wet sample mounted on a ground glass and a tiny
water bottle in a housing equipped with a Teflon lid and
window (20). The X-ray diffraction pattern of chlorosome
is well structured and gives rise to a set of multiple diffraction
peaks, whereas that of solid aggregate exhibits only a pair
of major broad profiles. In particular, the lowest angle
diffraction peak at 23.8 Å uniquely appears in chlorosome.

When chlorosome was partially dehydrated, the diffraction
peak at 3.5 Å decreases in intensity relative to that at 4.5 Å,
and the diffraction peak at 23.8 Å shifts to 22.8 Å. When
chlorosome was freeze-dried, the 3.5 Å diffraction peak
disappeared completely, the 23.8 Å peak shifted even down
to 21.6 Å, and the 2.2 Å peak shifted to 2.1 Å, decreasing
its intensity. When the sample was completely dehydrated
by evacuating by a pump, the diffraction pattern became

indistinguishable from that of solid aggregate. The above
series of changes in the X-ray diffraction pattern indicate
that the stacking structure in chlorosome can transform into
that in the solid aggregate by the complete removal of water.
Therefore, the peaks at 23.8, 3.5, and 2.2 Å in intact
chlorosome can be correlated with the binding of water
molecule(s) to the same stacking of macrocycles as in solid
aggregate. At an early stage of dehydration, a reverse change
was observed by addition of water; however, we are still
unable to transform the stacking structure in solid aggregate
into that in chlorosome by incubating with water.

Most importantly, we have found that the presence of
water is crucial for the integrity of the stacked structure in
chlorosome.

(B) Dependence of the Calculated X-Ray Diffraction
Pattern on the Stacking Structure and Selection of the Most
Plausible Stacking of Macrocycles. Figure 5 reproduces the
six different types of stacking of macrocycles shown in
Figure 1. In each stacking, the size and shape of each
asymmetric unit (circled by dotted line) and its arrangement
specified by the distances along the a and b axes are uniquely
determined. The X-ray diffraction patterns were calculated
based on the set of regular two-dimensional arrangement,
the results of which are presented in Figure 6 (the bottom
six sets of diffraction lines). The calculated diffraction
patterns can be characterized as follows.

(i) The region where the calculated diffraction peaks
appear depends on the size of the asymmetric unit: It is the
smallest in the monomer-based stacking, (a) and (b), where
a single BChl c molecule constitutes the asymmetric unit; it
is medium in the dimer-based stacking, (d), (e), and (f),
where a single piggyback dimer constitutes the asymmetric
unit; it is the largest in another dimer-based stacking, (c),
where a pair of stacked piggyback dimers constitutes the
asymmetric unit.

(ii) When we focus our attention on the skeleton of
macrocycle, their arrangements in weakly overlapped mono-
mers, (a) and (b), are the same, and therefore, they give rise
to the same diffraction pattern. By the same token, weakly
overlapped dimers, (e) and (f), give rise to basically the same
diffraction pattern.

(iii) As far as the regular two-dimensional arrangement
is assumed, the lowest angle diffraction peak at 23.8 Å can
never be explained. This diffraction peak is ascribable to a
completely different origin.

Figure 6 (the top two) presents the observed diffraction
peaks in chlorosome and in solid aggregate. In chlorosome,
we observed no clear diffraction peaks around 14 Å at all
(see Figure 4). However, the X-ray diffraction is not zero in
this particular region. We found that the stacking structures
probed by the intermolecular 13C · · · 13C correlations are the
same between chlorosome and solid aggregate; actually, the
14.1 Å diffraction is explained by the distance between the
stacked columns of the same type of macrocycles (see Figure
7a). Therefore, we can safely assume the presence of such a
diffraction peak in this particular region.

Now, we are going to select the most plausible stacking
based on comparison between the observed and calculated
diffraction patterns (see Figure 6). At the first glance, we
notice that the observed diffraction patterns are nicely
predicted by the stackings, i.e., weakly overlapped dimers
forming either (e) aligned layers or (f) displaced layers.

Table 1: Intermolecular 13C · · · 13C Dipolar Correlation Peaks Identified
in the DARR Spectra Recorded at Different Mixing Times

50 ms 100 ms 200 ms

1/6 1/31 1/7
(3 or 12)/132 1/4 1/71

31/131 1/5 1/8
6/(15 or 20) (3 or 12)/132 2/16
7/132 (3 or 12)/14 (3 or 12)/14
71/10 (3 or 12)/173 (3 or 12)/(17 or 18)
71/132 31/10 31/81

71/(15 or 20) 5/7 71/10
(9 or 11)/(17 or 18) 6/71 71/14
131/(17 or 18) 71/10 71/173

14/173 71/14 8/173

F1/F11 71/(17 or 18) 13/(17 or 18)
14/173 F1/F7
F1/F7 F1/F11
F1/F11 F2/F3

78 Biochemistry, Vol. 48, No. 1, 2009 Kakitani et al.
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Therefore, these stackings can be proposed as the most
plausible stackings. (The origins of typical calculated dif-

fraction peaks are depicted in Figure 7a by the use of the
stacking (f) as an example.) On the contrary, the monomer-

FIGURE 3: Comparison between the observed intermolecular 13C · · · 13C magnetic-dipole correlation peaks and the nearest-neighbor carbon-
to-carbon close contacts simulated for the various stackings of macrocycles that are shown in Figure 1. The observed correlation peaks are
classified by mixing times in color: 50 ms (yellow), 100 ms (blue), 200 ms (red), 50 and 100 ms (green), and 100 and 200 ms (magenta).
The simulated carbon-to-carbon close contacts are classified by interatomic distances (r) in different symbols: r e 4 Å (filled circle), 4 <
r e 5 Å (open double circle), and 5 < r e 6 Å (open single circle). The scores of agreement are listed in Table 2.
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based stacking, (a) structure 1 or (b) structure 2, or (d)
strongly overlapped dimers forming inclined columns exhibit
no diffraction peaks around 14 Å. (c) Strongly overlapped
dimers forming straight columns predict an additional
diffraction peak as high as at 18.0 Å contradictory to the
observation.

(C) Location of the Binding Sites of Water Molecules in
Chlorosome. Searching for the binding pockets of water
molecules based on the plausible stacking of macrocycles,
i.e., (f) weakly overlapped dimers forming displaced layers
(selected by both the intermolecular 13C · · · 13C magnetic-
dipole correlations and the X-ray diffraction pattern), leads
us to find two pairs of binding pockets (see Figure 7b), i.e.,
one around the pair of hydroxyethyl oxygen atoms (shown
in orange) and the other around the keto-carbonyl oxygen
atoms (magenta). (It is to be noted that each colored circle
stands for a pair of water molecules in this figure.) Figure 8
shows the two possible pairs of bound water molecules in

the atomic-structure presentation. The model building sug-
gests that the water oxygen-to-hydroxyethyl oxygen distance
in the former is longer (3.0-3.4 Å) than the water oxygen-
to-keto-carbonyl oxygen distance in the latter (2.8-3.0 Å).
These oxygen-to-oxygen distances can be correlated with the
broad X-ray diffraction peaked at 3.5 Å, which decreases in
intensity and then disappears completely during the processes
of dehydration (see Figure 4).

Figure 9 presents an extended stacking structure in
chlorosome, which we have proposed. The stacking structure
in chlorosome has turned out to be the same as that in solid
aggregate as far as the intermolecular carbon-to-carbon close
contacts that were probed by the intermolecular 13C · · · 13C
magnetic-dipole correlations are concerned. As shown in a
previous investigation (19), the stacking structure in solid
aggregate consists of (i) dimer-based stacking, (ii) pseudo-
monomer-based stacking of structure 1 type, and (iii) pseudo-
monomer-based stacking of structure 2 type (see Figure 7
of ref 19). The most important difference is that the stacking
structure in chlorosome is stabilized by the hydrogen bonding
through the water molecules, which forms a linear array of
the piggyback dimer (shown in dotted broken line). The
repeating distance between the piggyback dimers is estimated
to be 21.0 Å, which can give rise to an X-ray diffraction
peak, when some disorder is introduced around the hydrogen-
bonding water molecules.

The distance is shorter (by slightly more than 10%) than
the X-ray diffraction peak actually observed at 23.8 Å in
chlorosome (Figure 6). It is an interesting challenge to reveal
the mechanism of how this diffraction peak shifts to 22.8 Å
and then to 21.6 Å during the processes of dehydration.
Introduction of polar water molecules around the strongly
polarizable stacked π-conjugated system may cause such
systematic changes in the size of the stacked structure.

There still remains the possibility that the 23.8 Å diffrac-
tion peak actually reflects a regular intersheet stacking
bridged by the use of the farnesyl side chains in between (9,10).
Actually, such a stacking has been inferred in a chlorophyll
a/water aggregate (28, 29).

EVidence for Dimer-Based Stacking and Axial Binding of
a Water Molecule to One of the Macrocycles in the
Piggyback Dimer As ReVealed by 25Mg NMR Spectroscopy.
Figure 10 shows the 25Mg NMR spectra of chlorosome and
solid aggregate. The former consists of two signals (hereafter
called “signal 1” and “signal 2”), whereas the latter consists
of a single signal (“signal 3”). The spectral width is in the
order signal 2 < signal 1 < signal 3. The presence of two
signals in chlorosome constitutes strong evidence for the
dimer-based stacking, and therefore, we have tried to explain
this observation in the following steps.

(i) In the 25Mg nucleus having the nuclear spin I ) 5/2, the
spectral width is mainly determined by the quadrupole coupling

Table 2: Scores of Agreement (in %) in the Prediction of Intermolecular Correlation Peaks for Different Modelsa

weakly overlapped monomers strongly overlapped dimers weakly overlapped dimers

ms (a) structure 1 (b) structure 2 (c) straight columns (d) inclined columns (e) aligned layers (f) displaced layers

50 40 40 70 70 40 80
100 45 45 82 64 64 82
200 40 50 70 70 50 90
average 42 45 74 68 51 84
a The scores are defined as the number of the correctly predicted correlation peaks divided by the number of the total correlation peaks observed.

FIGURE 4: X-ray diffraction patterns of intact and reassembled
chlorosomes (top two), that of solid aggregate (bottom), and changes
in the X-ray diffraction pattern caused by the removal of water
from intact chlorosome (middle).

80 Biochemistry, Vol. 48, No. 1, 2009 Kakitani et al.

D
ow

nl
oa

de
d 

by
 1

94
.4

4.
31

.3
0 

on
 N

ov
em

be
r 

3,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
12

, 2
00

8 
| d

oi
: 1

0.
10

21
/b

i8
01

65
1w



constant (e2qQ), i.e., the quadrupole moment of the nucleus (eQ)
multiplied by the electric-field gradient along the symmetry axis
(eq). Therefore, the splitting of the 25Mg signal can probe the
electric-field gradient on the 25Mg nucleus in the axial direction,
when one assumes the same value of the 25Mg quadrupole
moment throughout the stacked structure.

(ii) In the BChl c macrocycle, the electric-field gradient
along the symmetry axis must be strongly influenced by the
axial coordination (or interaction). When we compare the
pentacoordinated and hexacoordinated states, for example,
the electric-field gradient should be very large in the penta-
coordinated state due to the asymmetric presence of a single
axial ligand and negligible in the hexacoordinated state
having the same type of two axial ligands in the same
distance from the macrocycle (where the electric-field
gradient becomes practically zero). In the particular case of
BChl c in chlorosome, the pentacoordinated state has been
determined by Raman spectroscopy (30), and therefore, we
have to exclude the possibility of the hexacoordinated state.
However, the effect of a sixth ligand not expanding the
macrocycle to cause the lowering of the ring-breathing
frequency that is probed by Raman spectroscopy but lowering
the electric-field gradient that is probed by the width of the
25Mg NMR signal is still a possibility. Then, the width of
the 25Mg NMR must depend on the distance of a sixth ligand
in the axial direction. Hereafter, we will call this situation
not “the hexacoordinated state” but “the axial interaction of
a sixth ligand”.

(iii) In solid aggregate, the macrocycle is definitely in the
pentacoordinated state, where the axial ligand is the hy-
droxyethyl oxygen. Therefore, it is likely that the signal with
the largest width, i.e., signal 3, reflects the pentacoordinated
state with no additional oxygen in the axial direction, a
situation which gives rise to the highest electric-field gradient.

(iv) In chlorosome, on the other hand, the pair of water
molecules in the vicinity of the two opposing carbonyl groups
(shown in magenta in Figure 8) may play a key role. Signal
1 and signal 2 exhibiting completely different widths strongly
suggest that only one of the water molecules is present along
the axial direction of the pair of macrocycles facing to each
other, either shifted toward the shadowed macrocycle in (ii)
the pseudo-monomer-based stacking of structure 1 type or
shifted toward the open macrocycle in (iii) the pseudo-
monomer-based stacking of structure 2 type (see Figure 9).

FIGURE 5: Various stackings of macrocycles reproduced from Figure 1. Each stacking exhibits a unique two-dimensional arrangement that
is defined by the size and shape of the asymmetric unit (surrounded by dotted line) and by the repeating distance along the a and b axes
in different directions.

FIGURE 6: Major X-ray diffraction peaks extracted from the
diffraction profiles (shown in Figure 4) of intact and reassembled
chlorosomes and those simulated for the stackings of macrocycles
(a)-(f) (see Figure 5).
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(v) To form the strongest interaction with the water
oxygen, the Mg atom binding the hydroxyethyl oxygen as
the fifth ligand needs to move toward the macrocycle plane
as close as possible. The point is which macrocycle (shad-
owed or open) can realize this condition more easily. As seen
in Figure 9, in the shadowed macrocycle in the monomer-
based stacking (ii), the root of the farnesyl side chain (closed
triangle) and the hydroxyethyl group (bent arrow) are on the
opposite side of the macrocycle, whereas in the open
macrocycle in the monomer-based stacking (iii), the root of
the farnesyl side chain (open triangle) and the hydroxyethyl
group (bent arrow) are on the same side of the macrocycle.
More precise atomic arrangement is presented in Figure 11.
As a result, the large and small green arrows show the large
and small magnitude of extrusion of the Mg atom out of the
macrocycle plane, respectively, whereas the small blue
arrows show the bending part of the farnesyl side chain.
Thus, the steric hindrance between the two groups makes
the shadowed macrocycle easier to achieve the above
condition than the open macrocycle.

(vi) In conclusion, the 25Mg nucleus in the shadowed
macrocycle must give rise to signal 2 with the narrowest

width due to the axial interaction of a water molecule (see
Figure 11b), while that in the open macrocycle must give
rise to signal 1 with the second widest signal due to
practically no axial interaction of the water molecule at all
(Figure 11c).

Thus, the pair of the narrow and wide 25Mg signals,
reflecting small and large electric-field gradient, has been
explained in terms of the presence and absence of a water
molecule interacting to the 25Mg nuclei in the axial direction.

Comparison of Our Present Model to Models Proposed
by PreVious InVestigators and Future Trends in the Structural
Determination of Chlorosome. Nozawa and co-workers
proposed a dimer-based stacking of macrocycles called “a
direct ring overlap model” (13). The dimer-based stacking
itself agrees with our present model, but the dimers do not
stack together to form a column in their model (see Figure
8 of ref 13) contradictory to our model. On the other hand,
Holzwarth, de Groot, and co-workers proposed a monomer-
based stacking (Figures 5 and 6 of ref 16) contradictory to
our present model of dimer-based stacking, but our model
contains two pseudo-monomer-based stackings (ii) and (iii)
of structure 1 type and structure 2 type (see Figure 9),

FIGURE 7: (a) Regular arrangements of various components giving rise to major diffraction peaks, originating from the stacking of (f)
weakly overlapped dimers forming displaced layers (see Figure 5f for the stacking of macrocycles). (b) Possible pair of binding sites for
water molecules in the above-mentioned stacking, i.e., one around the pair of hydroxyethyl oxygen atoms (shown in orange) and the other
around the pair of keto-carbonyl oxygen atoms (magenta).
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respectively. The point is how the ring-current effects can
be evaluated, by their calculation, in such a mixture of the
dimer-based and pseudo-monomer-based stackings.

Recently, our colleagues challenged to self-consistently
determine the assignment of the intramolecular and inter-
molecular 13C-dipolar correlation peaks as well as the
stacking of macrocycles (in the cylindrical aggregate) by the
use of fully 13C-labeled intact chlorosome from Chl. limicola
we had prepared (31). They introduced a polarization-transfer
matrix, describing the intensities of the correlation peaks as
the functions of the 13C internuclear distance and the mixing
time. They started with a set of models with the dimer-based
or the monomer-based stackings and eventually reached to
a structure of dimer-based stacking (see Figure 4 of ref 31),
which corresponds to our (d) “strongly overlapped dimers
forming inclined columns” as far as the short-range stacking
of macrocycles is concerned (see Figure 1). Therefore, their
model is contradictory to our present model. Most probably,
those intramolecular correlation peaks appearing in the
diagonal region in the atomic number presentation, which
are much stronger than the intermolecular correlation peaks

giving rise to the third best score of 68% (see Table 2),
should have led the colleagues to a wrong model. The result
justifies our rather round about approach to selectively use
the intermolecular correlation peaks that have been deter-
mined purely spectroscopically by the use of our reassembled
chlorosome.

All of the above three proposed models include the
hydrogen bonding between the keto CdO and the hydroxy-
ethyl OH groups, a central dogma originating from the low-
frequency shift of the keto CdO stretching vibrational mode.
Most recently, however, by a combination of X-ray structural
determination and Fourier transform infrared spectroscopy
of the model compounds of chlorosomal BChls (called “BChl
c, d, or e mimics”), Jochum et al. (32) showed that the low-
frequency shifts could be explained also in terms of
intermolecular interaction between the acetyl CdO group
and the central zinc atom. On the basis of the results, they
proposed a new stacking model for the structure of chlo-
rosome, including both the hydroxyethyl oxygen pentaco-
ordinating to the central Mg atom (with a distance of 2.0 Å)
and the keto-carbonyl interacting with the particular Mg atom

FIGURE 8: Water molecules bound to two possible pairs of binding sites that were identified in the atomic structure of (f) weakly overlapped
dimers forming displaced layers. Two different kinds of bound water molecules are shown in different colors as in Figure 7b. Key: (a) side
view, (b) top view, and (c) close-up of the binding sites. The figure was drawn by the use of RASMOL (33).
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(with a distance of 3.3 Å) (the pair of coordination and
interaction is called “a 51/2 coordinated state”; see Figure 6
of ref 32).

Their proposal is similar to ours in a sense, because at least
one of the keto-carbonyl oxygens in the axial position is
interacting to the central Mg atom, to which the hydroxyethyl
oxygen is coordinating as the fifth ligand (see Figure 1f). The
pair of oxygen atoms can be regarded as “the 51/2-coordinated
state” in their terminology.

It is also interesting to compare their X-ray structure of
4-Zn (see Figure 4b of ref 32) to our model (Figure 1f). When
the Zn atom is positioned out of the macrocycle plane, along
the perpendicular axis, to form both a coordination with a
shorter distance and an axial interaction with a longer
distance, between the two acetyl oxygens and the central
Zn atom, we can form a column in our (f) “weakly
overlapped dimers forming displaced layers”. The split CdO
stretching IR bands support this interpretation (see Figure
3c of ref 32).

This type of approach, i.e., a combination of single-crystal
X-ray crystallography and some spectroscopic technique(s)
that are applied to model compounds, including porphyrin
derivatives and modified chlorosomal BChls, can be most
powerful in the elucidation of the basic skeleton of chlo-
rosome, even without the water molecules that are modifying
and stabilizing the chlorosome structure.

CONCLUSION

The following answers to the questions addressed in the
introduction have been obtained in the present investigation:

(1) Does the aggregate structure in chlorosome consist of
the monomer-based stacking or the dimer-based stacking?
It consists of dimer-based stacking. The stacking named (f)
weakly overlapped dimers forming displaced layers has been
selected as the most plausible stacking by comparison
between the intermolecular 13C · · · 13C magnetic-dipole cor-
relations and the simulated nearest-neighbor carbon-to-carbon
close contacts as well as by comparison of the observed
X-ray diffraction peaks (profile) with the simulated diffrac-
tion peaks, both based on a set of various stackings of
macrocycles so far identified. In particular, 25Mg NMR
spectroscopy of chlorosome exhibited two different signals
with wide and narrow widths as definitive evidence for the
dimer-based stacking.

(2) What is the relation in the stacking of macrocycles
between chlorosome and solid aggregate? It is basically the
same. As mentioned above, the stacking of (f) weakly
overlapped dimers forming displaced layers has been selected
for chlorosome in the present investigation. The same
stacking motif was selected for solid aggregate in a previous
investigation (19). In particular, X-ray diffraction patterns
of chlorosome actually transformed into that of solid ag-
gregate after the complete removal of water, a crucial
evidence for the direct correlation between the stacked
structure in chlorosome and that in solid aggregate.

(3) What is the specific role of water molecules in the
aggregate structure in chlorosome? Water molecules are an
essential component to keep the integrity of the aggregate

FIGURE 9: An extended sheet for the stacking of macrocycles of (f) weakly overlapped dimers forming displaced layers, which consist of
(i) the dimer-based stacking, (ii) the pseudo-monomer-based stacking of structure 1 type, and (iii) the pseudo-monomer-based stacking of
structure 2 type. The bound water molecules can form a hydrogen-bonding chain along the dotted-broken line; the spacing between the
dimeric asymmetric units is estimated to be 21.0 Å.

FIGURE 10: 25Mg NMR spectra of intact chlorosome and solid
aggregate. Chlorosome exhibits a pair of signals with wide (signal
1) and narrow (signal 2) bandwidths (see the manual decomposition
of the profile), whereas solid aggregate exhibits a single signal with
the widest bandwidth (signal 3).

84 Biochemistry, Vol. 48, No. 1, 2009 Kakitani et al.

D
ow

nl
oa

de
d 

by
 1

94
.4

4.
31

.3
0 

on
 N

ov
em

be
r 

3,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
12

, 2
00

8 
| d

oi
: 1

0.
10

21
/b

i8
01

65
1w



structure in chlorosome. Dehydration degraded and eventu-
ally destroyed the aggregate structure in chlorosome as
probed by X-ray diffraction. Analysis of an atomic model
structure, based on the stacking of (f) weakly overlapped
dimers forming displaced layers, identified possible two pairs
of water binding sites, i.e., one around the hydroxyethyl
oxygen atoms and the other around the keto-carbonyl oxygen
atoms. The pair of 25Mg NMR signals with different
magnitudes of quadrupole interaction showed that only one
of the latter binding sites was actually occupied by a water
molecule. The number of water molecules bound to the
former binding sites has not been determined yet. Further
investigation is necessary to correlate the shift of the 23.8
Å X-ray diffraction peak to the changes in the aggregate
structure in chlorosome during the processes of dehydration.

(4) What is the relevance of the overall aggregate structure
in chlorosome to its physiological functions? Two different
functions, i.e., one, mechanical stabilization of the stacked
structure, and the other, efficient singlet-energy transfer
within the sheet of the stacked macrocycles, can be proposed
(see Figure 9): The stacking of macrocycles, which has been
identified in the present investigation, can extend to form a
sheet structure, which is expected to be stabilized by the
displaced layers of macrocycles belonging to different
piggyback dimers and by the hydrogen bonding through
water molecules connecting the dimeric units. On the other
hand, the closely stacked π-conjugated macrocycles along
(i) the dimer-based stacking, (ii) the pseudo-monomer-based
stacking of structure 1 type, and (iii) pseudo-monomer-based
stacking of structure 2 type can provide three different
energy-transfer pathways of the coherent singlet excitation
to any position in the widely extended sheet structure.

The present investigation has shown the essential role of
water molecules in stabilizing the aggregate structure in
chlorosome and provided some insight into the water binding
sites. The results suggest that the cryoelectron microscopy
of chlorosome on Vitreous ice should provide more reliable
structural information than the electron microscopy of freeze-
fractured chlorosome at room temperature. Finally, we would
like to suggest that the sheet structure shown in Figure 9
may constitute a basic structure for the multilayer structures
shown in Figures 3 and 4 of ref 10 (see also Figures 1 and
3 of ref 11).

(One of the reviewers advised us to examine the possibility
of a mixed structure consisting of stackings (a), (b), and (f)
in Figure 1; our response is presented in Supporting
Information.)
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SUPPORTING INFORMATION AVAILABLE

Details of the assignment of the 13C signals, concerning
the macrocycle and farnesyl side chain, in the DARR
spectrum of reassembled chlorosome containing 100% [13C]B-
Chl c (Figure S1) and a note responding to one of the
reviewer’s comments to examine the possibility of a mixed

FIGURE 11: (a) Asymmetric occupation, by a single water molecule,
at one of the water-binding sites around the keto-carbonyl oxygen
atoms (see Figure 8), which explains the 25Mg NMR spectrum of
chlorosome exhibiting two signals with wide and narrow bandwidths
(see Figure 10). (b) The presence of a water molecule in the axial
position of the shadowed macrocycle, forming the pseudo-monomer-
based stacking of structure 1 type, and (c) the absence of such a water
molecule in the axial position of the open macrocycle, forming the
pseudo-monomer-based stacking of structure 2 type (see Figure 9).
The direction of the partial structure in (a) is reversed in (b) to facilitate
comparison with the partial structure in (c) that is reproduced from
(a) keeping the orientation. The large and small green arrows indicate
the large and small shifts of the central Mg atom out of the macrocycle
plane. The small blue arrow indicates the bent position of the farnesyl
side chain, which is located on (b) the opposite and (c) the same side
of the extruding Mg atom with respect to the macrocycle plane. The
figure was drawn with RASMOL (33).
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structure. This material is available free of charge via the
Internet at http://pubs.acs.org.
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