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Solid-state NMR (ssNMR) spectroscopy offers increasing
possibilities to study complex biomolecules at the atomic
level."! An important target area concerns membrane-asso-
ciated proteins, which can be investigated by ssNMR methods
after reconstitution in synthetic bilayers. While such prepa-
rations allow examination of functional aspects of the protein
of interest, the influence of the native cellular environment on
protein structure and function cannot be monitored. Very
recently, we introduced a general approach aimed at deter-
mining complex molecular structures, including integral
membrane proteins, in their native cellular environment by
ssNMR under magic-angle-spinning (MAS) conditions.*!
Using dedicated sample-preparation routes, we demonstrated
that high-resolution ssNMR spectra can be obtained on
uniformly "*C,"’N-labeled preparations of Escherichia coli
whole cells (WC) and cell envelopes (CE). Both CE and WC
morphology are preserved under standard ssNMR experi-
mental conditions and the corresponding *C and "N cross-
polarization (CP-MAS) spectra are invariant over time.
However, with increasing levels of molecular complexity,
especially in the case of WC preparations, spectroscopic
sensitivity becomes a critical factor.

In recent years, dynamic nuclear polarization (DNP) has
developed into a routine tool to increase the sensitivity of
multidimensional ssNMR." DNP enhancements of up to 148-
fold have been obtained on micro/nanocrystalline biomolec-
ular samples, including an amyloidogenic peptide and a deu-
terated protein,>* while enhancements between 18- and 46-
fold have been reported for membrane-embedded polypep-
tides, purple membrane preparations, and bacteriophages."*!
Here, we investigated the use of DNP to conduct ssNMR
studies on C,®N-labeled preparations of E. coli WC over-
producing the integral outer membrane protein PagL.’! In
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Figure 1, we compared “C and N CP-MAS spectra of
uniformly *C,®N-labeled WC with the CE isolated from
Pagl.-overproducing E. coli cells, recorded in the presence
and absence of microwave irradiation. At higher temper-
atures (271 K), ssNMR spectra of the E.coli CE had
previously revealed atomic details of Pagl. as well as
endogenous membrane-associated macromolecules, including
the major lipoprotein Lpp and non-proteinaceous compo-
nents such as lipopolysaccharides (LPS), peptidoglycans
(PG), and phospholipids.”) Under low-temperature (LT)
DNP conditions, we observed significant DNP enhancement
factors for both preparations in spectral regions characteristic
for protein signals (aliphatic *C resonances: 6 =50-55 ppm,
amide °N backbone and side-chain resonances at about 120
and 80-30 ppm) as well as for “*C signals of endogenous
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Figure 1. Comparison of *C (left) and *N (right) CP-MAS spectra of
(U-C,”*N)-labeled CE (a) and WC (b) with (top trace, “on”) and
without (bottom trace, “off”) DNP, using a microwave irradiation time
of 10 s. Significant differences in the spectra of the two preparations
are denoted by arrows. Asterisks indicate MAS side bands. Assign-
ments of major E. coli molecular components are, if available, anno-
tated and signal enhancements are given. Natural abundance "*C
signals from glycerol (8"°C~73 and 63 ppm) present in the glassy
matrix and from the silicon plug (6"*C~4 ppm) are visible in the

3C CP spectra of the WC and CE preparations.
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phospholipids, PG, and LPS resonating at approximately 34,
92-103, and 95-104 ppm, respectively.

A similar DNP enhancement was found for glycerol peaks
(6*C~63 and 73 ppm) constituting the glassy matrix. The
latter signals were efficiently suppressed in dipolar (**C,C)
double-quantum (Figure S1 in the Supporting Information)
and 2D (N-"C) (Figure S2 in the Supporting Information)
correlation spectra which confirmed the presence of major
endogenous membrane-associated macromolecules, specifi-
cally LPS, PG and phosphatidylethanolamine (PE). Further-
more, we observed a set of new signals in the WC spectra
resonating at 6=92ppm and 138.4 ppm in the *CCP
spectrum and 146.0 ppm, 158.5 ppm and 169.7 ppm in the
5N CP spectrum (arrows in Figure 1b).

To understand the nature of these signals, we conducted
a series of 2D heteronuclear ssNMR experiments on the
uniformly C,N-labeled WC preparation. As shown in
Figure 2a, the 2D ('H,"N) heteronuclear correlation spec-
trum revealed intense correlations between “N signals
resonating at 0=158.5 and 148.0 ppm and 'H resonance
frequencies between 10.5 and 14.5 ppm, characteristic of
imino signals of nucleotides (BMRB; Biological Magnetic
Resonance Data Bank, http://www.bmrb.wisc.edu/).
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Figure 2. Selected regions from DNP-enhanced a) 2D ('H,"”N) FSLG
HETCOR and b) 2D (**N,"C) NCO spectra obtained on (U-C,"*N)-
labeled WC showing characteristic correlations of RNAs. Indicated
assignments are based on BMRB average chemical shifts from
common RNA nucleotides. c) Chemical structure of standard RNA
bases with Watson—Crick base-pairing throughout. Intra- and intermo-
lecular contacts between cytosine N4 or uracil N3 and other C atoms
that support our assignment are indicated.
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The presence of nucleic acid derived signals in the
spectrum was corroborated by the observation of well-
resolved N-C correlations between imino N resonances
and "C signals resonating between 6 =170 and 153 ppm in
the 2D NCO spectrum (Figure 2b), and consistent with one-
bond N"—C’ contacts within guanine and uracil nucleotides. In
addition, we observed a set of additional isolated correlations
in the same "C frequency range, involving "N resonances at ¢
~ 95 ppm, in good agreement with averaged chemical shift of
cytosine N4. According to standard nucleotide-specific peak
positions and the overall dispersion of N-C correlations, °N
signals in the spectral regions of 6 =80-100 and 145-165 ppm
of the "N CP-MAS WC spectrum predominantly reflect
nucleic acid resonances. Indeed, WC were collected from
uniformly C,"*N-labeled cultures after 4 h of induction with
isopropyl-f-pD-thiogalactopyranoside (IPTG) before the cells
entered the stationary growth phase. Under these conditions,
RNA accounts for roughly 21 wt % of E. coli macromolecules
whereas DNA is 10 times less abundant.!'”! Assuming a stan-
dard A-form helical stem portion of RNA with Watson—Crick
base-pairing throughout, we could assign several of the
detected correlations to intra- and/or intermolecular contacts
between protonated nitrogen and other C atoms of RNA
bases (Figure 2¢). Additional correlations of lower intensity
were observed between the water 'H resonance at § =6 ppm
and uracil N3/guanine N1 indicating that a subset of imino
groups from RNA molecules are water exposed.

Finally, we investigated whether the overexpressed inte-
gral membrane protein Pagl. could be characterized in
a whole-cell setting. We hence recorded a set of 2D NCA
correlation spectra in which signals from non-proteinaceous
molecular components are drastically reduced. A DNP-
enhanced 2D NCA spectrum obtained on a WC preparation
(Figure S3 in the Supporting Information) revealed correla-
tions typical for folded proteins, with well-dispersed glycine
signals (region I) and N-Ca correlations typical of a-helical
protein segments (region II). To assist our spectroscopic
analysis, we compared our results with ssNMR data obtained
at higher temperature (271 K) on CE preparations and
purified Pagl-containing proteoliposomes (PL) (Figure 3).
In region I (Figure 3, upper row), Gly correlations seen in
both CE isolated from Pagl-overexpressing cells (blue) and
in PL (red) are in good agreement with the cross-peak pattern
of a DNP-enhanced NCA correlation spectrum of WC
(black). Such correlations are absent in ssSNMR spectra of
CE prepared from non-induced cells (upper row, left),
suggesting that the strongest signal sets in these spectra
must stem from endogenous molecular components that are
largely devoid of glycine residues.

In region II (Figure 3, lower row), ssNMR correlations are
largely absent in proteoliposome preparations (red). Indeed,
this spectroscopic region should predominantly contain
NCA-protein correlations in o-helical or, to a smaller
extent, random-coil conformations in line with only a single
Thr34 correlation of the B-barrel protein PagL in proteolipo-
somes shown in Figure 3. In contrast, the peak pattern seen in
the WC sample overlaps with correlations seen in CE
preparations isolated from non-induced (green) and IPTG-
induced (blue) WC and can be readily attributed to the
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Figure 3. Overlay of the DNP-enhanced 2D (**N,">C) NCA correlation
spectra of (U-"C,”*N)-labeled WC (at 100 K, 8 kHz MAS) (black) and
the 2D NCA of (U-"C,"*N)-labeled CE isolated from noninduced
(green) or Pagl-overexpressing (blue) cells and purified (U-">C,”*N)-
PaglL reconstituted in proteoliposomes (red) obtained at 271 K and
13 kHz MAS). Upper row: region |, lower row: region II.

lipoprotein Lpp, which belongs to the most abundant CE-
associated proteins in exponentially growing cells and lacks
Gly in its amino acid sequence.”! Thus, regions I and 1T in
Figure 3 strongly suggest that both Pagl. (I) as well as
endogenous Lpp (IT) can be detected in WC preparations
under DNP conditions. Notably, with an average *C linewidth
of 0=0.8-0.9 ppm, the low-temperature ssSNMR spectra
compared favorably to ssNMR spectra recorded at 271 K.
Taken together, these results show that DNP can be
readily combined with ssNMR approaches in cells. Our
results suggest that the application of LT-DNP not only
increases spectroscopic sensitivity by at least an order of
magnitude but also permits the detection of molecular
components that are not associated with specific compart-
ments. Compared to standard ssNMR spectroscopy, DNP at
low temperatures and the use of free radicals can complicate
sample preparation and can potentially give rise to reduced
spectral resolution. However, using the preparations de-
scribed herein, our spectra are of comparable resolution to
those obtained in previous studies at higher temperature.
ssNMR spectroscopy in cells as described here hence permits
the tracking of entire cellular compartments similar to cryo-
electron tomography but further work will be needed to
conduct such experiments under in vivo conditions. Initial
studies in our laboratory suggest that low temperatures and
cryo-protection with 15-40 % glycerol are beneficial for WC
sample stability and viability. In our experiments, *C and °N
signal enhancements are similar in magnitude to those in
previous studies that used TOTAPOL as a radical in
(protonated) purple-membrane preparations or bTbK on
peptides in deuterated POPC bilayers.*” Typical E. coli cell
dimensions of 0.5 umx2 um are comparable to those in
earlier successful DNP studies on amyloid nanocrystals.”! Our
study revealed that both CE-associated molecular compo-
nents, including integral membrane proteins, lipoproteins,
lipids, and periplasmic PG, and cytoplasmic macromolecules
such as nucleic acids are readily visible. Unlike the case of the
crystals, solute E. coli particles and solvent molecules were
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enhanced by a similar factor. Further signal enhancements
should be possible by optimization of the sample preparation
procedures including molecular deuteration and the choice of
the radical. DNP-enhanced ssNMR spectroscopy as shown
here provides a novel approach to study diverse cellular
components and their involvement in fundamental biological
processes ranging from molecular signal transduction to
protein (mis)folding,™"! at atomic resolution with exquisite
sensitivity.

Experimental Section

Uniformly C,"”N-labeled preparations of E. coli whole cells (WC),
cell envelopes (CE), and PagL-containing proteoliposomes (PL) were
obtained by following the procedure described elsewhere.”! Pellets of
exponentially growing WC were washed three times in a H,0/D,0/
[Dg]glycerol matrix (10/30/60wt % ) containing 60 mm TOTAPOL by
resuspension/centrifugation cycles at 4000g.2! The CE were placed in
the same matrix with 60 mmM TOTAPOL and pelleted at 95000g. WC
and CE samples were subsequently transferred into 3.2 mm Bruker
sapphire rotors with a (silicon) top spacer using a tabletop centrifuge
(14000 x g). Samples were precooled at —20°C prior to DNP ssNMR
measurements. DNP experiments were performed on a Bruker
263 GHz Solids DNP spectrometer, consisting of a 263 GHz contin-
uous-wave gyrotron source, microwave transmission line, 3.2 mm low-
temperature MAS probe, gas cooling supply, and 400 MHz AVANCE
IIT wide-bore NMR system.['¥) NMR spectra were processed using
Topspin 3.0 (Bruker BioSpin, Germany) and analyzed with Sparky.!'"!
BC and 'H resonances were calibrated using adamantane as an
external reference, and "N chemical shifts were referenced indirectly
to liquid ammonia.'>!*! Further information about ssNMR exper-
imental parameters is given in the Supporting Information.
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