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ABSTRACT: Protein—protein interactions play critical
roles in cellular function and oligomerization of membrane
proteins is a commonly observed phenomenon. Determin-
ing the oligomerization state and defining the intermo-
lecular interface in the bilayer is generally a difficult task.
Here, we use site-specific spin labeling to demonstrate that
relaxation enhancements induced by covalently attached
paramagnetic tag can provide distance restraints defining
the intermonomer interface in oligomers formed by a
seven-helical transmembrane protein Anabaena Sensory
Rhodopsin (ASR). We combine these measurements with
visible CD spectroscopy and cross-linking experiments to
demonstrate that ASR forms tight trimers in both
detergents and lipids.

D 1any membrane proteins show high propensity to
oligomerize. While for some membrane proteins the

oligomerization is undisputedly critical for their function, for
example, for ion channels, for many others the oligomerized
states found in crystals or in detergent micelles may actually be
promoted by the environment. The ability to oligomerize may
be very different in the environment of a lipid bilayer and can
be further modulated by its various characteristics such as
protein crowdedness and bilayer fluidity. Furthermore, in the
cellular environment, the presence of other proteins may also
play a role. Solid-state NMR has been extensively used in recent
years to characterize structures of membrane proteins in lipid
environments,"* and more recently in the heterogeneous
native membranes or in whole cells.”~” The technique is
capable to report on intermolecular packing, either in
crystals,®* "' amyloids,"> or membranes,">'* but is generally
limited by the scarcity of long-range internuclear distance
restraints. Electron—nuclear interactions, on the other hand,
can be used to monitor longer distances and are actively used
for structure determination in both solution- and solid-state
NMR."*™"” The effect of Paramagnetic Relaxation Enhance-
ment (PRE) can provide unambiguous long-range restraints
even when combined with simple 2D spectroscopy,'® and is
more suitable for the identification of interaction interfaces.
Furthermore, paramagnetic restraints in the solid state can be
used to derive accurate distance restraints'®~>> and to
determine protein structures by SSNMR.>*~*°

Here, we present a magic-angle spinning (MAS) SSNMR
study of oligomers formed by a seven-helical membrane-
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associated Anabaena Sensory Rhodopsin (ASR) in lipids. ASR
is a unique cyanobacterial photosensor, believed to be
responsible for chromatic adaptation.®" Its X-ray structure has
been solved to 2 A resolution.*” Solid-state NMR assignments
and its refined structural model were reported previously and
revealed a number of structural differences between ASR in
lipids and in crystals.*® Here, we show that intermolecular PREs
observed by SSNMR define the oligomerization surface, which
is drastically different from intermolecular contacts observed in
crystals. PRE data alone is not sufficient to determine
oligomeric order, so we combined NMR with additional
biochemical measurements to demonstrate that ASR forms
trimers in lipids.

There are several lines of experimental evidence suggesting
that ASR forms oligomers. ASR solubilized in n-dodecyl-f-p-
maltopyranoside (DDM) micelles forms large protein-deter-
gent complexes of ~600 kDa.** Nondenaturing SDS-PAGE
(Figure S4) shows that a significant portion of ASR runs as a
high molecular weight complex at approximately 60 kDa, which
corresponds to trimers (monomers run at ~20 kDa). This band
disappears in the samples boiled with SDS. While this cannot
serve as a proof that ASR indeed forms trimers in the
membranes, it nevertheless suggests such a possibility. The
second piece of evidence comes from visible CD spectroscopy.
In homologous BR, visible CD spectra have a characteristic
bilobe shape, which was shown to correlate to trimer
formation.”> The CD spectra of ASR in DDM micelles and
lipids have very similar shape (Figure S6) indicating
trimerization in both the detergent and lipid environments.
Third, cross-linking experiments conducted in both DDM
micelles and in lipids show the presence of trimers (see Figure
SS for details). Trimerization of ASR is not surprising in view of
its strong homology with BR and halorhodopsin, both of which
form trimers.>**” It should be noted that ASR trimers are more
stable than those in BR, which are easily destroyed by detergent
solubilization.*®

To obtain intermolecular distance constraints and to
characterize the oligomerization interface of ASR, we used
PRE on samples with nitroxide labels attached to cysteine side
chains introduced into the wild-type background (for reasons
discussed below) at the potential oligomerization interface. We
used S24C and S26C mutants with conservative replacements
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of serines on the cytoplasmic end of helix A (for details of
sample preparation see Supporting Information (SI)). The
locations of the mutations were chosen based on the known
structure of the BR trimer, in which the A—B pair of helices
from one monomer is facing the D—E pair of helices of its
neighbor.*** We chose to place the labels on helix A rather
than B, as B is expected to be in much tighter contact with the
helix D of the next monomer, which could create steric clashes
and either prevent labeling or disrupt oligomerization.

Introduction of non-native cysteines into the wild-type
background is safe for selective labeling in ASR. Wild-type ASR
contains three native intramembrane cysteine residues at
positions 134 and 137 in helix E, and 203 in helix G (see
Figure S3 for amino acid sequence), none of which is accessible
to the (l-oxyl-2,2,5,5-tetramethyl-A3-pyrroline-3-methyl)
methanethiosulfonate (MTSL) reagent. To verify this, we
attempted to attach a diamagnetic label with similar cysteine
reactivity, methyl methanethiosulfonate (MMTS), using
reaction conditions identical to those for MTSL labeling (see
SI for details). Both the chemical shifts of the CA and CB
cysteine atoms of the reaction product, and the relative
intensities of CA/CB cross peaks remained unchanged (Figure
$3), indicating that all three native cysteines were nonreactive.

On the basis of the X-ray structure®> and the revised SSNMR
model of ASR,> the side chains of both S26 and S24 are
located on the external protein surface. Therefore, the MTSL
side chains may point toward the intermonomer interface,
provided that mutations do not introduce significant distortions
in the secondary structure. Of the two cysteine mutants, only
S26C could be labeled with MTSL, with C24 likely being
protected. A direct comparison of solid-state NMR spectra
between the wild-type and S26C mutant (Figure S2) reveals
that the mutant retains essentially the same structure as the
wild-type. NMR PRE measurements were performed on the
$26C mutant with a paramagnetic nitroxide side-chain (R1),
and on the diamagnetically (MMTS) labeled control sample,
RY’, referred as S26CR1 and S26CR1’ in the following. Two
kinds of samples were prepared for PRE measurements. In the
first, isotopically labeled S26CR1 was diluted in a ratio of 1:2
with natural abundance S26CR1’, and in the second isotopi-
cally labeled S26CR1 was used without dilution. As shown in
the following, the introduction of paramagnetic label in
S26CR1 causes significant intermonomer PRE effects, which
were identified through site-specific measurements of PREs,
and through the analysis of intramonomer distances between
the free radical and the strongly affected residues. The results
obtained for diluted and undiluted samples were similar (Figure
S7), indicating that oligomers found in micelles are strong, and
are not disrupted by the lipid reconstitution process. Addition-
ally, it also suggests the absence of appreciable inter-trimer PRE
effects.

The presence of a covalently attached paramagnetic nitroxide
enhances transverse relaxation and is expected to result in
disappearance or strong attenuation of signals from residues in
close proximity to the paramagnetic label."® A comparison of
2D NCA spectra (Figure 1) of paramagnetically and
diamagnetically labeled samples reveals that peaks from many
residues either disappear or are significantly attenuated in the
former.

Site-specific comparison of cross peak intensities in Figure 2
shows strong attenuation in the cytoplasmic sides of helices A
and B and in the A—B loop (residues 18—44) which are in close
proximity to the paramagnetic label attached to C26.
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Figure 1. 800 MHz 2D NCA correlation spectra of paramagnetically
labeled S26CR1 (red) and its diamagnetic control S26CR1’ (blue).
Some of the affected residues are labeled.
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Figure 2. Site-specific comparison of relative cross peak intensities in
NCA experiments recorded in S26CR1 and S26CR1’ samples. To
account for possible small variations in the amount of sample, the
ratios were normalized as I = (Ipya/Lii)/ (Ipara/ Iiia) maw Where I, and
I, are the peak heights in the NCA spectra of S26CR1 and S26CR1’
samples, respectively, and ( Pa\m/Idm)mX is the maximal I,,/Iy, value.
Secondary structure of ASR with indicated position of the para-
magnetic label is shown on top.

Additionally, strongly affected residues are located in the C—
D loop, and in the cytoplasmic half of helix D (positions 100—
108), as well as near the cytoplasmic end of helix E (residues
145 and 146). As expected, residues on the extracellular side are
among the least affected by the paramagnetic labeling.

As many cross-peaks are not individually resolved in the 2D
NCA spectra, additional PREs were obtained from the
comparison of 2D C—"C correlation spectra recorded in
the S26CR1 and S26CR1’ samples (Figure S9). Overall, we
observed similar trends: signals from residues in the
cytoplasmic halves of helices A, B, D, E, and A—B and C—-D
loops were attenuated indicating close proximity to the
paramagnetic center, while minimal effects were observed on
the extracellular side. Additionally, the *C data confirm the
absence of paramagnetic labeling of the three native cysteines.

Amide protons of the strongly affected residues in helices A,
B and in the A—B loop are all within 15 A from the radical
(Figure 3), consistent with theoretical estimations.'® Quantita-
tively similar PRE effects were observed for helices D and E,
which suggest that their affected protons are roughly within the
same distance range from the paramagnetic center.

Attenuated signals in helices D and E cannot be explained by
intramonomer interactions. Indeed, amide protons of the
affected residues 100—110 in helix D and 145—146 in helix E
are too far from the paramagnetic label, ~25 A or longer
(Figure 3). Furthermore, even if one assumes that, contrary to
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Figure 3. Estimated distances between the nitroxide spin label and
backbone amide protons in S26CR1. Circles highlight the regions with
large PRE effects with relative NCA cross peak intensities less than
0.33. The straight line at the position of 15 A is shown to guide the
eye. Error bars in distance estimation result from the uncertainty of the
MTSL geometry. More details are given in SI

the expectations from known ASR structure, the paramagnetic
label point to the protein interior, the neighboring helices G, C,
and F should show strong PRE effects, which is clearly not the
case (Figures 2, S9). Thus, the observed PRE effects in helices
E and D must be from intermolecular interactions between
neighboring ASR molecules. Similar magnitudes of PRE effects
observed in diluted and undiluted samples point out that
trimers of ASR detected in detergent micelles are not disrupted
by the lipid reconstitution process.

The combined NCA (Figure 2) and C—"C (Figure S9)
PRE data identify the residues with the backbone and/or side
chain atoms close to the neighboring monomer, and define the
oligomerization interface, which can be readily visualized on the
trimer model (Figure 4), built as described in SL It is clear that
the oligomerization interface defined from the PRE data makes
perfect structural sense in the case of the BR-like ASR trimer, in
which the proximity of helix A of one monomer to helices D

Figure 4. Trimer model of S26CR1 ASR. The individual monomers
are shown in different colors. R1 side chains are shown in orange. Side
chains of residues experiencing large intermolecular PRE effects (I <
0.33 in either NCA or *C—"3C spectra) and therefore spatially close
(<15 A) to the nitroxide from neighboring monomer are shown in
green.

and E of the other monomer is expected. This arrangement of
monomers and the respective oligomerization interface are
dramatically different from the one observed in crystals, which
contain undulating layers of dimers.>* It should be noted that,
even if no homology modeling is possible, PREs can still
provide invaluable information on membrane protein oligome-
rization interface.

In conclusion, we have shown that PRE can be used to study
oligomerization of membrane proteins in lipids, and to obtain
semiquantitative distance restraints for structure calculations.
For Anabaena Sensory Rhodopsin, PRE data were combined
with CD spectroscopy, cross-linking and SDS-PAGE to provide
evidence that ASR forms tight trimers in lipids. Two key
advantages of using PRE effects in large proteins like ASR are
that (i) PRE effects can be interpreted unambiguously even
when combined with simple 2D spectroscopy, and (ii) they
give access to information on medium-range distances critical
for understanding intermolecular packing. Furthermore, more
accurate quantification of relaxation rates in combination with
the use of other paramagnetic tags, such as EDTA:Cu, may
provide rather precise distance constraints for structure
determination.”® Such techniques, which employ paramagnetic
tags to probe intermolecular interfaces will likely find
widespread use for the analysis of protein—protein interactions.
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Sample preparation procedures, details of cross-linking experi-
ments, control experiments, additional NMR spectra. This
material is available free of charge via the Internet at http://
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