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Abstract: Solid-state NMR is a powerful tool for studying
membrane proteins in a native-like lipid environment. 3D
magic angle spinning (MAS) NMR was employed to charac-
terize the structure of E.coli diacylglycerol kinase (DAGK)
reconstituted into its native E.coli lipid membranes. The
secondary structure and topology of DAGK revealed by
solid-state NMR are different from those determined by
solution-state NMR and X-ray crystallography. This study
provides a good example for demonstrating the influence of
membrane environments on the structure of membrane
proteins.

Structure determination of membrane proteins within the
membrane environment with X-ray crystallography and
solution-state NMR spectroscopy is a great challenge because
of difficulties in generating quality crystals and the need to
keep the correctly folded protein solubilized for an extended
period of time. Consequently, various soluble membrane
mimetics such as detergent micelles, isotropic bicelles, or
nanodiscs have been developed and are applied to the
structure determination of membrane proteins. Detergent
micelles are the most commonly used membrane mimetics for
X-ray crystallography and solution-state NMR. To date, the
vast majority of membrane protein structures in the PDB
have been determined in detergent environments. However,
since the structures of membrane proteins are profoundly
influenced by membrane—protein interactions," structures
determined in the membrane mimetic environments may
differ from the corresponding structures in native membrane
environments. Furthermore, the functional mechanism of
many membrane proteins is intrinsically coupled to the lipid
bilayer. Therefore, there is an increasing need to conduct
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structural studies in more native-like membrane environ-
ments to validate the 3D structures. However, it has
historically been difficult to obtain sufficient structural data
for membrane proteins under native-like membrane environ-
ments.

E.coli diacylglycerol kinase (DAGK) is an important
enzyme, which phosphorylates diacylglycerol by using Mg"-
adenosine triphosphate (Mg-ATP; Figure 1A)."" Wild-type
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Figure 1. A) The enzymatic reaction of Mg-ATP and the lipid substrate
1,2-dioctanoylglycerol (DOG) catalyzed by DAGK. B) Under our exper-
imental conditions at 23 wt % hydration, DAGK shows activity as
monitored by *'P MAS NMR. ATP is consumed and the DAG substrate
DOG is phosphorylated. Upon increasing to full hydration, the activity
is fully restored (Figure S4).

DAGK forms a 40 kDa homotrimer. The DAGK monomer is
composed of an N-terminal amphipathic helix (AH) at the
cytoplasmic side and three transmembrane (TM) helices. Two
3D structures have been reported for DAGK: one determined
by solution-state NMR in dodecylphosphocholine (DPC)
micelles and one by 3D crystallization in lipidic cubic phases
(LCP).®! Surprisingly, the two structures differ dramatically,
a result that highlights the urgent need to analyze DAGK
directly within lipid bilayers.

Magic angle spinning (MAS) solid-state NMR (ssNMR) is
a powerful tool for studying the structures of membrane
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proteins®'! directly within lipid bilay-
ers!>® and even within whole cells.'”*"
In this study, 3D MAS NMR was employed
to characterize the structure of DAGK
reconstituted into its native E.coli lipid
membranes. Approximately 80% of the
amino acid residues of DAGK were
assigned. Secondary structure and topol-
ogy were identified by using these reso-
nance assignments and H/D exchange
experiments. Although the overall secon-
dary structure and topology of DAGK
revealed by ssNMR is consistent with the
data from solution-state NMR and X-ray
crystallography, notable differences exist,
thus reflecting the interplay between the
membrane environment and embedded
proteins.

DAGK was expressed in E.coli cells,
purified by affinity chromatography, and
reconstituted into E.coli total lipid extract.
To obtain high-quality liposome samples
that yield high-resolution MAS NMR
spectra, we screened a number of recon-
stitution variables, including lipid-to-pro-
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tein ratios, pH values, and additives (Fig-
ure S1 in the Supporting Information).
Additionally, we tested different hydration
levels and found that 23 wt% hydration
produces a good compromise between
sensitivity and resolution (Figure S2).
With 23 wt% hydration, "N and "C,
signals in the 2D NCA spectra exhibiting
average linewidths of approximately 85
and 150 Hz, respectively, can be obtained for U-"C,N-
DAGK samples. DAGK shows activity under the conditions
used for solution-state NMR?"* and also when inserted into
cubic lipid phases formed by monoolein, which was used for
crystallization.™ Tt is therefore important to also verify
activity under the conditions used here. The approach used
here, as described for DAGK by Glaubitz et al.,** allows the
monitoring ATP turnover directly under MAS NMR con-
ditions. At 23 wt % hydration, slow ATP turnover and DOG
phosphorylation are observed, which is enhanced to its
previously published values when increasing the hydration
to 67 wt % (Figure 1B and Figure S4). These data, together
with SDS-PAGE analysis showing DAGK as stable homo-
trimer, CD spectroscopy (Figure S5), and the fact that our
well resolved 2D and 3D spectra show a single set of signals,
demonstrate that the preparation procedure results in cor-
rectly folded, homogeneous, and functional samples.

With the careful optimization of both sample preparation
and the NMR experiments, we were able to obtain assign-
ments for approximately 80% of the residues when using
a 600 MHz ssNMR spectrometer. The resonance assignments
have been deposited in BMRB (accession number 19754).
NMR experiments were performed at 277 K to ensure that
the samples are in the gel phase without freezing the water,
thereby maximizing the sensitivity and resolution.”>*! To

conducted on a 600
indicated by dashed
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Figure 2. Representative sequential assignments of U-*C,"’N-labeled DAGK based on a set
of 3D NCACX, CAN(CO)CX, and NCOCX spectra with dipolar-assisted rotational resonance
(DARR) mixing times of 10 ms, 20 ms, and 20 ms, respectively. The experiments were

MHz NMR spectrometer at 277 K. The assignments of D95-598 are
lines. The total measurement times were 114, 106, and 67 h for

NCACX, CAN(CO)CX, and NCOCX, respectively.

verify the chemical shift assignments, we also acquired 3D
CONCA and NCOCX spectra for U-"C,""N and reversed-IL-
labelled (natural abundance) DAGK samples (Figure 2 and
Figure S6). All assigned residues are displayed in Figure 5B.
Residue 1-13 of the N-terminus, 117-121 of the C-terminus,
and 81-85 in the loop between TM helices 2 and 3 were not
assigned because of their high mobility.

The secondary structure of DAGK in E.coli membranes,
as determined by a combination of TALOS + ! and chemical
shift index (CSI)P**! analysis, is compared in Figure 3 with
the secondary structures obtained by solution-state NMR and
X-ray crystallography. Although all three structures show
a high a-helical content, there are notable differences. In
contrast to the ssNMR data, the solution NMR structure
shows two small distortions in Y16 within the AH helix and
L70 of the TM2 helix. In addition, the loops between the AH
and TM1 helix and between helices TM2 and TM3 are 4 and 7
residues longer, respectively, in DPC micelles compared to
E.coli lipid bilayers. By contrast, the ssNMR-derived secon-
dary structure agrees much better with the DAGK crystal
structure. Only the loop between helices TM2 and TM3 is
shifted from residues 81-85 in the ssNMR data to residues 87—
91 (chain A), 86-91 (chain B), and 83-87 (chain C) of the X-
ray structure®® (Figure S9).
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Figure 3. A comparison of DAGK secondary structures derived from
solution NMR, solid-state NMR, and X-ray crystallography. The zigzag
sections identify a-helical segments and the solid lines indicate
residues that lack secondary structure. Residues that were not resolved
by solid-state NMR or by X-ray crystallography are indicated by dash
lines. The differences between the secondary structures determined by
solution NMR and X-ray crystallography and that determined by
ssNMR are highlighted in gray. The secondary structure of DAGK was
determined from solid-state NMR by TALOS + % and chemical shift
index (CSI)®% based on chemical shifts (see Figures S7 and S8), while
those determined by solution NMR (PDB 2KDC, wild type DAGK,
chain A) and X-ray crystallography (PDB 3ZE5, A4-DAGK, chain A) are
assigned by the DSSP software.’) A4-DAGK, which was used in the
ssNMR and X-ray studies, is a thermostabilized mutant with four
amino acid residues changed relative to wild-type DAGK.

To study the transmembrane topology of DAGK, we
conducted H/D exchange® and corresponding MAS NMR
experiments. It can be assumed that after three cycles of H/D
exchange for 24 h at 310 K, the remaining NMR signals arise
from non-exchangeable sites within the hydrophobic core of
DAGK, while the residues with missing signals belong to
extramembrane sites and flexible regions.”) NCA spectra of
U-"C,”"N DAGK before and after H/D exchange are shown
in Figure 4. Residue site-specific water accessibility of the
protein was identified by comparison of 3D NCACX and
NCOCX spectra of U-"*C,"N-DAGK samples before and
after H/D exchange (Figures S10 and S11). The topology of
DAGK in E.coli membranes based on water accessibility is
displayed in Figure 5 and compared to the topology derived
from solution state-NMR in DPC micelles (based on
F NMR experiments®) and from 3D crystals as determined
by the PPM server.’ There are some important differences.
The remaining NMR signals of some residues in the AH after
H/D exchange means that these residues must be shielded
from the solvent either by close contact with the cytoplasmic
surface of the membrane and/or through close protein—
protein contacts. By contrast, the solution-state NMR struc-
ture suggests that the AH points away from the protein core
and the micelles and into the bulk solvent, a situation in which
exchange would be expected. One reason could be the high
micelle curvature (3040 A diameters®), which could inter-
fere with the approximate diameter of the DAGK trimer
(ca.100 A).2 Another difference is detected for TM2, which
seems to be completely membrane embedded as judged from
H/D exchange data, while more than 10 residues are solvent
exposed on the cytoplasmatic side in DPC micelles, although
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Figure 4. The water accessibility of U-C,””"N DAGK probed by 2D NCA
spectra before (A) and after (B) H/D exchange. The peaks marked in
(A) are signals from water accessible residues that disappear after H/
D exchange (B; dashed circles). The experiments were conducted on

a 600 MHz NMR spectrometer at 277 K.

this element has a similar length in both preparations.
Furthermore, a number of residues in TM3 are water exposed
in the DPC micelles but membrane embedded in lipid
bilayers. The reasons for these differences could be the
shorter chain length and the very high curvature of DPC
micelles compared to almost planar lipid bilayers. This might
also explain the differences between the X-ray structure and
the ssNMR data, which show that fewer residues in TM2 and
TM3 are solvent exposed in the lipid bilayer. The structure
and topology of DAGK in 3D crystals might be affected by
protein—protein crystal contacts and by the properties of the
lipid cubic phases in which it was crystallized.

To date, the influence of the hydrophobic environment on
the structure of membrane proteins has been extensively
analyzed by comparing the structures of the single-TM
protein influenza virus AM2 in three different solubilization
environments."¥%1 Our study presents a comparison of the
secondary structures of a multispan o-helical membrane
protein in three different environments. Compared to the
structure of DAGK in E.coli membranes, the solution NMR
structure shows differences such as small distortions in AH
and the TM2 helix, longer loops, and bending of the TM2 and
TM3 helices, effects that are probably due to the high micelle
curvature and smaller hydrophobic thickness. Although other
factors such as mutations and different temperatures for solid-
state and solution-state NMR experiments cannot be
excluded as additional sources of structure perturbations,
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Figure 5. The topology of DAGK in three environments as determined
by solution NMRP“(A), solid-state NMR (B), and X-ray crystallography
(C). The hydrophobic regions are indicated by a gray background. The
regions in the solution NMR and X-ray structures with different
secondary structure from that of the ssNMR structure are highlighted
in pink. The water-accessible residues probed by H/D exchange are
marked with red circles in (B). The unassigned or unresolved residues
are labeled with dash circles. The hydrophobic core of DAGK in E.coli
membranes was identified based on the analysis of H/D exchange
data. The hydrophobic boundaries of the protein were calculated by
the PPM server®? using X-ray (PBD 3ZE5) structures in (C).

the differences are likely due to the influence of the lipid/
detergent environments. Clearly, the X-ray structure of
DAGK shows more similarities to the solid-state NMR
structure in terms of secondary structure and topology than
the solution NMR structure. It should be noted that the
variations in the secondary structures in the different environ-
ments all occur in catalytically critical regions such as the AH,
cytoplasmic parts of the TM2 and TM3 helices, and the loop
between the TM2 and TM3 helices. The conformational
plasticity of these regions in the different environments is also
likely a requirement for the enzymatic activity of DAGK.

In summary, we have presented the structural character-
ization of the three-TM protein DAGK in E.coli membranes
by 3D MAS NMR spectroscopy. The secondary structure and
topology of DAGK in E. coli membranes revealed by ssNMR
are different from those indicated by solution NMR and X-
ray structures, especially in the cytoplasmic surface regions.
This work highlights the power of emerging ssNMR methods
to probe the structure of multispan membrane proteins in
membranes, and these solid-state NMR methods provide data
highly compatible with X-ray crystallography data.
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