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MAS NMR Structures of Aggregated Cadmium Chlorins Reveal Molecular Control of
Self-Assembly of Chlorosomal Bacteriochlorophylls
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2300 RA Leiden, The Netherlands, Department of Bioscience and Biotechnology, Faculty of Science and
Engineering, Ritsumeikan Urersity, Kusatsu, Shiga 525-8577, Japan, and Max-Planck-Institut fu
Bioanorganische ChemiePostfach 101365, D-45413 Nheim an der Ruhr, Germany

Receied: July 5, 2004; In Final Form: August 16, 2004

Magic angle spinning NMR spectroscopy has been used to investigate the self-organization of bacteriochlo-
rophylls in chlorosomal light-harvesting antennae. Two model cadmium chlorins were studied that were
uniformly 3C and**N enriched in the ring moieties. The chlorin models differ from the natural BQ@ithe

central metal and the 3-, 12-, 17-, and 20-side chains. One model system has the farnesyl tail replaced by a
methyl, whereas the other has a stearyl tail. T#&d MAS NMR signals indicate a five-coordination of the

Cd metal. In particular, the combined NMR data show a+Cd coordination, very similar to the HOMg
coordination in the natural system. Anomalously latgering-current shifts of up to 10 ppm reveal a dense
orderly stacking of the molecules in planar layers, for which a correlation length of at least 24 A was defined
from long-range ring-current shift calculations. In addition, our model structures confirm and validate the
essential role of the [&] and [3'] stereoisomers in the formation of the chlorosomal antennae, as tubular
structures are not formed without this chirality. The 3D arrangement of the layers is revealed by intermolecular
B3C—-13C correlations obtained from CGPCHHC experiments. With the tail truncated to methyl, a
microcrystalline solid is formed with favorable interactions between the planar sheets in a head-to-tail
orientation. The stearyl tails lead to a considerably disordered aggregate consisting of both syn and anti
layers similar to the chlorosomes, as indicated by a doubling of th® Nignal. These results reveal a
balance between relatively strong local interactions and contributions to the free energy of the system associated
with a longer length scale. This leads to a robust chlorosome structure, stable against thermodynamic noise,
and allows for fine-tuning of the structure.

Introduction

Photosynthetic green sulfur bacteria contain extramembra-
neous light-harvesting antenna complexes called chlorosomes,
which are ellipsoid vesicles of about 16800 nm in length
(for a review, see, e.g., ref 1). Chlorosomes contain tubular
antennae consisting mostly of bacteriochlorophyll (BCal)
molecules (Figure 1) and BCHhi or e in some bacteria,
surrounded by a monolayer of lipids and some proteins. Via a
BChl a—protein complex called a baseplate, which is a part of
the chlorosomal envelope facing the cytoplasmic membrane,
photonic excitations are funneled into membrane-bound pho-
tosynthetic reaction centets? It has been shown that the
structural organization of the chlorosomal antennae is repro-
duced by pure BCht aggregated in hexane, which indicates

that the self-assembly of BCllis responsible for the tubular M Ri Re Rs R
structure>7 BChl cin C. tepidum | Mg Me Et Me Farnesyl
Cd-Chlorin-Me (1) Cd H Me H Me
* Corresponding authors. Fax:31-71-5274603. E-mail: ssnmr@ Cd-Chlorin-stearyl (2)| Cd H Me H Stearyl
Ch?Téﬂgﬁr}ﬁQQﬂé of Chemistry. Figure 1. Chemical structure of BCht and the cadmium chlorins.
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mesoscopic assembly processes in most soft condensed matteat C-20, instead of the 20-Me, similar to BGhI MAS NMR
systems, as these processes are, to first order, independent afpectroscopy can be used to determine whether this yields a
the microscopic details of the molecular building blocks short plane-to-plane distance. Finally, the long farnesyl chains
involved. First, a common feature in BChld, or eaggregates  are truncated by an unlabeled Me in chlatirwhich is expected

is an intermolecular 13-€0--+HO--*Mg structural motif. to influence the suprastructure of the aggregate. The chlorin
Hence, the molecular building blocks are kept together by molecule contains a long stearyl tail. If the tails are responsible
coordination and H-bond interactions that are strong comparedfor the micellar structure in the chlorosomes, this should develop
to, for instance, nonbonding van der Waals interactions. The from the structure of self-aggregated chlogin

C=0---HO---Mg motif can support a variety of suprastruc- It is shown herein that it is possible to resolve the structures
tures®19 Second, chlorosomes generally contain a mixture of of these model systems in great detail using MAS NMR
BChl homologues with different 8-, 12-, and 20-alkyl grodps. spectroscopy combined with molecular modeling and ring-
The presence of different 8- and 12-substituents does not leadcurrent shift calculations. The results corroborate the current
to significant additional line broadening in the magic angle picture that the stereochemistry of the 3-substituent gives a
spinning (MAS) NMR data of the chlorosomes, which indicates predominant contribution to the free energy balance that leads
that these homologues are in very similar structural environ- to tubular structures in the chlorosomes.

ments’ On the other hand, molecular modeling of BGhl

indicates that steric repulsion between the 2-Me and the 20-Me Materials and Methods

induces a bending of ring A. In the modeling, a BClalggregate

is more open than a BCllaggregate containing 20-H instead
of 20-Mel1112 Hence, the bulkiness of the side chains might
counteract and fine-tune the dense stacking provoked by the
coordination and H-bonding. The stereochemistry of the mol-
ecule appears to be another crucial factor for the local self-
organization in the natural system. Molecular modeling predicts
that BChlc can form stacks with different conformations, with
the Mg ion at the opposite side (anti) or the same side (syn) of
the ring plane compared to the4€ 11 In two layers of BChl

¢ with opposite curvatures, an outer anti layer will have ester
chains pointing to the exterior, whereas a syn inner layer will
have the tails filling the center of a tub&!® The [3R] and
[319 stereoisomers are thought to stabilize this tubular bilayer
structure, where the outer anti layer prefers the&R[3and the
inner syn layer the [ form. This represents another tuning
mechanism where the chirality of thé-Bosition can play a
pivotal role steering the free energy balance of the supramo-
lecular assembly as a whole. Finally, the tails fill the core of
the tubular micelles and provide the interface between the
tubes!13They might help to induce the formation of micelles,

13C, 15N-labeled chlorophylh was extracted fronChlorella
vulgaris K-22 strain cultured in a labeled medium (Chlorella
Industry Co. Ltd.) and converted to methyC, 1°N-labeled
pyropheophorbide by use of unlabeled methamSlUsing the
resulting methyl ester as the starting material, cadmium methyl
13C, 15N-labeled 3-demethyl bacteriopheophorbide(chlorin
1) was prepared! According to related procedurésthe methyl
ester was exchanged with the unlabeled stearyl ester to produce
stearyl 13C, 1°N-labeled pyropheophorbide, followed by
transformation of the 3-vinyl to a 3-hydroxymethyl group. The
resulting compound was metalated similarly to the preparation
of chlorin 1 to give the corresponding cadmium complex
(chlorin 2). Samples for MAS NMR measurements were
prepared by adding dichloromethane/methanol (3:1) until the
solids were completely dissolved. Hexane was added in excess
(10:1) to the monomer solutions. The aggregates precipitated
immediately. The aggregates were filtered, washed with chlo-
roform, and dried in vacuo for several hours. All procedures
were performed at room temperature (ca. 2.

Solid-state MAS NMR experiments were performed at a
- . - . ’ temperature of 277 K with DMX-400 and DSX-750 spectrom-
similarly to fatty acid molecu_les in an agueous environment in eters, using 4-mm triple resonance MAS probeheads (Bruker,
synergy with the curvatures induced by tHesgreochemistry. Karlsruhe, Germany). The spinning frequency was kept constant

To test for mechanisms controlling the self-organization of \jthin a few hertz. Ramped variable-amplitude cross-polariza-
BChl ¢ in the chlorosomes, we have studied self-assembled tjgn (VACPY3 with a recycle delay bl s was applied in all
chlorins1 and2 (Figure 1) with MAS NMR spectroscopy. These  experiments. ThéH spins were decoupled during acquisition
Synthetic chlorins were Uniformly enriched WI%FC and15N, using two_pu|se phase modulation (TPPM)Homonudear
with the exception of the tails. In a converging strategy, several 13c—13C dipolar correlation spectra were recorded using radio-
functionalities that are potentially involved in determining the frequency_driven dip0|ar recoup”ng (RFDR) with phase_sensi_
size and topology of the suprastructure are absent or modifiedtive detection inw;.25 1H 90° pulses of 3.5us were used with
in paraIIeI in chlorinsl and2. To obtain insight into how the cross-polarization (CP) periods of 2 ms. For each of 256 steps
electronic and structural properties of the central metal ion affect in the indirect dimension, eight transients were accumulated.
the aggregate structure, the Kdon has been replaced by €d HeteronucleatH—13C correlations were obtained by wide-line
H3Cd, with a natural abundance of 11%, is a good NMR nucleus separation (WISE) and phase-modulated+@eldburg (PMLG)
and has been used in the past to determine coordinationexperiments using short CP times of 128 or 286and anH

properties in porphyrin compounds;'® heme protein/*®and 90° pulse of 3.1us. ThelH chemical shift scale was calibrated
photosynthetic membrane protein compleX&§he ionization from a PMLG spectrum of solid tyrosindCl salt. For each of
potentials and electron affinities of the Rigand Cd™ are 128 steps in the indireéH dimension, fouf3C transients were

different. The ionic radius of Cd in a four-coordinated accumulated, while during the WISE experiment, &€
environment is 0.78 A. This is considerably larger than the 0.57 transients were accumulated for each ofBxteps. A 30\H—

A radius of Mg*. Second, to probe the role of the stereochem- 3C—13C WISE/RFDR experiment was performed usingtain
istry of the 3-substituent, the 3-(1-hydroxyethyl) is replaced by rf field of 81 kHz, a'3C rf field of 45 kHz, and a VACP interval

a 3-hydroxymethyl without chirality, while the chirality of the  of 128 us. For each of 16 steps in the indirétt dimension
17- and 18-side chains is unaffected. Third, the 12-side group and for 256 steps in the indireEC dimension, 183C transients

of the chlorins is a methyl, whereas in the chlorosomes of were accumulated. 1B°N CP/MAS experiments were per-
Chlorobium tepiduman ethyl side chain is present in ca. 98% formed with variable-amplitude CP periods of 5.12 ms. For each
of the BChlc.” Fourth, the model molecules have a hydrogen experiment, 1024 transients were accumulated. Solid-Stad
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shifts were referenced to 0.1 M Cd(C)in H,O by setting
the13Cd response of solid Cd(CKR-6H,0 to —9 ppm?26 11d
CP/MAS experiments employed VACP times of 2 ms for the
acquisition of~15000 scans'*Cd and'>N chemical shielding
tensor elements were determined from the spinning sideband
pattern of 1D CP/MAS spectra following the Herzfeld and
Berger procedur&’ Error margins were estimated by repeating
the experiment with different spinning frequencies and by an
interactive tensor analyst8 CHHC experiments were performed
using an'H rf field of 71 kHz and VACP periods of 64s2°
For 256 indirect'C steps, 16 transients were acquired. A 3D
WISE/CHHC experiment used aitl rf field of 81 kHz and
three VACP periods of 9@s. One hundred twenty-eight scans  Figure 2. Schematic representation of the lattice summation for the
were acquired for each of 144 indiréé€ steps and 13H steps. H ring-current shift calculation.
To determine the shifts of the monomer in solution, NMR
experiments were performed in coordinating solvents with
concentrations of ca. 0.01 M.The NMR data for the monomer

in dimethyl sulfoxideds (DMSO) and in tetrahydrofurads 4 2‘&%/3

(THF) were acquired with a DMX-600 spectrometer (Bruker, T o 2Ry O s 27
Karlsruhe, Germany). THEN chemical shifts were referenced 20 : - :
to liquid NHs. The chemical shifts were used to calculate the -

aggregation shifta\a = g; — aiiq for *H and*3C. The!N and 40

11%Cd responses were measured in DMSO. THéd chemical 13¢ A 132,131
shifts were referenced to 0.1 M Cd(C)Rin H,O. A single (ppm)__
115Cd signal in DMSO was observed in a 1D experiment, using 1
~4000 scans with a recycle delay of 8 s. 100 !
Structural modeling was done using the Hyperchem version 4
7 software (Hypercube, Inc.). All geometry optimizations used
a Polak-Ribiere conjugate gradient algorithm with a gradient
convergence criterion of 0.01 kcal/mol. DFT calculations of
chemical shifts were done using the Gaussian 98 (Gaussian,
Inc.) software. For these calculations, a Mg center was used, as :
Cd is represented poorly compared to Mg in the DFT method, 160
and the HO was removed. 1
To calculate the ring-current effects for intermolecular 180 |
distances, the macrocycles were approximated by circular loops '
with a 3-A radius. The magnetic fielH induced at a position
T by a circular loop with current is given by

120 4

140

5] ! mz T m

| 12"CH3@
oMol dl x T o] e u::H, *3
B= E 3 (1) , E‘CHO 18‘CH
r 5] 71-CHy|
10? 17"CH2 gz"CH;
integrated around the loop in the direction of the current. For a 'H 10 , : : : 2°°*1'3 o
loop with radiusa in the xy plane and centered at the origin, ~®P™ B0 100 140 120 100 (pfm) 0

the isotropic ring-current shifi,c is proportional tdB,, yielding Figure 3. Contour plot sections of #C—3C MAS NMR dipolar

. correlation spectrum of aggregated chidirecorded in a field of 17.6
= _X _ Y T using a spinning frequency of 14 kHz and a mixing time of 1.14 ms.
(XY.2) Cjt‘) dgo(l a cosg a sin §0) x The lower panels show contour plot sections oftdr13C MAS NMR
X 2y . 2 [2\21-312 PMLG dipolar correlation spectrum recorded in the same field
’(— - COSCD) + (— — Sin (p) + (5)2] 2 employing a spinning rate of 11 kHz. The upper trace shows parts of
a a a 1D CP/MAS spectrum using 12345 Hz MAS. TRE—1C and'H—
13C connectivity network is indicated with dashed lines. The arrows
The ring current of a single loop was calibrated by a nucleus- indicate a doubling of the 15/16-C correlation.

independent chemical shift (NICS) DFT calculation for a ghost
atom placed 4.0 A above the center of a chlorin molecule, using where eacho;. given by the integral in eq 2 was evaluated
a B3LYP/6-311G(d,p) level of theory. For these conditions, a numerically using Maple 6 (Waterloo Maple, Inc.). This
ring-current shift of 3.90 ppm was obtained. Using eq 2, this summation over a two-dimensional lattice is depicted schemati-
providesc = 2.87 ppm as a calibration constant. The total cally in Figure 2.
intermolecular ring-current shift for eaékl atom was obtained
by adding the contribution from all other rings in the lattice Ragyits
within a maximum rangeémax = 24 A
Assignment of the NMR ResponsesThe chemical shifts
I <rmax of the aggregated chlorins were obtained using 2D and 3D MAS
O1u(Xu Y1) = Z O Xy — X% Y1iu — ViZiw — %)  (3) correlation spectroscopy. Figure 3 shows a20-13C RFDR
= spectrum of aggregated chlordrecorded with a mixing time
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TABLE 1: 3C Chemical Shifts of Chlorins 1 and 2

13¢c
position  o1tHF  O1pMsO 01, 02DMSO 02 (ppr;) 13c
(ppm)
12 12.5 12.2 9.2 12.2 9.4
2 11.4 10.9 33 108 3.2 6 -40
7 11.3 10.7 9.8 10.7 10.3 / ali3 132115
8 18.1 17.6  [18.7] 175  [19.1] 10 __ - ------ _Lso
8t 20.3 18.7 18.7 18.8 19.7 \
18 238 230 231 231 226 “ | :
17 31.3 29.6 31.0 29.7 30.6 ! | 60
17 31.3 30.2 29.6 30.5 30.1 ! I
12 49.7 483 487 483 486 18 | |
18 50.6 48.5 47.0 485 477 H - =
17 53.0 50.7 51.2 50.8 50.3 (ppm) | (ppm)
3t 56.9 54.5 49.0 54.6 47.4 -5 + I -5
20 92.3 91.7 89.6 91.8 88.3 !
5 100.3 98.8 94.4 98.9 94.3 0- ' Lo
15 107.2 1055  105.0 105.6  103.7,104.4
10 107.6 106.8 104.1 106.8 104.0 5- alCHy | 5
13 131.8  131.0  127.2 131.1  127.0 o 132-CH
12 134.2 132.5 131.5 132.5 130.8 104 ns-c 10
7 134.3 133.1 131.1 133.0 130.8
2 1369 1363  135.3 1362  134.2 13C 145 140 135 130 130 120 110 13C
3 142.6 1415  130.3 141.4 1287 {ppm) (ppm)
8 144.4 143.6 142.6 143.5 140.9 B
9 1472 1456  144.6 1455 1447
11 1493 1472 1453 1472 1458 I n 181147 130
4 149.4  148.4 1446 1484 1445 40 - 18118 [ (ppm)
6 1528 1515 150.0 1516  149.6 13¢ 18/20 12431
315
1 1554 1540 1514 154.0  150.8 {(ppm) | 132110 -- @ - —@ 0L 5
16 156.7 155.9 152.5 155.9 152.8, 154.1 s0 F-©Q-- ‘@— - - I §12/132
14 162.8 1611  161.6 161.0  160.9 1 i 17217 !
19 169.2 1688 1667  168.7  166.7 ! Lo e L eo
17 1738 1732 1752 1728 1737 | P L
13 195.1 1952 1955 195.1  194.4 604 . . | .
| | | [ |
of 1.14 ms. A spectrum of aggregated chidtirecorded under :;'pm) 0 Lo Y, L H
similar experimental conditions shows almost identical results ~ 5 | | g1y, ! o _(:p'")
(data not shown). The nearest-neighbor connectivities of the : 15-C 0 : I :
molecular!3C network lead to the assignment indicated with o | 1 | a2 | o
the dashed lines in Figure 3. The spectrum of chldrimas a ! ' 18-CH ' /31-CHz
single set of narrow peaks with line widths of 22800 Hz in 5 0132-CH 0 120-C U 8l2-Cc s
a field of 9.4 T, and the line widths are onty1l0% higher in ho-c N3-CH
a field of 17.6 T. This provides evidence for a well-defined 44 roasCh 1 o
microcrystalline structure without major inhomogeneous broad- i i . . :
ening due to disorder. THEC line widths of aggregated chlorin 110 100 90 13¢c 3 20 10 °°C
2, however, of 206-300 Hz in a field of 9.4 T are increased by (ppm) (ppm)

~50% in a field of 17.6 T, which indicates a significantly ~ Figure 4. (A) Enlarged**C—*°C sections of a 2D RFDR spectrum of
increased inhomogeneous broadening and disorder in the sample2g9regated chlorit recorded in a field of 9.4 T employing a spinning

Iy ; P frequency of 11 kHz (I, II) andH—2%C slices of a 3D"H—13C—13C
I(lllig:rdeltl’ec.))n, a doubling of the 15/16 correlation is resolved WISE/RFDR spectrum recorded in a field of 17.6 T employing a

spinning frequency of 14 kHz (Il, 1V). In spectrum Il (IV), th€C
Relayed transfer from the'2 71-, and 12-carbons to their shift in the third dimension is 9.5 (49) ppm, as indicated by the
second-nearest neighbors allowed the unambiguous assignmeritorizontal dashed line in spectrum I (1ll). (B) Enlargé8—2C sections
of those methyl signals. The'/3, 798, 12/11 and 1213 of Figure 7A (1, Ill), and*H—%3C slices of a 3D1H_—13C_—13C WISE/
correlations are weakly visible in Figure 3. Thé @sponse Sgr;casgp?iﬁrrllijr:g ?:e?]%%rr?g;ﬁ‘dlihéoE:ic(?{dﬁ/d) ”\:Vﬁé'r'“;k:hog (l:;éGmTical
could not be resolved fro_m the8C signal. The 4-, 6-, 9"_ shift of the indirect’*C dimension is 49 pbm, ’as indicated by the
and 11-positions were assigned from relayed transfer correlationshorizontal dashed lines in spectra | and |II.
using a dataset recorded with a relatively long mixing time of
2.9 ms. The 11-carbon can be assigned from a relay®d12  dimension. To complete the solid-staid assignment, a 3D
correlation in Figure 3. Th&C chemical shifts of the aggregated 1H—13C—13C dataset was collected for chlorin A straight-
chlorins are summarized in Table 1. forward WISE step was implemented after the inifill 90°
For the assignment of thi shifts, the PMLG! technique pulse in the sequendéWith a short CP time of 12@s, cross-
was applied in a high field of 17.6 T. Using tRéC data as a peaks appear in the 3D spectrum that correlatéHaspin to a
starting point, theH—13C signals were assigned, as depicted directly bound'3C pair. In the!H WISE dimension, most peaks
in the lower panels of Figure 3 for chlorth The 3-OH proton are already well resolved because of the truncation of'the
is not observed, possibly because of some form of dynamicsdipolar couplings in the high field. In Figure 4A, two sections
resulting in excessive line broadening and inefficient CP. Several of a 2D 3C—13C spectrum are shown (panels 1, 1ll) together
signals are difficult to assign because of overlap in @ with the correspondingH—13C slices from the 3D experiment
dimension. In particular, there is overlap betweé+sCH; and (panels 11, 1V). The horizontal dashed lines in panels | and IlI
12'-CH3 and between the3CH, and 13-CH, in the 13C in Figure 4A correspond to th€C shifts of thelH—13C slices
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N-C
A NI-D N-B} N-A
6.5 kHz
N 101

9.0 kHz

12.0 kHz v

0 15N

(ppm)
Figure 5. 1D >N CP/MAS spectra of aggregated (A) chlodnand
(B) chlorin2 recorded in a field of 17.6 T employing different spinning

400

300 200 100

de Boer et al.

13 kHz

200 1134

(ppm)
Figure 6. 13%Cd CP/MAS spectra of aggregated (A) chlotimnd (B)
chlorin 2 recorded in a field of 17.6 T employing different spinning
frequencies. The isotropic contributions are connected by a dashed line.

frequencies. The isotropic contributions are connected by dashed lines. TABLE 3: !N Chemical Shifts and Tensor Elements (ppm)
The asterisks denote small fractions of the samples where the With the Associated Anisotropy and Asymmetry Parameters

macrocycles do not contain Cd.

TABLE 2: 1H Chemical Shifts of Chlorins 1 and 2 and

Calculated Ring-Current Shifts (ppm)

position  oy7HF 01,0MSO o1, 02,DMSO 02 Ocalc
121-H, 3.6 35 -1.7 35 —-23 —4.8
21-Hs 3.3 3.2 -2.8 3.2 -3.3 -56
7-Hs 3.2 3.2 3.0 32 21 —-0.1
8%-Hs 1.7 1.6 33 1.6 15 0.1
8-H, 3.8 3.7 33 37 34 -01
18-Hj 1.7 1.7 2.1 1.7 4.1 —-0.3
17%-H, 2.4 2.7 2.7 2.7 24 1.4
172-H, 2.4 25 27 25 2.4 0.0
13%H, 49,52 49,52 42 49,52 3.9 -3.2
18-H 4.6 4.5 46 45 4.1 —-0.3
17-H 4.2 4.2 42 4.2 3.9 -0.9
3-H, 5.7 5.6 —-43 56 -39 -81
20-H 8.4 8.4 6.7 8.4 6.2 —15
5-H 9.4 9.3 3.8 9.3 3.3 —36
10-H 9.5 9.5 85 95 8.1 —1.6

depicted in panels Il and IV. As a result of the first transfer
step from!H to 13C in the 3D experiment, only the bouRéC
is correlated with thisH signal in thelH—13C—13C dataset.
This is illustrated by the labels in panels Il and IV. With the

of Chlorins 1 and 2

position ODMSO Oi o011 022 033 o) (kHZ) n
()N-A 1927 19386 324 278 -—-22 —-25 0.21
(DON-B 2216 2193 421 265 —28 —28 0.63
()N-C 1976 1955 347 265 -—24 —-25 0.37
()N-D 2642 267.2 500 304 -3 —-31 0.73
(2)N-A 1933 1928 353 251 -—18 —24 0.48
(2QJN-B 2222 2188 406 266 —16 —27 0.60
(2)N-C 1982 1955 353 251 -—18 —24 0.46
(2)N-D 265.0 254.3, 472, 280, 10, —28, 0.79,
264.3 496 290 8 —-29 0.80

aN-A and N-C could be interchange®iN-A and N-C not fully
resolved.

the N-A and N-C is ambiguous, given that the chemical shift
difference in solution is small. Th&N chemical shifts and
estimated tensor elements are summarized in Table 3'%Khe
spectra of aggregated chlorinshow a single set of peaks. In
the N MAS NMR spectra of chlorir2, however, a doubling
of the N-D peak is observed.

In the 113Cd CP/MAS spectra, a broad signal appears at 395
ppm for chlorinl, compared to 375 ppm for chlorid(Figure
6). The chemical shift tensor elements and anisotropy and

3D datasets, all protons can be assigned unambiguously, whileasymmetry parameters that were estimated from the spinning
the 2D PMLG spectra provide the most accurate chemical shifts. sidebands in Figure 6 are listed in Table 4. Finally, tHed

The H chemical shifts of the aggregated chlorihgnd?2 are
summarized in Table 2.
To obtain theH and3C aggregation shifts, defined as the

response in DMSQ@is for chlorin 1 shows a single peak at 390
ppm (Table 4).

Recently, it has been shown that good long-rafige-13C

chemical shifts in the solid state relative to the monomer shifts transfer can be obtained using &d spin diffusion interval

in solution, chlorinl was dissolved in THRlg and DMSO¢l,
which are strong coordinating solvents, and chlo2invas
dissolved only in DMSQds. The'H and13C assignments were
obtained from 1D'H and!3C experiments, as well as 2Bi—
13C and*C—13C COSY experiments. THEC and'H monomer
shifts are listed in Tables 1 and 2, respectively.

Figure 5 shows®N CP/MAS spectra of the aggregates. To
assign the!®>N response, long-rangéH—N heteronuclear
multibond correlation (HMBC) experiments were done for the
monomeric species dissolved in DMSig-where the™N spins
are correlated with théH spins at the 5-, 10- and 20-meso-
positions. The assignment of tA& signals in Figure 5 is based

sandwiched between two additional CP st&ps. Figure 7
shows 2D spectra of aggregated chlotirfA) and chlorin2

(B) recorded with a CHHC experiment that was adapted for
short mixing timeg®34An H spin diffusion interval of 0.2 ms
was used to generatéC—13C correlations. The assignment of
the correlations in Figure 7 is straightforward with #€ shifts

of Table 1, with the exception of ambiguities due to overlap
between the B and 13-carbons and between théand 12-
carbons. To resolve these ambiguities, a 3D WISE/CHHC
experiment was implemented by including an additioHal
evolution period after the initidiH 90° pulse. Figure 4B shows
two sections from the 2D CHHC experiment (panels I, III),

on the response in solution (Table 3). The distinction between together with the correspondinH—23C slices of the 3D
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Figure 7. 13C—'3C CHHC spectra of aggregated (A) chlornand
(B) chlorin 2 recorded in a field of 9.4 T using a spinning frequency
of 11 kHz and an'H spin diffusion mixing time of 20Qus. The
correlations labeled in bold face are assigned as intermolecular.

spectrum (panels Il, IV) of chlorinl. With the additional
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Chlorin 2

Chlorin 1

Figure 8. DetectedH and**C upfield aggregation shifts of aggregated
chlorin 1 and 2 relative to the monomers in DMS@y; the enlarged
difference between the two chlorins, and calculateldring-current
shifts > 2.5 ppm. The circles have a radius proportional to the
magnitude of the shift.

To explain the aggregation shift patterns, structural models
of coordinating chlorins were buil&3® First, the modeling of

information contained in the 3D dataset, the cross-peaks aresheets of molecules was done along very similar lines for
assigned as indicated in Figure 7A. The weak signals assignedchlorins1 and2. The semiempirical ZINDO/1 method suitable

to 7482 and /5 correlations are not detected in the 3D
experiment, and the assignment is tentative. Using¥Beshifts
from Table 1 and the information in Figure 7A, all signals are

for transition metal was used to calculate the atomic charges
for subsequent MMt force field optimization of the geometries,
which was iterated until self-consistent structures were obtained.

assigned correspondingly in Figure 7B for aggregated chlorin In this way, trimers were constructed by coordination of

2.
Aggregation Shifts. Significant upfield'H and*C aggrega-

3-hydroxymethyl oxygen to the Cd ion of the neighboring
macrocycle, where the remaining third macrocycles were capped

tion shifts are observed and displayed as circles for values lessby a HO as a fifth ligand and optimized in ca. five iteration

than—2.5 ppm in Figure 8 relative to the monomer in DMSO.
For chlorinl, two sets of-3C monomer shifts were determined
both in DMSO and in THF. Thé3C shifts show significant
differences when comparing the two solvents (Table 1). In
contrast, théH shifts are very similar for both solvents (Table
2). In addition, Figure 9 compares the and'3C chemical shifts
for the aggregated chloribwith the shifts for the monomer in
DMSO. These correlation plots clearly show how pronounced
theH aggregation shifts are within tiel chemical shift range,

in contrast to the*C aggregation shifts. Th¥H aggregation
shifts are dominated by ring-current effects, in line with

steps. For larger structures, only the geometry was optimized
with MM +. Pentamers were constructed by replacing the central
molecules by three of its own copies. The charge of these
molecules was negligible, the total charge thus remaining zero.
Larger aggregates were built by placing multiple stacks together
with the 3-OH groups of one stack within hydrogen-bonding
distance of the 13-€0 moieties of the next stack, followed
by optimization with the MM force field. In this way, 26-
mers of chlorinl and 2 were optimized consisting of four
pentamer stacks and two trimer stacks at the outermost positions.
Figure 10 shows the central part of the resulting structure of

observations in other chlorophyll aggregates, and are more usefukchlorin 1. The Cd-Cd distance is 6.4 A, while the -©H

than thel3C shifts for structure determinatiéf.In particular,
theH aggregation shifts that are far from the diagonal in Figure
9 are important for structure determination.

distance is approximately 2.2 A. A &d¢d distance of 6.4 A
is well in line with electron diffraction daté. Layers of chlorin
2 are arranged similarly (see also Figure 11).

TABLE 4: 13Cd Chemical Shifts (ppm) with the Associated Anisotropy and Asymmetry Parameters

chlorin OpMso 9] o011 022 033 0 (kHz) 7
1 390 395+ 3 494+ 15 4544 15 238+ 15 —394+5 0.254+0.13
2 nd 375+ 3 484+ 15 414+ 15 228+ 15 —-37+5 0.50+ 0.16
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Figure 9. Chemical shift correlation plots of chlorih The'H and

13C shifts in the solid sample are plotted against the monomer shifts in
a DMSO solution. The solid lines represent the diagonals. Setdral
signals are indicated that show a large upfield shift in the solid relative
to the monomer.

Figure 10. Structure of a layer of parallel inclined stacks of chidtin
used for the ring-current shift calculation. Figure 11. (A) Calculated structure of aggregated chlotimnd (B)

. schematic structure of aggregated chlo@nshowing two sheets

S_ubsequently, _the layer s_tructure of Flgure_lq was used for containing two stacks of tw%gmc?lecules each. The blgck dots represent
a ring-current shift calculation. A molecule within the center 13- gtoms involved in the intermolecular correlations.
of the 26-mer was selected, and the positions of the neighboring
macrocycles were used to define the unit cell of a two-
dimensional lattice. ThéH ring-current shifts were calculated
with the circular loop model and taking into account contribu-
tions withinrmax= 24 A. The results (Figure 8, Table 2) are in
semiquantitative agreement with the NMR measurements and Metal Bonding. Previous model studies have shown that the
reproduce the essential features, in particular the combination3Cd CSA tensor is very sensitive to the coordination state of
of very strong aggregation shifts in the 3-€lfegion and the Cd ion. For cadmiummesetetraphenylporphyrin (Cd-
significant 12-CH shifts. About 50% of the magnitude of the = TPP), the!'3Cd chemical shift anisotropkc = oy — oo is large,
observed ring-current shifts can be attributed to neighbor Ag = 341 ppm!® The unique tensor elements = oy is very
molecules within the same stack. Another contribution80%  sensitive to the electronic environment within the plane of the
in the 3- and 12-regions originates from molecules in adjacent macrocycle. It has a high value of 626 ppm, corresponding to

stacks overlapping because of the hydrogen bonding betweery |5\ electronic shielding. The other two elements,
the parallel inclined stacks (Figure 10). Finally, the ring currents

induced over larger distances account for the remaini2g%.

This demonstrates that the cumulative ring-current effects can . . . — L
be very large in aggregated chlorophylls and reveal local relatively high, withor, = 285 ppm. In the pyridine adduct (Py-

microcrystalline order with a correlation length within the plane Cd-TPP), the f'fth ligand reduces the _anlsotropyﬁt@ - 1_05

of a layer of at least-24 A. ppm. In the pyridyl adduct of cadmium prqtopprphynn IX
The aggregation shift patterns for the two chlorins are very dimethyl ester (Cd-PPIXDME-PYR) the coordination is almost

similar (Figure 8). The differences in aggregation shifts between axial, with a***Cd chemical shift asymmetry of = 0.32!7 In

the two chlorins, which are depicted enlarged in Figure 8, Cd-substituted myoglobin, the Cd ion is coordinated by a

indicate that the layer structure is marginally perturbed by the histidine residue, pulling the Cd strongly out-of-plane. This

presence of the long tails. For example, the shift differences yields a crossover afj and o with Ao = —200 ppm. These

for the 3-, 3-, and 13-carbons indicate that the=€D---HO---Cd findings are supported by ab initio calculatiofs.

bonding network is affected by the presence of the long stearyl
tails. The overall layer structure of Figure 10 is conserved,
however, and induces a similar ring-current shift distribution.

= 022
= oy, reflect the axial symmetry of the electronic system. The
electronic shielding perpendicular to the porphyrin plane is
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The113Cd signals for the two aggregated chlorins (Figure 6) TABLE 5: Calculated Chemical Shifts (ppm) for the Syn
show a very similar large negative anisotropy (Table 4). In the and Anti Isomers, See Text for Details
previous studies, nitrogen was considered as a fifth or sixth position syn anti
ligand, whereas, here, only oxygen is available. However, a

9 ? A / : N-A 185.6 184.1
similar conclusion as in Cd-substituted myoglobin can be drawn. N-B 198.5 199.3
In particular, o33 = 238 ppm corresponds to a very high N-C 196.4 196.0
shielding, revealing a weak in-plane €N bonding, with the N-D 232.0 227.4
Cd strongly out-of-plane and five-coordinated. For chldrim g:ig 1&7)'8 ig?'g
small value ofy = 0.25 indicates that the axial coordination is C-17 64.4 62.9
somewhat distorted to a degree comparable to that in Cd- c-18 58.9 60.0
PPIXDME-PYR?" These findings are in agreement with the C-20 93.3 94.3
layer structure of Figure 10, where the®don has the 30H C-17 43.8 41.7
moiety as a fifth ligand. In addition, the-®H coordination to c-1z 44.2 45.6
the Cd" ion is not axially symmetric, which explains the . .
observed value of = 0.25 for thel'3Cd tensor. For chlori2, a dlfference .of 1.3 ppm (Table 1). Thgs, the theoretical results
n = 0.5 indicates that the @d ion is farther from the central ~ @re in line with the NMR data and indicate that the aggregated
axis. chlorin 2 consists of a mixture of syn and the anti layers.

Intermolecular Contacts. The correlations in Figure 7 are
the first to appear for increasing, = 0.1-0.2 ms and are
between nearby substituents of chlorinand 2 spanning
intramoleculafH distance d 6 A. Abuildup rate in this range
has also been found for a Cld/H,O aggregaté® Many
correlations in Figure 7 involve one methyl group in line with
the distribution of substituents around the chlorin ring and span
shortH distances of 3 A. Spin diffusion involving methyls is
less efficient because of their fast rotation, which attenuates the
dipolar couplings. In contrast, intramolecular correlations
between two groups other than methyl are strong and over
distances of 6 A. In particular, the region near the 17-position
has several protons forming a network where the spin diffusion
proceeds rapidly. Thus, a cross-peak in the CHHC experiments
indicates an efficient diffusion pathway between the two spins
in a network of protons.

Several correlations in Figure 7 are attributed to intermo-

The 1N isotropic chemical shifts of chlorifh in solution as
well as in aggregated form (Figure 5, Table 3) are within 10
ppm of the!>N shifts of BChlc in methanol, except for the
15N-D signals, which are shifted by up tel5 ppm3’ In
pheophytina, where the metal is replaced by,Hhe®N shifts
of the N-A and N-C are decreased 560 ppm compared to
Chl a, whereas the N-B and N-EPN shifts are increased by
~40 ppm38 Thus, the!*N data confirm that the metal is bound
to the chlorin, although th&N spectra reveal a small fraction
10% of cadmium chlorin in both samples where the*Cidn
is replaced by bl (Figure 5)373 The 15N shifts show that the
Cd—N bonding in aggregated chlorihis very similar to the
Mg—N bonding in BChic. The chemical shift tensor elements
are also listed in Table 3. Although the anisotropies are
approximately similar for the foufN responses, the asymmetry
of N-B and N-D is significantly higher than that for N-A and

- i \l i . K .
N-C, which appears to correspond to a stronger Bidonding. lecular transfer, because there is no intramolecular pathway in

The*N shifts of chlorin2 are very similar with the exception e proton network that can serve to correlate the resonances
of the *N-D signal, which appears to be doubled in the o — 0.2 ms. Although the differences between chiorins
aggregate with a difference of 10 ppm between the tWo an42 are marginal for the intramolecular peaks, more significant
components, whereas a single component is observed in DMSQyjtferences can be observed for the intermolecular correlations.
(Table 3). For the formation of BClddimers in CCJ solution, The 12/3 intermolecular correlation in Figure 7A is in excellent
it was found that*N-D is most sensitive and shows a change agreement with the layer structure in Figure 10, as there are
of 4 ppm3” In the chlorosomes, the syn and anti layers are ¢jose contacts 0f2.5 A between the nearest protons of these
thought to give very similar ring-current shifts, given that they gide chains (Figure 11). This observation confirms the-®H
form mirror images with respect to the overlap between the o—c hydrogen bonding between the stacks. In the chl@rin
macrocycled! To explore the possibility that thEN signals aggregate, additional transfer between thé #d 2-carbons
are different between the syn and anti configurations, a DFT js gbserved, which confirms the perturbation of the@: -
calculation was performed at the BLYP/6-31G(d,p) level. To 4o...Cd bonding network in the layers. The remaining inter-
estimate the geometries, two monomers of chidtiwere molecular correlations are between the ring-B and ring-D regions
optimized by the iterative ZINDO/1 and M# method with located at the opposite sides of a layer. Hence, these correlations
H,0O as a fifth ligand in either the syn or the anti configuration. jnyolve transfer between adjacent layers in a head-to-tail
The metat-nitrogen distances are quite similar for the two grientation. The specific correlations between adjacent layers
configurations, although the structure of the macrocycle is are different between the two aggregates. This is attributed to
perturbed. For these approximate syn and the anti geometriesthe presence of the stearyl tails between the layers of chorin
a DFT calculation of the chemical shift was performed. In a final step, 3D space-filling structures of the chlorin

Table 5 summarizes the calculafét shifts for the syn and  aggregates can be constructed as a result of these intermolecular
the anti structures. THEN-D shift differs by~5 ppm between correlations. For the microcrystalline chlorib aggregate,
the two structures, while the other thré® shifts differ by multiple layers were brought within van der Waals bonding
less than 1.5 ppm. Although the absolute calculdttshifts distance and optimized with the force field. A preliminary
agree only moderately with the observed shifts, they clearly communication describing this structure has been publi¢hed.
show that the'N-D signal is much more sensitive to the syn Figure 11A shows the arrangement of two neighboring layers.
or anti configuration than the othéfN signals. In addition, The energy of this arrangement was found to be 11 kcal/mol
according to the calculation, seveteC signals are also doubled  lower for the contact between two molecules in adjacent sheets
with differences of +2 ppm, primarily in the ring-D region  than for a structure in which the layers are isolated. This
(Table 5). Such splittings are difficult to resolve. However, the indicates favorable van der Waals interactions between the
C-16 resonance in aggregated chl®iis indeed doubled with layers. The arrangement in Figure 11A displays a network of
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strongly coupledH spins in which the 17- and 8-regions are substitute of the Cd analogue has a visible absorption band that
in close contact, in accordance with the observed intermolecularis red-shifted to 740 nm compared to 705 nm for the corre-
correlations. sponding [3R] type. Modeling of the latter Zn analogue yielded
According to the NMR data, the aggregated chl@is more a plane-to-plane distance of4.1 A, instead of~3.5 A without
disordered than chlorii. This resembles the chlorosomes, the 3-Me, which indicates a denser packing if theNe is
where a significant line broadening is also obserelh the absent.
chlorosomes oChlorobium tepidumhowever, a splitting pattern Although the stacking is essentially similar to the chlorosomal
around ring-B is observed that is associated with the bilayfers. antennae, the differences in molecular structure lead to a
In addition, the observed transfer between the ring-B and ring-D different self-organization on the supramolecular scale. The
regions in the aggregated chlorins is not consistent with the chlorin 1 self-aggregates with a microcrystalline order, and
bilayer structure. IrChloroflexus aurantiacysa monolayered layers of chlorin are arranged in a head-to-tail orientation, in
tube with the tails on the exterior side and a central hole was contrast with the tubular structures in the chlorosomes. The
proposed?®42 In that case, the cavity should be filled with NMR data suggest that aggregated chl@is more disordered
another low-molecular-weight compound, whereas the in vitro and both layers with syn and with anti stacking are found.
aggregated chlorins form a pure and dry sample. Hence, the These differences of global self-organization reveal the
experimental evidence strongly favors planar sheets over tubularessential factors controlling the tubular organization in the
structures for both cadmium chlorins. The force field method chlorosomes. First, in the chlorosomes, theV& introduces
is limited with respect to accurate modeling of the long tails in the [3'R] and [3'S stereoisomers. For various bacteriochloro-
a large aggregate of chlorid Figure 11B shows a schematic  phylls, it has been found that the formation of higher aggregates
structure of two adjacent layers of chlorth The protons of and the degree of structural similarity to the chlorosomes
the saturated stearyl chains form a dense three-dimensionadepends on thel3pimeric composition of the solutidi:>6
network of very strongly coupletH spins, which can explain  In the chlorosomes of. tepidum the 3 stereoisomers interact
the intermolecular transfer over a relatively large distance. A with the syn and anti configuration of the metal ion in the sense
possible arrangement of bilayers with interdigitating tails, such that a [39-syn inner layer surrounded by a'F-anti outer
as in Chla/H,0.343 was also explored. In the Cld/H,O layer is thought to stabilize the tubular micellédn addition,
aggregate, however, the,@® molecules form a hydrogen- in a study of the aggregation of BChJ it was found that a
bonding network within a Ché layer, which makes the layer  minimal amount of the [35] stereoisomer is required for the
structure much more open. The chloBitayers are quite dense,  formation of aggregates resembling the chlorosomal anten-
making it difficult for the tails to interdigitate. In addition, a nae!3“In particular, upon addition of the {3] sterecisomer
doubling of the NMR response of the 7- and 8-substituents is to a [3'R] BChl e aggregate, the {absorption band shifts from
observed in Ché that is associated with conformational changes 706 to 717 nm, indicating the reorganization from a lower
at the interface between adjacent bilayers, whereas the NMRaggregate to a chlorosome-like aggregate. The subtle interplay
results of chlorir2 show single resonances for the 7- and 8-side between the [IR] and [3'] stereocisomers that appears to be
chains. These results suggest a head-to-tail arrangement of thessential for the formation of the tubular micelles is absent in

layers. the cadmium chlorins. Without thé-B/e, the cadmium chlorin
molecules have mirror symmetry with respect to the ring plane,
Discussion with the exception of the ring-D substituents, which are less

o ) important for the intermolecular binding. This points to the
~ The organization of layers of BCbImtheltirllzo_rosomes that  critical role for the 3-side chain, and the changes in the
is built upon the €=0O---HO-+-Mg network'***2is conserved g prastructure are primarily attributed to the substitution of the

in the aggregated cadmium chlorins. This conclusion is also 3_(1-nydroxyethyl) moiety with a 3-hydroxymethyl group
supported by other spectroscopic methods. In particular, he Q |acking the 3-chirality.

band is red-shifted, relative to the monomer in a polar solution,
by 87 nm for chlorin1?® and by 91 nm for chlorir2. This
compares well with the shifts of 85 and 88 nm observed for
BChl cin the chlorosomes and BChlprecipitated from hexane,
respectively: The stretching frequencies of thé-@—H and

the 13-carbonyl &0 at 3140 and around 1640 ciy respec-

The tails constitute another factor that is of interest to the
suprastructure. In chlorih, the tails are truncated by a methyl.
The structural modeling results suggest favorable weak interac-
tions between the layers oriented head-to-tail, where the
truncated tails perfectly fill the space between the 8-Et and 7-Me
X . groups of the neighboring layer. In this way, a microcrystalline
tively, are from the €&O---HO---Cd network in the aggregated 4 can be formed. In the aggregated chicinthe supra-

R, s .
chlorin 1.#% Thus, the ligation and H-bond structural motif that  ,cqyre is different as a result of the tails. Although the stearyl
is keeping the individual molecules together in the chlorosomal (i 4oes not have any significant interaction with the other

antennae Is robust, in the sense that the 5'f°|d coordinatiqn andgpstituents in a single molecule, it contributes to the entropic
how it supports the mtermolechrJIar bonding network SUIViVes 5. interfacial energy terms in the free energy balance. The
the substitution of M§" by CcF™. The density of the layers 45 ajone are apparently not sufficient for tubular micelles. In

depends on the bulkine_s_s of tge side chains. In parti_cular, thethis respect, the chlorosomal antennae are different from micelles
natural BChic has additional 3Me and 20-Me substituents of fatty acids. On the other hand, the tails induce structural

instead of hydrogens and in most cases a 12-Et instead of &yjgorger in the aggregate. As a result of this disorder, layers
12-Me side group. Because of the less bulky substituents in the, i poth syn and anti stacking are formed, which resembles
cadmium chlorins compared to the Mg forms, the stacking is o chlorosomes.

more dense, which is evident from the exceptionally large
aggregation shifts (Figure 8). The plane-to-plane distanc8i§

A, whereas a distance of4.5 A was found for BCht.1! This

is corroborated by a recent spectroscopic and molecular model- Synthetic cadmium chlorins and2 were self-aggregated in
ing study of zinc chlorins in which the effect of variou$- 3 cyclohexane and studied to gain insight into how key function-
substituents was investigatéd.lt was found that the Zn alities can steer the suprastructure of B€halygregation in the

Conclusions
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chlorosomes. With various MAS NMR experiments in combi- (3) Mimuro, M.; Nishimura, Y.; Yamazaki, I.; Kobayashi, M.; Wang,
nation with molecular modeling and ring-current shift calcula- gég{_.,zggzawa T.; Shimada, K.; Matsuura, Rhotosynth. Red.996 48,
tions, local structures were found that are similar to the stacking = 4) van Grondelle, R.; Decker, J. P.: Gillbro, T.; SundstronBéchim.
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: H H ankensnip, K. E.; son, J. . ner, noxygenic oto-
anti layers. W',th thes,e structures, several key factorg controlling synthetic BacterigKluwer Academic Publishers: Dordrecht, The Nether-
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Cd---OH---O=C motif induces self-organization in a robust (9) Hildebrandt, P.; Tamiaki, H.; Holzwarth, A. R.; Schaffner, X.
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molecules in sheets is more dense than for the chlorosomes and (11) van Rossum, B. J.; Steensgaard, D. B.; Mulder, F. M.; Boender,
gives rise to very strong ring-current shifts. The high density is G. J.; Schaffner, K.; Holzwarth, A. R.; de Groot, H. J. Biochemistry
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validation of the space-filling model structures. Sheets of chlorin (15 jakobsen, H. J.; Ellis, P. D.; Inners, R. R.; Jensen, Q. Am.
are oriented head-to-tail in the aggregates. The model structuresChem. Soc1982 104, 7442-7452. _
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sheets and give rise to terms in the free energy balance that (18) McAteer, K.; Lipton, A. S.; Kennedy, M. A.; Ellis, P. [Solid
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