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Abstract

The progress toward structure refinement of solid-type uniformly 13C enriched ([U-13C]) chlorophyll-containing
biological preparations is summarised. Solid state carbon chemical shifts of aggregated [U-13C] bacteriochlorophyll
(BChl) c in intact chlorosomes of Chlorobium tepidum and in [U-13C] BChl c aggregates were determined by the
application of homonuclear (13C�13C) magic angle spinning (MAS) NMR dipolar correlation spectroscopy. It was
found that the arrangement of BChl c molecules in the chlorosomes and in the aggregates is highly similar, which
provides convincing evidence that self-organisation of the BChl c is the main mechanism to support the structure of
the chlorosomes. Additionally, high field 2-D (1H�13C) and 3-D (1H�13C�13C) dipolar correlation spectroscopy was
applied to determine solid state proton chemical shifts of aggregated [U-13C] BChl c in intact chlorosomes. From the
high-field assignments, evidence is found for the existence of at least two well-defined interstack arrangements. © 1998
Elsevier Science B.V. All rights reserved.
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1. CP/MAS NMR spectroscopy of photosynthetic
components

In recent years, progress has been made in
forging pathways for obtaining magic angle spin-
ning (MAS) NMR access to photosynthetic com-
ponents [1]. These studies rely on the use of
labeling schemes and 13C cross-polarisation (CP)
MAS NMR. The natural abundance of 13C is low,
and in order to enhance the sensitivity, the use of
13C enriched biological samples is a prerequisite.
For instance, using labeled spheroidene obtained

Abbre6iations: BChl c, bacteriochlorophyll c ; Chl a, chloro-
phyll a ; CIDNP, chemically induced dynamic nuclear polarisa-
tion; COSY, correlated spectroscopy; CP, cross-polarisation;
FSLG, frequency-switched Lee-Goldburg; MAS, magic angle
spinning; NMR, nuclear magnetic resonance; RC, reaction
centre; QA, primary quinone acceptor; RFDR, radio fre-
quency-driven dipolar recoupling; TPPM, two pulse phase-
modulation; U-13C, uniformly 13C enriched; WISE, wideline
separation.
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by total synthesis, the configuration of the 15–15%
bond of the carotenoid reconstituted into the R26
reaction centre (RC) was characterised [2]. In
addition, the electronic ground state of the pri-
mary quinone acceptor (QA) in the reaction centre
has been probed with MAS NMR and isotope
labeling [3]. An advantage of selective labeling of
cofactors is a direct and straightforward chemical
shift assignment of the response from the nucleus
of interest. However, selective labeling is most
often difficult to realise. In particular for chloro-
phyll, to arrive at a complete set of specifically
labeled molecules at every individual position
would probably take decades of organic synthesis
work.

Recently, different routes for obtaining infor-
mation from multiply enriched samples were ex-
plored. For instance, the details of the electronic
ground state structure of the RC protein-complex
of Rhodobacter sphaeroides have been investigated
for tyrosine side chains labeled at the 4%-position,
with particular focus on M210 and L162, that are
of importance for the efficiency of the charge
separation and re-reduction processes in the RC
[4–6]. In these studies, all tyrosines in the RC
were selectively labeled, and assignment of the
two specific residues, M210 and L162, was done
by illumination or mutation [4–6]. In another
approach, a novel example of photochemically
induced dynamic nuclear polarisation (photo-
CIDNP) was discovered, yielding strong emissive
signals for QA depleted, or pre-reduced uniformly
15N labeled RCs [7]. The first assignments for a
multi-spin cluster in a large protein complex using
NMR dipolar correlation spectroscopy were
obtained recently for RCs of Rhodobacter
sphaeroides, reconstituted with [U-13C]
pheophytin a [8]. Finally, it was found that the
large chemical shift dispersion of the 13C response
of �200 ppm can be exploited for high-resolu-
tion dipolar correlation spectroscopy of 13C nuclei
in multiply enriched samples, due to the trunca-
tion of the homonuclear dipolar interactions by
the chemical shift dispersion in high magnetic
fields. This yields remarkably narrow lines in the
2-D 13C�13C dipolar correlation spectra of uni-
formly enriched chlorophylls [9].

The specific aim of this review is to summarise
progress toward assignment strategies and struc-
ture refinement of large solid-type uniformly 13C
enriched chlorophyll-containing biological prepa-
rations [9–11]. Recently, MAS NMR dipolar cor-
relation spectroscopy was used to provide a
characterisation at the molecular level of the
structure of an intact chlorosome photosynthetic
antenna system that is inaccessible to X-ray or
solution NMR approaches [10,11]. The resolution
that can be achieved with homonuclear (13C�13C)
dipolar correlation spectroscopy offers promising
possibilities for a further development of assign-
ment strategies and concepts for structural char-
acterisation of biomolecules in steps.

The dipolar correlation methods rely on the
re-introduction of dipolar interactions by multi-
pulse recoupling sequences. Several pulse tech-
niques are now available for restoring
homonuclear dipolar interactions between 13C nu-
clei in a MAS experiment [12–18]. A first concept
for structure refinement is starting to emerge, and
is schematically depicted in Fig. 1 [19]. Using a
multiply labeled sample, homonuclear and het-
eronuclear correlation spectra are recorded, in
two or three dimensions. Subsequently, the spec-
tra are analysed to obtain an assignment of the
chemical shifts. From the homonuclear (13C�13C)
dipolar correlation spectra, the assignment of the
carbon resonances is first obtained. The carbon
assignment is used to assign the proton chemical
shifts in 2-D (1H�13C) or 3-D (1H�13C�13C) het-
eronuclear correlation spectra. Since 13C shifts are
generally quite sensitive to atomic charge density
variations, the shifts provide information about

Fig. 1. A possible concept for structure refinement with multi-
dimensional MAS NMR dipolar correlation spectroscopy
(schematic).
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the electronic structure of the molecule at the
atomic level. In an interpretation step, indicated
with the dashed arrow in Fig. 1, the knowledge
about the electronic structure can help to model a
spatial structure. Independently, dipolar correla-
tion spectra can provide ‘hard’ structural re-
straints from intermolecular correlations that can
be used to refine the modeling, as indicated by the
solid arrows [19].

1H NMR in solids is notoriously difficult due to
the combination of the very strong homonuclear
dipolar interactions between the abundant pro-
tons and of the small chemical shift dispersion of
protons. A good resolution can be obtained by
13C detection and by exploiting the large 13C
chemical shift dispersion in heteronuclear
(1H�13C) correlation spectroscopy. For instance, it
was demonstrated that straightforward high-speed
MAS heteronuclear (1H�13C) cross-polarisation
wide-line separation (CP/WISE) spectroscopy per-
formed in a high magnetic field and without any
homonuclear decoupling scheme during the pro-
ton evolution yields resolved 1H�13C correlations
and proton shift assignments [20,21]. Additional
resolution enhancement can be achieved by
adding a third dimension. When the heteronuclear
CP/WISE is combined with homonuclear broad-
band radio frequency-driven dipolar recoupling
(RFDR) correlation spectroscopy in a high mag-
netic field, 3-D spectra are obtained with sufficient
resolution in the proton dimension to assign the
observed proton resonances of moderately sized
molecules or multispin clusters [22].

2. MAS NMR investigations of 13C-enriched
chlorosomes and aggregates

An interesting example of a chlorophyll based
photosynthetic component is found in a chloro-
some antenna system. Chlorosomes are oblong
bodies attached to the inner side of the cytoplas-
mic membrane [23,24]. A variety of experimental
data obtained over the last decade has provided
converging evidence that in the chlorosomes a
distinctive organisational principle for an antenna
system seems to be realised, based on self-organi-
sation of BChl not directly mediated by proteins

[25,26]. Crystallisation of chlorosome-type aggre-
gates was not yet accomplished and therefore
diffraction techniques cannot be used to study the
structure at the atomic level. In contrast, informa-
tion on both the spatial and the electronic struc-
ture of the micro-crystalline chlorophyll in the
chlorosome assemblies can be acquired with solid
state NMR spectroscopy [10].

2.1. 13C MAS NMR e6idence for highly similar
arrangement of BChl c in chlorosomes and in the
aggregated form

It is known that BChl c forms aggregates both
in non-polar [27,28] and in aqueous media [29].
The long wavelength absorption of native chloro-
somes (740–750 nm) can be reproduced with
BChl c aggregates in non-polar solvents [27]. In
Fig. 2, the contour plots of 2-D homonuclear
(13C�13C) dipolar correlation spectra of [U-13C]
BChl c in the chlorosomes (Fig. 2A) and of the
[U-13C] BChl c in the in vitro aggregates (Fig. 2B)
are shown. These spectra were obtained with the
RFDR pulse sequence [9,13]. The signals forming
the diagonals in the spectra correspond with the
1-D NMR response of the 13C nuclei in the sam-
ple. The characteristic MAS sideband lines paral-
lel to the diagonal are present at integral multiples
of the spinning speed and are clearly visible.
Abundant cross-peaks reveal polarisation transfer
between 13C nuclei.

The 2-D dipolar correlation spectra of the
chlorosomes and the BChl c aggregates are strik-
ingly similar, and it is evident that most of the 13C
response from the chlorosome is associated with
BChl c. This provides direct and unambiguous
spectral evidence that BChl c is the major compo-
nent of the chlorosomes [10]. In addition, the 13C
line-widths for corresponding carbon sites in the
spectra of the chlorosomes compare very well
with those for the aggregates and also for the
cross-peaks.

The widths of the BChl c response for both
samples are roughly twice the line-widths ob-
served for the resonances of [U-13C] chlorophyll a
aggregates [9]. This may reflect structural or elec-
tronic disorder or incommensurability. Chloro-
somes of Chlorobium tepidum contain at least five
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Fig. 2. Contour plots of 2-D MAS dipolar correlation NMR
spectra of uniformly 13C labeled chlorosomes (A), and 13C
labeled bacteriochlorophyll c aggregates (B), recorded in a
magnetic field of 9.4 T. The spinning speed was 8. kHz and a
polarisation transfer time of 1 ms was used. The lines indicate
sequences of nearest neighbour correlations. The assignments
of correlations (x/y) on the plot correspond with the number-
ing of the bacteriochlorophyll c in Fig. 5.

only few signals appear that are not present in the
spectrum of the in vitro aggregates. These could
be assigned to a small protein fraction and to the
lipids of the chlorosomes [10,19].

To assign the 13C response of BChl c, RFDR
spectra with a mixing time of 1 ms and with
various spinning speeds were collected from [U-
13C] chlorosomes and the in vitro [U-13C] BChl c
aggregates. The resolution of the set of 2-D spec-
tra is sufficient to allow the identification of a
large number of individual correlations and to
arrive at a complete assignment of the 13C re-
sponse [10]. The relatively short mixing time en-
sures that the observed cross-peaks in these
spectra are predominantly associated with
nearest-neighbour carbon-carbon correlations.
The lines in Fig. 2 connecting cross-peaks and
diagonal peaks illustrate how the molecular 13C
framework gives rise to a correlation network.
From the assignment it can be concluded that the
chemical shifts of BChl c in the chlorosomes and
in the aggregated form are identical within the
experimental error [10]. This strongly suggests
that the arrangement of BChl c molecules in the
chlorosomes and in the aggregates is highly simi-
lar, which provides convincing evidence that self-
organisation of the BChl c is the main mechanism
to support the structure of the chlorosomes. It
confirms an early hypothesis that the in vitro
aggregates are good models for the in vivo chloro-
somal structure [30].

In addition to the 13C shifts, 1H shifts will be
invaluable for structure refinement of the BChl c
stack. Considerable proton aggregation shifts can
be expected, for instance due to ring-currents in
the chlorin macrocycles or polarisation effects in
the region of binding moieties. It has been demon-
strated that high magnetic fields attenuate the 1H
homonuclear dipolar line broadening to such an
extent that signals in a MAS 2-D heteronuclear
correlation spectrum can be resolved [21]. A 2-D
heteronuclear (1H�13C) CP/WISE correlation
spectrum was recorded from the [U-13C] BChl c
chlorosomes in a magnetic field of 14.1 T (Fig. 3).
The 1H signals correlated with the olefinic 13C are
resolved and can be assigned. On the other hand,
there is strong overlap between aliphatic protons
in the 2-D data. With the improved resolution of

BChl c homologues [10]. However, the presence of
different homologues of BChl c cannot explain
the inhomogeneous line broadening, since the 13C
line-widths in the spectrum of aggregates prepared
from only one [U-13C] BChl c homolog are ap-
proximately the same as observed for the BChl c
mixtures [10,19]. In the contour plot in Fig. 2A
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a 3-D heteronuclear (1H�13C�13C) correlation
spectrum an assignment of all observable 1H reso-
nances can be obtained [22].

In the heteronuclear correlation spectra the 5-
CH and the 71-CH3 responses are divided over
two sets of signals. The strongest 5-C response
has si=95.1 ppm, correlated with an 1H signal
with si=8.3 ppm, while a weaker fraction is
observed that has si=101.2 ppm for the 13C and
si=7.4 ppm for the 1H. Although the 5-C re-
sponse with si=101.2 ppm is close to the shift in
solution, it is unlikely that this signal arises from
free BChl c in the chlorosome sample, since the
correlated proton response is shifted upfield more
than 2 ppm with respect to the 5-H proton of
monomeric BChl c. The major part of the 71-C
response is found at si=10.4 ppm and correlates
with protons having si=3.0 ppm, while a weaker
71-C response has si=6.6 ppm for the 13C with
si= −0.5 ppm for the correlated protons.

The division of signals over two fractions was
not resolved in the 2-D 13C spectra of Fig. 2 that
were collected with a 13C frequency of 100 MHz
[10]. In the same manner as the protons, increas-
ing the magnetic field strength enhances the reso-
lution for the 13C. The presence of two fractions
could be resolved by a 150 MHz homonuclear

Fig. 4. Contour plot of a 2-D MAS 13C�13C dipolar correla-
tion NMR spectrum of uniformly 13C enriched chlorosomes
collected in a magnetic field of 14.1 T. The spectrum was
recorded with a spinning speed of 15. kHz and with a polarisa-
tion transfer time of 1 ms. The solid and dashed lines indicate
the correlation networks 4-5-6-7-71 for the two components.

13C�13C RFDR spectrum of the [U-13C] BChl c
chlorosomes (Fig. 4). This emphasises the need
for high fields when performing multidimensional
MAS dipolar correlation spectroscopy of uni-
formly enriched biological samples.

The solid lines in Fig. 4 indicate the correlation
network 4-5-6-7-71 that includes the strongest re-
sponse from the 5-C at 95.1 ppm and the 71-C
response at 6.6 ppm. The next-nearest neighbour
correlation between the 6-C and the 71-C was
crucial to close the correlation network. For the
other fraction, indicated by the dashed lines, the
correlations between the 5-C at 101.2 ppm and
minor 4-C and 6-C responses at 143.5 and 149.8
ppm, respectively, are well resolved. In addition,
cross peaks between the 7-C and 71-C, and be-
tween the 6-C and 71-C have been assigned.

2.2. The stacking of BChl c in chlorosomes

As pointed out schematically in Fig. 1 with
dashed arrow, an interpretation of the chemical
shifts can be of assistance in the development of a

Fig. 3. Contour plots of the 13C olefinic (A) and 13C aliphatic
(B) regions of a 2-D MAS heteronuclear (1H�13C) dipolar
correlation spectrum of uniformly 13C enriched chlorosomes
collected in a magnetic field of 14.1 T. A spinning speed of 15.
kHz was used and the cross-polarisation contact time was 250
ms. The correlation spectrum was recorded without 1H
homonuclear decoupling.
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Fig. 5. Visual representation of the aggregation shifts Dsi=sliq−si. The two components shown in Fig. 4 by the solid and dashed
lines are indicated separately in (A) and (B).

NMR structural model for the stacking of BChl c
in the chlorosomes. To this end, carbon aggrega-
tion shifts Dsi were calculated for the datasets in
Figs. 2 and 4 [10,19]. For every carbon position
its Dsi is defined as the difference between the
shift in the aggregate and the shift in a monomer,
i.e. in solution. This leads to the translation of the
NMR data in Fig. 2 into a semi-quantitative
picture of the interactions of the molecule with its
immediate surroundings. In Fig. 5 the aggregation
shifts are plotted on the chemical structure of the
BChl c, for the carbons with �Dsi�]1 ppm. The
circles around the carbon atoms represent upfield
aggregation shifts, while the squares correspond
with downfield Dsi. The size of a sphere or square
is proportional to the magnitude of the aggrega-
tion shift. The larger �Dsi � \2 ppm are detected
for 21-C (−3.0 ppm), 3-C (−5 ppm), 32-C (−2.8
ppm), 5-C (−5 ppm), 7-C (−2.5 ppm), 71-C
(−4 ppm), 8-C (−3 ppm), 121-C (−2.3 ppm)
and 13-C (−2.4 ppm).

As for the 13C, it is possible to define proton
aggregation shifts Dsi relative to the shifts mea-

sured for the 1H response of monomeric BChl c in
solution. These aggregation shifts are also visu-
alised in Fig. 5 for �Dsi �]1 ppm. Circles around
hydrogen atoms correspond with upfield aggrega-
tion shifts. Proton aggregation shifts �Dsi�]1
ppm are detected for 5-CH (1.3 and 2.2 ppm),
31-CH (3.3 ppm), 32-CH3 (1 ppm), 21-CH3 (2.2
ppm), 121-CH2 (2 ppm), 71-CH3 (3.7 ppm) and
172-CH2 (1 ppm) [22].

The carbon aggregation shifts were used in the
process of modelling the stacking of the BChl c
[11]. It was inferred that the stacking in the BChl
c aggregates should follow the stacking in the
parallel chain model shown in Fig. 6 [11,31]. The
proton aggregation shifts of the 31-CH, 32-CH3,
21-CH3, and 121-CH2 (Fig. 5A) confirm that the
region of the 3 side chain, the 21-methyl, and the
region around the 12-C and 13-C are affected by
the aggregation process. This is well in line with
the 13C results [10,19] and supports the model for
the stack (Fig. 6). In addition, the NMR is al-
ready discriminative at this semi-quantitative
level, since the ring overlap model, which predicts
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large ring-current shifts that are not observed in
the NMR, was rejected [10,32].

The carbon aggregation shifts for the 4-, 5- and
7-C of the first component are visualised in Fig.
5A. Likewise, Fig. 5B shows the carbon aggrega-
tion shifts for the 5-, 7-, 71-C and 8-C, and the
proton aggregation shifts for the 5-H and 71-H3 of
the other component. The distribution of the
NMR response over two signals appears to be
restricted to one corner of the molecule. The large
upfield proton aggregation shifts of −3.7 ppm
for the 71-H3 are intriguing. Interestingly, the
71-protons are not much affected by e.g. ring
current shifts for all BChl c model species that
could be studied in solution [33,34]. It is tempting
to conclude that the upfield aggregation shifts
observed for part of the 71-Me response in the

Fig. 7. Selection of a contour plot of a 2-D MAS dipolar
correlation NMR spectrum of uniformly 13C-labeled chloro-
somes, collected in a magnetic field of 9.4 T. The spinning
speed was 11. kHz and the polarisation transfer time was �10
ms. The correlations are indicated by vertical or horizontal
lines and with arrows.

Fig. 6. Schematic representation of the putative molecular
arrangement of bacteriochlorophyll c in the chlorosomes [31].
In the centre, the ball-and-stick representation was used to
highlight a macro-aromatic ring of bacteriochlorophyll c. The
macro-aromatic rings of two neighbouring bacteriochlorophyll
c molecules in the stack are represented with grey wire-frames
for clarity.

chlorosomes are an indication that at least two
well-defined interstack arrangements exist, for in-
stance due to ends of stacks in contact with the
side of neighbouring stacks, which may be neces-
sary to form the rod-like suprastructure in the
chlorosomes.

When RFDR spectra are recorded with rela-
tively long mixing times (5–10 ms), relayed polar-
isation transfer can proceed over several adjacent
nuclei [19]. This is illustrated with the 2-D correla-
tion spectrum collected with a mixing time of
�10 ms from the [U-13C] chlorosomes, shown in
Fig. 7. For instance, the 131-C, resonating at
195.8 ppm, strongly correlates with its nearest
neighbour at position 13 (127.9 ppm), and also
with the 12-C (139 ppm), 14-C (162.1 ppm), 15-C
(104.3 ppm), and 16-C (153.6) [19]. In addition,
weak transfer from the 131-C to the 19-C (168.1
ppm), 20-C (105.0 ppm), 1-C (153.2 ppm), 2-C
(135.2 ppm) and 3-C (139 ppm) at the opposite
side of the molecule was reported [19]. The corre-
lations with 19-C, 20-C, 1-C, 2-C and 3-C were
attributed to intermolecular transfer. In terms of
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the schematic picture of Fig. 1, this leads to the
distance constraints that appear to confirm the
low resolution model for the stacking of the
chlorophyll in the chlorosome and in the aggre-
gate via the direct route indicated by the solid
arrows [19]. It should be stressed, however, that
the intermolecular transfer is in competition with
intramolecular relayed polarisation transfer in the
relatively small chlorophyll ring system. The re-
layed spin diffusion was briefly investigated for
[U-13C] tyrosine, and it was reported to be limited
to five adjacent nuclei in this particular case [19].

3. Future outlook

In the preceding sections we have sketched a
global concept for structure determination follow-
ing the scheme in Fig. 1, based on multispin
labeling and multidimensional MAS NMR.

Encouraging progress has been made in en-
hancing the resolution of homonuclear and het-
eronuclear dipolar correlation spectra. 2-D 13C
spectra can now be recorded from well-ordered
samples with excellent resolution. This is illus-
trated with Fig. 8, which shows a homonuclear

dipolar correlation spectrum recorded with the
RFDR technique from uniformly 13C enriched
chlorophyll a aggregates. The resolution in this
13C spectrum compares well with the typical reso-
lution obtained for 2-D proton NMR in solution.
The data were acquired in a high static magnetic
field, using a high spinning speed and the efficient
two pulse phase-modulation (TPPM) proton de-
coupling technique [35], while the sample was
placed in the centre of the NMR-coil with spacers
in the rotor.

In high-field MAS experiments, high spinning
speeds are required to obtain sufficient resolution
in the multidimensional spectra. For fast MAS
heteronuclear (1H�13C) correlation spectroscopy,
the resolution on the proton side in can be im-
proved dramatically through the application of
frequency-switched Lee-Goldburg (FSLG) irradi-
ation during the proton evolution [36]. The basic
concept of the Lee-Goldburg experiment is to
achieve homonuclear 1H decoupling by the appli-
cation of an off-resonance RF field in such a way
that the effective field in the rotating frame is
inclined at the magic angle with respect to the
static field in the z-direction [37]. Due to the short
Lee-Goldburg cycle time of typically 10 ms, the
FSLG irradiation performs well even at high spin-
ning speeds, in contrast to most other techniques
that combine MAS with multipulse sequences to
suppress the homonuclear dipolar interaction be-
tween protons [36].

In Fig. 9 we present a high-field and high-spin-
ning speed 2-D heteronuclear FSLG decoupled
correlation spectrum from [U-13C] chlorophyll a
aggregates. The data were recorded using a
modified version of the pulse sequence discussed
in Ref. [36]. The sequence starts with a 90° x-
pulse. This preparation pulse puts the magnetisa-
tion along y, which is perpendicular to the
direction of the effective field during the Lee-
Goldburg irradiation. In the modified pulse se-
quence (Fig. 10), the phase of the preparation
pulse is cycled between +x and −x. The addi-
tional phase cycling is necessary to suppress a
spin-lock artefact that builds up during the FSLG
irradiation. The 2-D heteronuclear dipolar corre-
lation spectrum shown in Fig. 9 is essentially free
of artefacts in the entire range of proton reso-

Fig. 8. Contour plot of a 2-D MAS 13C�13C dipolar correla-
tion spectrum of uniformly 13C enriched chlorophyll a aggre-
gates, collected in a magnetic field of 14.1 T. A spinning speed
of 13. kHz and a polarisation transfer time of 2.46 ms were
used.
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Fig. 9. Heteronuclear (1H�13C) frequency-switched Lee-Gold-
burg decoupled correlation spectrum from uniformly 13C la-
beled chlorophyll a aggregates, recorded in a magnetic field of
14.1 T and with a spinning speed of 13. kHz.

anticipated that more refined concepts for MAS
NMR structure determination will be established
in the very near future.
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