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Fig. S1. (Top and Middle) Contour plot sections of a 13C–13C magic-angle-spinning (MAS) NMR dipolar correlation spectrum of chlorosomes isolated from the
bchQRU mutant recorded in a field of 17.6 T by using a spinning frequency of 11 kHz and a mixing time of 1.4 ms. (Bottom) Contour plot sections of an 1H–13C
MAS NMR FSLG dipolar correlation spectrum recorded in the same field with a spinning rate of 13 kHz. The 13C–13C and 1H–13C connectivity network is indicated
with dashed lines. In the 1H–13C dataset, the responses in the range of 7–10 ppm on the 1H scale are from a protein fraction in the sample. The NH protons correlate
with the CO of the preceding amino acids and resonate with a 13C chemical shift of �175 ppm [Balaban TS, et al. (1995) CP-MAS 13C-NMR dipolar correlation
spectroscopy of the 13C-enriched chlorosomes and isolated bacteriochlorophyll-c aggregates of Chlorobium tepidum: The self-organization of pigments is the
main structural feature of chlorosomes. Biochemistry 34:15259–15266].
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Fig. S2. An overlay of two 13C–13C MAS NMR dipolar correlation spectra of chlorosomes of the bchQRU mutant recorded in a field of 17.6 T with a spinning
frequency of 11 kHz. The blue and red spectra were acquired at mixing times of 1.4 ms and 2.9 ms, respectively. Relayed transfer from the 21, 71, and 121 carbons
to their second-nearest neighbors allowed the unambiguous assignment of those methyl signals. The 81 response could not be resolved from the 82–13C signal.
The assignment of the 4, 6, and 11 positions was also confirmed from relayed transfer correlations by using the aforementioned dataset. The 11-carbon can also
be assigned from relayed 121/11 transfer.
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Fig. S3. Observed 1H upfield aggregation shifts of the bchQRU chlorosomes relative to the monomer in solution are shown as blue circles for values less than
�1.5 ppm. The calculated ring current shifts for the parallel-stack model (a), piggy-back dimer model (b), antiparallel monomer stack model (c), and syn-anti
monomer stack model (d) are represented by the red circles. The circles have a radius proportional to the magnitude of the shift.
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Fig. S4. The four models used for the density functional theory (DFT) calculations included the surrounding BChl molecules that are significant in causing ring
current effects. Modeling of the structures at the molecular level was performed by using Hyperchem version 7 software (Hypercube). The BChl d rings denoted
in dark blue are the major contributors to the ring current effects on the BChl d ring system shown in multicolor and are explicitly used in the calculation. To
simplify the calculations, the ethyl group at C-8 and the propionate side chain with its attached farnesyl tail at C-17 were replaced by methyl groups. The
ring-currents ��calc

C and ��calc
H were calculated for each carbon and proton that resides within the shielding area of adjacent overlapping BChl d molecules (Tables

S1 and S2). The coordinates of the carbons affected by the ring current were used as points in space, and the shielding effect induced by the adjacent BChl d
was calculated at these positions.
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Fig. S5. Simulated images of tubes built from syn-anti monomer stacks (Left), Fourier transforms of the model tubes (Center), and Fourier transform of
experimental cryoEM images (Right). When the high symmetry that was imposed on the structure model in Fig. 4 is partially broken, by using shallow helices
instead of rings, only the higher-order layer lines at 1/0.83 nm are present in the simulated Fourier transform, which matches the experimental data collected
from the bchQRU mutant. This illustrates how heterogeneity in the chlorosomes affects the cryoEM data. In the model of three concentric tubes with syn-anti
monomer stacks in the Top Left, the stacks make a one-step offset with every turn. (Bottom) A single tube built of syn-anti monomer stacks running parallel to
the tube axis is shown, with the simulated layer line at 1/1.25 nm (Center) and the experimental layer line (Right) for the data from the chlorosome from the
Chlorobaculum tepidum WT strain.
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Fig. S6. Chemical shift correlation plots of bchQRU chlorosomes. The 13C and 1H shifts in the solid sample are plotted against the monomer shifts in solution.
13C and 1H shifts in solution (�liq

C , �liq
H ) were determined with 2D 13C–13C COSY, 1H–1H COSY, and 1H–13C HSQC NMR spectra of the monomer in CD2Cl2 with 5%

CD3OD recorded on a DMX-600 spectrometer (Bruker). The solid lines represent the diagonals. 1H signals show a large, upfield shift in the solid relative to the
monomer. These correlation plots clearly show how pronounced the 1H aggregation shifts are within the 1H chemical shift range, in contrast to the 13C
aggregation shifts. In particular, the 1H aggregation shifts that are distant from the diagonal are important for structure determination.
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Fig. S7. Rotational averaging of EM data reveals concentric tubes. (Left) End view of a chlorosome nanorod. (Center) Nanorod rotationally averaged. (Right)
Subsequently, several white sections between layers were marked green in the original data, and this marker pattern was transferred on top of the symmetrized
data. This shows that the symmetrized data align well with the original data over the entire surface of the EM dataset. If the structure would have been a scroll
instead of a set of concentric tubes, a mismatch on the left side or the right side in the overlay with the symmetrized data would have been the result.
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Table S1. 1H solution (� liq
H ) and solid-state chemical shifts (� i

H) of BChl d, as well as aggregation shifts � � i
H � � I

H � � liq
H and

calculated ring current shifts � � calc
H for (a) the parallel-stack model (1); (b) the piggy-back dimer model (2); (c) the antiparallel

monomer stack (this study); and (d) the syn-anti monomer stack (this study)

Position �liq
H , ppm �i

H, ppm ��I
H

��calc
H

a b c d

5 8.6 6.6 �2.0 �2.4 �7.4 �4.3 �2.9
10 8.6 9.0 0.4 �0.8 �0.8 �1.3 �1.1
17 3.3 1.9 �1.4 �0.1 �1.0 �0.1 0.3
18 3.6 3.4 �0.2 �0.9 �0.6 �0.5 0.7
20 7.4 6.2 �1.2 �1.1 �0.9 �4.2 �0.4
21 2.4 �0.9 �3.3 �1.9 �3.0 �7.6 �4.0
31 5.4 1.7 �3.7 �2.9 �10.6 �5.2 �3.0
32 1.2 �0.4 �1.6 �3.2 �7.0 �7.8 �3.2
71 2.4 2 �0.4 1.0 �2.0 0.3 0.4
81 2.9 2.6 �0.3 1.0 �0.3 1.0 0.1
82 0.8 *
121 2.7 0.1 �2.6 �2.5 �0.8 1.1 �2.4
132 4.3 4 �0.3 �2.0 �3.1 0.9 �0.5
171 1.4/1.7 * �0.3 �0.3 0.4 0.6
172 1.3/1.7 * �0.1 0.0
181 1.0 0 �1.0 �0.1 �1.1 �0.8 0.7

The molecular arrangements used for the ring current shift calculations are depicted in Fig. S4, which shows the overlap for adjacent molecules in the
structures. a, parallel-stack model (1); b, piggy-back dimer model (2); c, antiparallel monomer stack model; d, syn-anti monomer stack model. *, Correlation peaks
are not resolved.

1. Holzwarth AR, Schaffner K (1994) Photosynth Res 41:225.
2. Egawa A, et al. (2007) Structure of the light-harvesting bacteriochlorophyll c assembly in chlorosomes from Chlorobium limicola determined by solid-state NMR. Proc Natl Acad Sci

USA 104:790–795.
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Table S2. 13C solution (� liq
C ) and solid-state chemical shifts (� i

C) of BChl d, as well as aggregation shifts � � i
C � � i

C � � liq
C and

calculated ring current shifts of the syn-anti monomer stack � � calc
C

Position � liq
C , ppm � I

C, ppm � � i
C � � calc

C

1 155.4 154.3 �1.1 �2.0
2 135.9 133.7 �2.2 �4.4
3 144.9 139.4 �5.5 �4.3
4 148.4 145.7 �2.7 �3.3
5 100.8 97.2 �3.6 �2.7
6 153 150.6 �2.4 �1.9
7 134.4 131.7 �2.7 �1.0
8 144.8 143.7 �1.1 �0.5
9 146.6 146 �0.6 0.2
10 108.1 106.7 �1.4 �1.3
11 147.7 146.4 �1.3 �3.3
12 133.7 130.2 �3.5 �4.2
13 131.3 127.8 �3.5 �3.4
14 162.6 162.4 �0.2 �2.4
15 105.8 104 �1.8 �1.3
16 155.3 152.9 �2.4 �0.7
17 51.2 48.5 �2.7 0.2
18 49.9 48.4 �1.5 0.5
19 169.4 166.5 �2.9 0.1
20 92.7 89.5 �3.2 �0.1
21 11.5 7.8 �3.7 �4.1
31 65.8 62.9 �2.9 �4.3
32 26.3 22.0 �4.3 �3.3
71 11.2 10.4 �0.8 0.4
81 20.1 19.4 �0.7 0.1
82 18 *
121 12.9 10.1 �2.8 �2.8
131 199.1 195.9 �3.2 �2.0
132 49.2 47.3 �1.9 �0.9
171 30.5 30.0† �0.5 0.5
172 31.4 30.0† �1.4 §

173 174.6 ‡ §

181 23.8 23.9 0.1 0.6
F1 62.4 ‡ §

F2 117.7 118.7 1.0 §

F3 143.4 142.1 �1.3 §

F4 39.2 39.3 0.1 §

F5 27.0 27.1 0.1 §

F6 123.4 123.9 0.5 §

F7 136.3 135.3 �1 §

F8 39.5 39.7 0.2 §

F9 27.6 27.4 �0.2 §

F10 123.9 124.5 0.6 §

F11 132.1 130.9 �1.2 §

F12 25.1 25.7 0.6 §

F3� 15.8 16.8 1 §

F7� 10.8 13.4 2.6 §

F11� 17.0 ‡ §

*The 82 response could not be resolved from the 81 signal.
†The signals for 171 and 172 are overlapping in the spectra.
‡Signals for 173, F1, and F11� could not be resolved.
§The farnesyl tail was replaced by a methyl group at position 17 for the calculation of ring current shifts.
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