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Recent studies demonstrate that modern MAS NMR techniques
allow the structure determination of uniformly labeled aggregates,
disordered systems, and polypeptiéies.Similar to established
methodology for structure elucidation of proteins in the dissolved
state, distances or torsion angles between the nuclei can be measured
and used for restraining of possible conformations. In solution,
however, the packing of molecules is of little interest, and “families”
of molecular conformations are resolved. This contrasts with a
genuine solid state, where the space filling arrangement is essential.
Thus, while the structure determination of molecules in solution
can follow a purely bottom-up approach, in the microcrystalline
solid state the top-down restrictions following from the requirement
to fill up space in an orderly fashion have to be taken into account
in the construction of a structural model from MAS NMR déata.

Here, we acquire MAS NMR data of a uniformi§C- and>N-
labeled Cd-bacteriochlorophydlanalogue (Figure 1), a derivative

Figure 1. Chemical structure of the Cd-bacteriochlorophylanalogue.
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distance between the molecular planes of 6.4 A was resolved. 50 o ﬂ) 9@@ P a
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line widths before apodization are 22800 Hz in a magnetic field 13¢

of 17.6 T and are essentially the same in a field of 9.4 T. This (Ppm) 110100 90 80 70 60 50 40 30 20 10

shows that there is little heterogeneous line broadening due to bulk,_-,gu,e 2. 13C—13C CHHC spectrum recorded in a field of 9.4 T using a
susceptibility effects. In addition, a single set of peaks is detected. mixing time of 200us. The intermolecular correlations are indicated in
These observations imply local crystalline order with the same red.

unique structural environment for every molecule.

From the MAS NMR signal front13Cd, which has a natural
abundance of 12%, the chemical shift anisotropy (CSA) principal
elements were extracted. The CSA shows that the Cd is strongly
interacting with a fifth ligand, and the asymmetry parameter
0.25 reveals a nonaxial coordinatiorf. In addition, thelH and
13C aggregation shifts, defined as the chemical shifts in the solid
state relative to the corresponding shifts of the monomer in solution,
reveal ring current effects that are very useful for structure
determinatiort® The 'H aggregation shifts are mainly due to ring
currents and are exceptionally strong, up to 10 ppm in the upfield
direction. These results can be accommodated by forming paralle

governing the intermolecular arrangement of this system satisfac-
tory, while calculations at the force field level have been validated
for large chlorophyll aggregatés!?2Subsequently, & ring current
shift calculation was done, where contributions of all macrocycles
within a radius of 24 A were added. The rings were approximated
by circular loops, where the shielding of a single macrocycle was
calculated by a DFT calculation at the B3LYP/811 g(d,p) level.
The calculation reproduces the experimental ring current shifts of
theH atoms with a standard deviation of the calculated versus the
observed values of 1.2 ppm on a range of 11.6 ppm, while the
Icorrelation coefficient equals 0.98. In this way, the shift data reveal
stacks with the BOH groups coordinated to the Cd of the a unique _densely packed struc_:tur_e of overlappi_ng macrocycl_es
neighboring molecule and sheets due to hydrogen bonding betweenaeranged n sheet_s of parallel inclined sta_cks (Flg_ure 3A). This
the 3-OH functionalities of one stack and the 13=O groups of structure was confirmed by a CHHC experiment (Figure 2). Here
131 i i i i
another. The structure was optimized by the MNbrce field, since _3C °C correlations are generated By spin d|ff_u§|on, _and clo_se
ab iniio methods do not yet describe the weak interactions intermolecular contacts can be detected, providing direct evidence
about the molecular arrangeméftFor instance, a correlation
between the 12-Me and the 3-@bH moieties is in excellent
agreement with the proposed sheet structure, since {3 are
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bacteriochlorophylld analogue compares well with structures of
well-ordered chlorophyllide crystals that have been resolved with
X-ray diffraction. For instance, in hydrated chlorophyllidethe
rings are in a pseudohexagonal net, where ring A of one molecule
overlaps with rings C and E of its translationally equivalent
neighbort* Water molecules act as cross-linkers both by coordinat-
ing to a central Mg metal and by hydrogen bonding to a neighboring
ring E carbonyl. Here, the 3-hydroxymethyl group introduces an
additional functionality, leading to the network in Figure 3A. Since
water is not present as a cross-linker and due to the strong
interaction, the volume per molecule has the relatively small value
of ~667 A3, compared to, for example, 8643 for ethyl chloro-
phyllide a dihydrate. In the chlorophyllida crystals, the absence

of long tails also results in a back-to-tail orientation as visible in
Figure 3B, and two-fold or three-fold screw axes are observed there
between the neighboring layersFor self-assembled chlorophyll
a/H,0, on the other hand, the sheets orient back-to-back as a result
of the long farnesyl tails that interdigitate in bilayéfs.

In conclusion, we have shown that a detailed structural model
of a microcrystalline structure can be obtained with MAS NMR
refined with molecular modeling, and we expect that this study is
relevant to future applications in nanotechnology or structural

research.
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