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Structural biology is currently booming, as seen clearly by the
approximately 170 new structures deposited each week in the
protein data bank (PDB) with the vast majority of these
deposited structures being derived from either X-ray crystal-
lography (about 87 %) or solution NMR spectroscopy (about
12%).1" In light of this rapid development, it is becoming
increasingly evident that a major up-coming challenge is to
study proteins in their native environment, rather than relying
on either crystals or buffered solutions as used in those two
classical methods, respectively. However, this is far from
a trivial task, as the native environment often is extremely
heterogeneous containing many different types of binding
partners, such as sugars, lipids, and co-factors, constraining the
protein structure. This is especially true when studying
membrane proteins, and for this group of proteins the typical
laboratory protocol involves a reconstitution step in which
a membrane-mimicking environment is used to solubilize the
protein. This often unnaturally simple environment might
severely perturb the folding state of the protein, and
important details on the functionally relevant structure may
be lost.

Currently, only few techniques, including cryo-electron
microscopy (cryo-EM)™ and solid-state NMR spectroscopy,”!
offer the possibility to obtain atomic resolution structure
information for proteins in native heterogeneous environ-
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ments. Cryo-EM enables single-particle characterization with
resolution down to about 4 A, while solid-state NMR
spectroscopy relies on ensemble measurements with substan-
tially higher resolution. The potential of solid-state NMR
spectroscopy for in situ characterization has been demon-
strated by analysis of bacteriorhopsin (bR) in purple mem-
branes,*! GvpA proteins in collapsed gas vesicles,*>* and the
LR11 (SorLA) transmembrane domain,’? Mistic,© and
PagL!! in native Escherichia coli membranes. These studies
relied on large expression levels of the protein either through
very high abundance in 2D arrayed arrangements (bR and
GvpA), or overexpression (LR11, Mistic, PagL), the latter
with the risk of introducing bias by the condensed environ-
ment. In the present study, we address a more heterogeneous
system through structural characterization of the photosyn-
thetic antenna protein, CsmA, from a phototrophic prokar-
yote. CsmA is present in the lipid environment of chloro-
somes, and we have employed solid-state NMR spectroscopy
using whole organelle preparations to extract structural
knowledge of this protein.

Common to all photosynthetic systems is the use of a light-
harvesting antenna, which increases the number of photons
accessible to the photochemical reaction centers.”] The
largest known antenna system is the chlorosome found in
green sulphur bacteria (Chlorobi), filamentous anoxygenic
phototrophs (Chloroflexi), and the aerobic phototroph, Can-
didatus Chloracidobacterium termophilum.”) This antenna
has an exceptional ability of extracting energy from low
intensity light because of a very high number of pigments per
reaction center. The chlorosomes of Chlorobaculum (Cbha.)
tepidum, a common model organism for green sulphur
bacteria, appears as oblong bodies, attached to the cytoplas-
mic side of the plasma membrane through a water-soluble
protein, the Fenna—Matthews-Olson (FMO) protein
(Figure 1).1! The interior of the chlorosomes is formed by
long rods of self-aggregated bacteriochlorophyll (BChl) ¢
held together by pigment—pigment interactions"” in a struc-
ture recently determined by solid-state NMR spectroscopy.!'!!
The chlorosomes are surrounded by a lipid-protein mono-
layer holding ten different polypeptides.”™ At the attachment
surface between the chlorosome and the FMO protein, the
envelope has a crystalline-like baseplate containing multiple
CsmA proteins (6.2kDa) in complex with BChla and
carotenoids.™ This CsmA-BChl a baseplate is vital for the
organism as it transfers energy from the chlorosome interior
to the FMO protein, which is the last antenna before the
energy reaches the reaction center.™
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Figure 1. a) The chlorosome (modified from Ref. [13]) consists of
BChl ¢ self-aggregates (dark green) along with carotenoids, surrounded
by a lipid monolayer containing nine types of polypeptides (magenta).
The baseplate consists of CsmA proteins (light green) binding BChl a.
The FMO protein (light blue) is bound to the baseplate and to the
reaction centers (dark blue) in the cytoplasmic membrane.” b) The
carotenosome having a lipid envelope containing fewer polypeptides
(magenta) and only carotenoids (orange) but not BChl c. ¢) *C CP-
MAS spectrum of uniformly ">C,'"*N-labeled carotenosomes. d) °N CP-
MAS spectrum of the same sample. Arrows indicate the most
significant resonances from the carotenosomes and stars represent
BChl a signals. e) Overlaid '>C,’C (cyan) and "N-filtered C,"*C
(black) DARR spectra. Boxes below show regions with cross-peaks
between Ca~">C’ and between Ca. and side-chain carbon nuclei.
Additional information is found in the Supporting Information.

The structure of CsmA has previously been determined in
organic solvents using liquid-state NMR spectroscopy.'!
Since the organic environment represents individually dis-
solved proteins and prevents attachment of BChla, and
a reconstitution protocol failed to give soluble species™! we
continued our investigation using a whole organelle
approach, where the CsmA-BChla baseplate could be
studied in its native heterogeneous environment using solid-
state NMR spectroscopy. To obtain samples containing
sufficiently large amounts of protein for NMR character-
ization, we based our study on simplified chlorosomes, the so-
called carotenosomes (Figure 1b), derived from a bchK
mutant of Cha. tepidum devoid of BChl c.!"”! Carotenosomes
are obviously less efficient in harvesting light than wild-type
chlorosomes, but they remain functional.'® The caroteno-
somes contain lipids, carotenoids, BChl a, and the proteins
CsmA and CsmD (CsmA :CsmD =~ 9:1). All other chlorosome
proteins normally found in wild-type chlorosomes were found
only in trace amounts or were not detected.® These proteins
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have, however, not been ascribed any pivotal functions for the
system, as seen from knock-out studies."” It was observed
that the CsmA protein still forms remarkably stable oligo-
meric CsmA-BChl a baseplate complexes in the caroteno-
somes, and that these were indistinguishable spectroscopically
from those of wild-type chlorosome.!® As drawn in Figure 1b,
the carotenosomes are flattened in structure as compared to
chlorosomes because of the absence of BChlc, and the
isolated organelles appear brightly orange because of the lack
of BChlc.'¥ Cells of a Cha. tepidum bchK mutant for
isolation of "*C,’N-isotope labelled carotenosomes were
grown as described by Frigaard et al.™ Details are given in
the Supporting Information.

Structural characterization of uniformly “C,'N-labelled
carotenosomes was carried out using multidimensional
magic-angle spinning (MAS) solid-state NMR spectroscopy.
One-dimensional ®C cross-polarization (CP) MAS spectra
(Figure 1c¢) revealed signals from large amounts of lipids and
carotenoids in addition to CsmA and BChl a. The relatively
weak °C protein signals and the strong signals from the other
constituents resonated mainly in disjoint regions (Fig-
ure 1c,e), although there was some overlap between intense
carotenoid signals and aromatic protein signals (120-140 ppm
region) as well as between aliphatic lipid chains and
carotenoid methyl signals and those of aliphatic protein side
chains. Weak signals around 95 and 160 ppm were identified
as BChl a signals. The "N CP-MAS spectrum (Figure 1d)
almost exclusively contained signals from CsmA and BChl a,
which were clearly distinguishable. The exclusivity of the °N
signals suggests the use of "N-*C dipolar-coupling filtering as
a means to obtain high-resolution spectra for the baseplate
alone, as demonstrated in Figure 1e overlaying a 2D *C,"°C
DARR spectrum (blue) with a similar “N-filtered 2D
spectrum obtained by initially transferring the polarization
through the amide N nuclei (black).

BN-edited NCACX, NCOCX, and CONCA 3D experi-
ments enabled almost complete resonance assignment of the
non-terminal region of the protein while most resonances
from BChl a were assigned based on *C,"*C DARR spectra.
Figure 2a demonstrates a sequential walk through backbone
resonances from the V22-M21-V20-E19-F18 stretch. All
backbone resonances for CsmA were assigned unambigu-
ously (see Table S2 in the Supporting Information) except the
terminal residues M1-G5 and G52-S59, for which we judge
signals to be absent because of increased mobility. Likewise,
with a few exceptions all side-chain resonances were assigned
unambiguously for all residues. Only one signal was observed
for each nucleus indicating that only a single conformation of
CsmA exists in the baseplate, and thus the proteins of the
entire baseplate must be part of a fully symmetric oligomeric
complex. At room temperature, the *C signals from BChl a
were relatively weak. This may be ascribed to low '"H—'*C CP
efficiency because of a low density of directly attached
protons and high flexibility of BChl a in the carotenosomes. It
appeared that cooling of the sample to —9°C improved the
pigment signals leading to the assignments in Table S2 in the
Supporting Information, and our assignments are in good
agreement with those of Egorova-Zachernyuk et al.™® for
pure BChl a in the solid state. Besides CsmA and BChl 4, the
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Figure 2. Representative assignments of solid-state NMR spectra of U-"*C,"’N-carotenosomes. a) Strip plots
from "N, C,”*C 3D correlation spectra showing assignments for residues V22-F18 obtained from NCACX
(red), NCOCX (green), and CONCA (magenta) experiments. The strips were taken at the °N chemical shifts
indicated at the top of the strips and viewed as Ca~"C’ (top bar), *Cyigechain ~C'/"*Co. (middle bar) and *C'-
BCa (bottom bar) slices. Horizontal lines represent intraresidual and sequential connectivities while vertical
lines represent intraresidual connectivities within the same experiment and, thus, outline the sequential
assignment pathway. b) "*N,"*C correlation spectra showing representative assignments of Bchl a, His, and
Trp side-chain resonances. c) '*C,"*C DARR spectrum (—9°C) showing sequential assignments of BChl a.

baseplate contains significant amounts of carotenoids."”]

Despite that the carotenoids give large signals in the *C,"C
DARR spectra, we were not able to identify cross-peaks to
CsmA or BChla. This may be ascribed to heterogeneous
ordering of the carotenoid molecules and/or high degree of
flexibility.

Taking advantage of the fact that *C and N chemical
shifts are sensitive to the protein backbone conformation,””!
Figure 3a compares secondary chemical shifts for the signals
observed by solid-state NMR spectroscopy with the corre-
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structure of the CsmA mo-
nomer is also a-helical™® but
more scatter in the backbone
torsion angles (see the Sup-
porting Information) and,
most notably, a kink in the
helix between residues 34-38
was observed."” This appar-
ent deviation from a continu-
ous a-helical structure could
be because of the absence of any long-range distance
constraints in the structure determination of the solution
structure (and fewer medium-range for that particular
stretch). Here we used TALOS + to predict the backbone
conformation from the solution chemical shifts. Indeed,
contrasting the derived structure, all TALOS + predictions
fall inside the same narrow distribution as for the solid-state
predictions (see the Supporting Information). Thus, all
chemical shift data indicated that the backbone conformation
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Figure 3. Structural information based on chemical shifts. a) Secon-
dary chemical shifts (observed minus random coil value) from liquid-
and solid-state NMR spectra. Cut-off values from the chemical shift
index (CSI)® corresponding to a significant indication of a-helical
structure are shown as dashed lines. b) Predicted dihedral angles by
TALOS + for CsmA shown as green dots overlayed on the a-helical
region of the Ramachandran density plot based on statistical backbone
dihedral angle data for 679 proteins. The brown, red, yellow, and white
regions represent progressively less populated regions. c¢) Amino acid
sequence of CsmA. d) Helical projection of the a-helical structure.

e) The solution structure of CsmA highlighting residues with substan-
tial differences in chemical shift with sticks. Colors in (d) and (e)
correspond to scaled rms values of chemical shift deviations for each
residue between solid- and liquid-state chemical shifts as defined in
the Supporting Information. In all panels SHIFTX2?? was used to
recalibrate a chemical shift offset for C and *N for the two datasets
to compensate for differences in the sample and buffer conditions.

is very similar for the CsmA monomer and the CsmA
baseplate oligomeric structure.

Based on the chemical shift analysis, we believe that the
differences between liquid- and solid-state NMR data are
mainly due to changes in side-chain conformation or tertiary
structure, that is, contacts between CsmA monomers in the
baseplate or between CsmA and BChl a or carotenoids. To
quantify the observed differences in chemical shifts, a sim-
ilarity measure was calculated as a weighted root-mean-
square deviation (rmsd) between liquid- and solid-state
chemical shifts for N, C’, Ca, and Cf for each residue (the
definition is given in the legend to Figure S3 in the Supporting
Information). Based on this similarity measure we can
pinpoint the residues having the largest combined differences
in chemical shifts as visualized in Figures 3d,e, and S3.
Residues with large differences appear in four separate
patterns (Figure 3d,e) having differences significantly larger
than expected within a secondary element and larger than
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expected due the differences in the solvent (on the order of
about 0.2 ppm).”! The largest differences are found at the N
and C termini, which could be due to quenched mobility by
confinement in the baseplate. Indeed, prediction of the order
parameter S? by the RCI method®! implemented in
TALOS + shows a rigid central region of CsmA in both the
monomeric and oligomeric form, but for the solution
structure a significantly higher mobility is predicted at the
termini (see Figure S5 in the Supporting Information).
Furthermore, the largest differences within these termini
and extending along the helix were located at a particular side
of the helix as highlighted on the helix-projection (top and
bottom flanks in Figure 3d) suggesting interfacial binding.
The largest difference outside the termini was found for V22
and further differences for M21, G24, and H25. We propose
that this could be due to coordination of BChla to the
histidine in the putative binding motif G24-H25-W26,"
which places the ligand in the proximity of M21 and V22,
possibly facilitated by the flexible G24 backbone. Lastly,
a significant difference was found for D34 and K38, which are
part of the putative flexible linker in the solution structure
that might indicate a small difference in the backbone
conformation at this part of the helix.

We have presented a solid-state NMR analysis of the
CsmA-BChla protein—pigment complex in the baseplate
antenna complex of Chlorobaculum tepidum. This study
demonstrates the applicability of solid-state NMR spectros-
copy to study proteins in their native and highly heteroge-
neous environment. By using different combinations of 2D
and 3D spectra, 90 % of the CsmA resonances were assigned.
Analysis of the assigned chemical shift data indicated a canon-
ical a-helical structure for CsmA and a fully symmetric
conformation of the CsmA molecules in the baseplate.
Comparison with the liquid-state chemical shifts provided
clues for the relative orientation of the CsmA monomers and
interaction with the BChl a ligand. In more general terms, our
study demonstrates that NMR spectroscopy provides unpre-
cedented opportunities to compare the structure of a protein
in its isolated form and in its native environment containing
all natural lipids and cofactors or to manipulate environ-
mental conditions and subsequently study conformational
changes of proteins.
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