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Magic angle spinning (MAS) NMR is rapidly developing as a
technique to resolve structure in biological systems.1-3 An important
step in solving structure with solid-state NMR is the detection of
distance constraints, in addition to the chemical shift assignment.4-10

For small molecules that form ordered aggregates, this is becoming
routine.11 For proteins or amyloid systems havingâ-sheet motifs,
detection of correlations between backbone carbons from adjacent
chains is sometimes possible using13C spin diffusion.12-14 Mem-
brane proteins are generally comprised ofR-helical segments with
narrow shift dispersion, and the inter-helical distances between
adjacent segments are too large to be bridged by conventional13C
spin diffusion. Contacts between a ligand and side chains have been
detected, however, without a specific assignment.15 In addition,
resolving structure from secondary shifts is not always possible,
and the lack of access to distance restraints is a severe limitation.10

Here we demonstrate for a helical transmembrane protein
complex that it is possible to get access to four classes of distance
constraints: (i) along the helix for assignment of signals, (ii)
between helix side chains and cofactors, (iii) between amino acids
of two subunits that form the monomer, and (iv) between amino
acids of different monomers, paving the way for access to structure
of complexes, such as secondary, tertiary, and quaternary structure,
as well as contacts between the protein and cofactors or other
ligands. The model system we use is the photosynthetic light-
harvesting 2 (LH2) protein complex from the anaerobicRhodo-
pseudomonas(Rps.) acidophilastrain 10050 purple bacterium.16-18

A sequence-specific assignment of the NMR response was recently
obtained for 76 of the 94 residues of the monomeric unit, and getting
a structure from shifts is not possible.10 The LH2 complex comprises
a circular aggregate of nine identical monomeric units, each
monomer a complex of twoR-helical membrane spanning segments,
that is, theR-subunit (53 residues) andâ-subunit (41 residues) and
enclosing three Bacteriochlorophylla (BChl a) cofactors.

The profusion of protons which are in close proximity within
the helix and more specifically between side chains in adjoining
helical segments makes1H-1H spin diffusion a viable option for
identifying inter-helical constraints in the LH2 complex.19 The
favorable polarization properties of1H combined with the spectral
resolution of13C nuclei in the 2D13C-13C magic angle spinning
(MAS) CHHC/CP3 experiment have been used successfully in the
past to resolve a model for the 3D stacking in self-aggregated,
uniformly enriched chlorophylla/H2O and for the 3D structure
determination ofâ-sheet polypeptides.3,20-23 Recently, there has
been a discussion going on as to whether or not long-range1H
transfer between helical segments is truncated by relayed intra-
helical transfer. In this study, we demonstrate that by using the
CHHC/CP3 experiment on uniformly13C labeled as well as
biosynthetic site-specific13C pattern labeled samples of the LH2
complex at very short mixing times (200-350 µs) it is very well

possible to detect through-space long-range intermolecular correla-
tions between the twoR-helical membrane spanning segments
which make up the monomeric unit of the LH2 complex as well as
through-space correlations between the amino acid residues and
the labeled BChla via 1H-1H spin diffusion.

The 13C-enriched samples were obtained biosynthetically by
growing the bacteria anaerobically in light at 30°C on a defined
medium. The pattern labeled13C LH2 sample (2.3-LH2) was
prepared by using isotopically labeled [2,3-13C]-succinic acid as
the nutrient source in the expression medium. The procedures for
the sample preparation and the labeling patterns of all the amino
acids and the BChla cofactors in the U-LH2 and 2.3-LH2 samples
have been described in detail elsewhere.24

Two-dimensional CHHC/CP3 (see ref 23) spectra were recorded
at 1H diffusion times of 200 and 325µs for the U-LH2 sample and
at 250 and 325µs for the 2.3-LH2 sample. A detailed experimental
section has been given in the Supporting Information. Characteristic
datasets for the U-LH2 sample are shown in Figure 2 and in Figure
S2 for the 2.3-LH2 sample.

For the CHHC/CP3 1H spin diffusion experiment, an effective
maximum 1H-1H transfer rangedmax of ∼3.0 Å has been

Figure 1. The structure of two monomeric units of the LH2 complex
derived from the 1NKZ PDB file.18 TheâB850 cofactor is not shown. The
red arrow indicates the pair, corresponding to an inter-helical inter-
monomeric correlation between theR1V10 andR2A13 residues; the green
arrow shows inter-helical intra-monomeric correlations between theâT2
andRP12 residues; the orange arrows indicate cofactor-residue contacts
between theRB850 cofactor and theâH30 residue as well as the B800
cofactor andâG18 residue; and the remaining blue arrows point to inter-
residue correlations along the helix.

Published on Web 01/20/2007

1504 9 J. AM. CHEM. SOC. 2007 , 129, 1504-1505 10.1021/ja0664436 CCC: $37.00 © 2007 American Chemical Society



experimentally determined from a wide range of intra-residue13C-
13C cross-peaks using1H-1H mixing times of 200-350 µs.22,25,26

The CHHC/CP3 spectra of the U-LH2 sample for a short mixing
time of 200µs give us over 30 additional unique cross-peaks when
compared to the 2D13C-13C proton-driven spin diffusion dataset
published previously for a 50 ms mixing time.10,27 A few of these
new peaks can be assigned to intra-residue correlations, thereby
giving us additional chemical shift information. Utilizing the
estimateddmax, we have been able to assign an inter-helical distance
constraint betweenR1V10 and R2A13 in the R-subunits of two
adjacent monomeric units. They have the shortest1H-1H distance
of 2.60 Å. We have also detected another inter-helical transfer event
over a 2.85 Å1H-1H distance, betweenRP12 in theR-subunit
andâT2 in theâ-subunit of a single monomer. Due to the reduced
labeling of the 2.3-LH2 sample, the CHHC/CP3 spectrum is less
crowded and better resolved for a short mixing time of 250µs. By
virtue ofdmax, we are able to assign unique through-space cofactor-
residue correlations between theRB850 cofactor and theâH30
residue as well as the B800 cofactor andâG18 residue in the
spectrum (Supporting Information). Most of the predicted inter-
subunit contacts from the X-ray structure that fall withindmax but
whose cross-peaks are not seen in the CHHC/CP3 spectrum are
from C-terminal residuesRQ46-RA53 in theR-subunit andâL40-
âH41 in the â-subunit.18 This indicates a flexible or disordered
C-terminus. The remaining predicted contacts that could not be
assigned involve methyl groups from side chains or aromatic side
chains.22

The unique correlations that are observed between carbons from
the BChl a cofactor and the LH2 protein provide structural
information on the active site and on how the organized protein
complex interacts with the cofactor. Only with access to such
information mayde noVo design of self-assembled biomimetic
nanomachines become reality. In conclusion, the CHHC/CP3

experiment helps to discriminate between intra-helical and inter-
helical constraints. This leads to the identification of new through-
space distance constraints and an improved chemical shift assign-
ment of a helical membrane protein complex, which is the next
logical step toward determination of its secondary, tertiary, and
quaternary structure, along with protein-cofactor interactions.
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Figure 2. Aliphatic region of a CHHC/CP3 dataset collected from the
U-LH2 sample atωr/2π ) 12 000 Hz and with 200µs 1H-1H spin diffusion
mixing time.
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