
Solid-State NMR on Bacterial Cells: Selective Cell Wall Signal
Enhancement and Resolution Improvement using Dynamic Nuclear
Polarization
Hiroki Takahashi,† Isabel Ayala,‡ Michel Bardet,† Gael̈ De Paep̈e,† Jean-Pierre Simorre,‡

and Sabine Hediger*,†

†Laboratoire de Chimie Inorganique et Biologique, UMR-E3 (CEA/UJF) and CNRS, Institut Nanosciences et Cryogeńie, CEA,
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ABSTRACT: Dynamic nuclear polarization (DNP) enhanced
solid-state nuclear magnetic resonance (NMR) has recently
emerged as a powerful technique for the study of material
surfaces. In this study, we demonstrate its potential to
investigate cell surface in intact cells. Using Bacillus subtilis
bacterial cells as an example, it is shown that the polarizing
agent 1-(TEMPO-4-oxy)-3-(TEMPO-4-amino)propan-2-ol
(TOTAPOL) has a strong binding affinity to cell wall
polymers (peptidoglycan). This particular interaction is
thoroughly investigated with a systematic study on extracted cell wall materials, disrupted cells, and entire cells, which proved
that TOTAPOL is mainly accumulating in the cell wall. This property is used on one hand to selectively enhance or suppress cell
wall signals by controlling radical concentrations and on the other hand to improve spectral resolution by means of a difference
spectrum. Comparing DNP-enhanced and conventional solid-state NMR, an absolute sensitivity ratio of 24 was obtained on the
entire cell sample. This important increase in sensitivity together with the possibility of enhancing specifically cell wall signals and
improving resolution really opens new avenues for the use of DNP-enhanced solid-state NMR as an on-cell investigation tool.

■ INTRODUCTION

In microbiology, many molecular mechanisms, such as host-
pathogen recognition, cell adhesion, or regulation of cell
activity, involve interactions with the cell surface. Structural
characterization of cell surface is thus of crucial importance to
understand the cell life and interaction with its environment. In
addition to phospholipid membranes, most biological cells have
a shell of glycoconjugates at their surface, which plays a crucial
role in all recognition processes. They build a complex
polymorphic network around the cell and are as such difficult
to characterize by classical techniques. Solid-state nuclear
magnetic resonance (SSNMR) has proven to be useful for their
structural study, with examples on extracted plant and bacterial
cell walls.1−5 However, the inherent low sensitivity of NMR still
often remains a limitation to answer relevant biochemical
questions, especially in cases where the entire cell has to be
taken into account.
Among the different existing hyperpolarizing techniques,

high-field dynamic nuclear polarization (DNP) has recently
emerged as a viable technique to significantly enhance the
sensitivity of high-resolution SSNMR.6−9 In particular, it has
been proven to be useful for the study of catalytic surface
material.10,11 Similarly, DNP-enhanced SSNMR may be an
interesting technique to investigate the structure of cell
interface. The feasibility of applying SSNMR and more

specifically DNP-enhanced SSNMR to cell extracts or entire
cells has been demonstrated recently in the context of
overexpressed membrane proteins and their study.12,13 Using
here the bacterial cell as a model, we investigate the pertinence
of using DNP-enhanced SSNMR for the specific study of cell
surface or cell envelope in entire cells. The bacterial cell wall is
composed mainly of peptidoglycan14 which surrounds the
cytoplasmic membrane and has a direct impact on the virulence
and adherence of the bacteria. It plays a key role as a target of
the immune response and of antibacterial treatment.15,16

Besides its own interest, the bacterial cell serves here as a
model system to illustrate the potential of DNP-enhanced
SSNMR for on-cell applications. For this purpose, essential
aspects, such as optimal sample preparation, distribution of
polarizing agent in the sample, and line broadening, will be here
considered. We will show that under certain conditions, the
sensitivity enhancement of DNP can be specifically applied to
the cell surface, opening a new investigation tool for on-cell
studies.
For DNP experiments typically performed at ∼100 K,

samples are usually suspended in a DNP matrix containing
solvents, a cryoprotectant, such as d8-glycerol or d6-dimethyl
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sulfoxide (DMSO), and the polarizing agent. For biological
applications, the biradical TOTAPOL17 is mainly used at a
concentration of 5−60 mM.12,13,18−21 It has to be adjusted to
obtain a compromise between the optimal DNP sensitivity
enhancement and the degradation of the spectrum sensitivity
through line broadening, signal bleaching, and signal decays
(T1ρ and T2′ decays) caused by paramagnetic effects.21−23 In
addition, potential specific interaction of the radical molecule
with parts of the sample, e.g., surface of proteins, lipids, cells,
etc., has to be taken into account, as it would lead to a
nonuniform distribution of active radicals inside the sample.
Since DNP experiments are performed at low temperature,

line broadening caused by conformational disorder becomes a
serious problem,24,25 in particular for biological samples, such as
cells which may present a high degree of dynamics at room
temperature. This line broadening can be important enough to
cancel the gain acquired by DNP.23 Use of crystalline solids
prevents line broadening18,23,26 but is not feasible in the case of
intact cell systems.
In this study, we clearly demonstrate for the first time the

binding property of TOTAPOL to bacterial cell wall polymers
in extracted sacculi as well as in entire cells. This property may
be very useful to observe different compartments of the cell by
either enlightening signals form the cell wall or saturating them
in order to better access signals from other cell components, as
required, e.g., for in-cell NMR.12,27 In addition, resolution
enhancement of the spectra can be obtained by combining
contributions obtained at low and high polarizing-agent
concentrations (here TOTAPOL).

■ EXPERIMENTAL SECTION
Sample Preparation. Interaction of TOTAPOL with the cell wall

polymers has been investigated on 13C-labeled Bacillus subtilis entire
cells (EC) as well as on disrupted cells (DC) and extracted cell wall
material (CWM). Gram-positive B. subtilis subsp. subtilis strain 168
cells were grown in standard 13C-, 15N-labeled M9 minimum medium.
Cells were harvested by centrifugation at an optical density (OD, 600
nm) of about 0.7. EC were stored at 253 K in presence of 30% DMSO
as cryoprotectant. DMSO is used at 10% in biology to cryopreserve
more fragile eukaryotic cells.28,29 As a control of the resistance of B.
subtilis cells to the DNP conditions, cell cultures were able to restart in
LB medium and on agar plates by incubating, at 37 °C, cells
originating from the NMR rotor after DNP experiments. Highly
purified CWM were obtained by a previously published procedure
after boiling the entire cells in 4% SDS (sodium dodecyl sulfate).30,31

This procedure retained the intact cell envelope (sacculi) formed by
the peptidoglycan (PG) and covalently linked wall teichoic acids
(WTAs). DC were obtained by resuspension of EC in M9 medium in
presence of beads (FastPrep24). This solution was agitated at 4 °C
during 20 s at a speed of 5 m/s.
For DNP experiments, fresh EC, DC, and CWM samples were first

resuspended with a DNP matrix composed of d6-DMSO/D2O/H2O in
a volume ratio of 30:60:10 with various concentrations of TOTAPOL
and then centrifuged back (12 000 g) to recover the pellet. For each
washing step, the volume of DNP matrix used was five times larger
than the cell or CWM pellet. Note that a resuspension time of ∼1 min
in the DNP matrix is long enough to equilibrate the TOTAPOL
concentration in the sample (see Supporting Information (SI), Section
2). The samples were finally centrifuged directly into a 3.2 mm
sapphire rotor closed with a silicone soft plug and a zirconia cap. In all
steps, care has been taken to avoid cell degradation by cooling down
samples in ice whenever possible.
DNP-Enhanced SSNMR Experiments. All spectra were recorded

on a Bruker AVANCE III 400 MHz spectrometer equipped with a 263
GHz gyrotron, a transmission line, and a low-temperature 3.2 mm
magic angle spinning (MAS) probe.9 NMR experiments were

performed at a sample temperature of 105 K and at MAS frequencies
of 8.5 and 13 kHz for one- (1D) and two-dimensional (2D)
experiments, respectively, unless otherwise stated. DNP enhancement
factors (εDNP) were measured by comparing spectral intensity on the
same samples at identical conditions with and without microwave
(μw) irradiations. Other experimental conditions are described in the
SI Section 1.

■ RESULTS AND DISCUSSION
Binding Affinity of TOTAPOL to PG. Figure 1 displays the

effect of the successive washing steps on the DNP spectrum of

CWM. Between each washing step, DNP-enhanced cross-
polarization spectra under MAS (CPMAS) with and without
μw irradiations have been acquired and are compared to a
reference spectrum taken at the same experimental conditions
but on a sample containing no TOTAPOL. The first three
washing steps were performed with an identical TOTAPOL
concentration of 1 mM which is much lower than what has
typically been reported for similar biomolecular systems.12,13

Large εDNP of 20−40 is obtained, which remains almost
constant from the first (1) to the third washing steps (1−1−1).
However, a clear drop of the absolute intensity of the DNP
spectra is observed with increasing number of washing steps.
This drop is quantified by εeff which compares the μw on
spectrum with the reference spectrum without TOTAPOL and
which therefore includes signal bleaching caused by para-
magnetic effects.

Figure 1. 1D 13C-CPMAS spectra on CWM recorded at various
TOTAPOL concentrations with and without (left and right columns,
respectively) μw irradiations. Washing steps are explained in the text
and indicated. The range of εDNP and of effective DNP gains εeff found
on average for the CWM signals are given. Errors reflect the
heterogeneity of εDNP or εeff over the different peaks of the spectra. For
the reference spectrum on the top of the figure, CWM sacculi were
washed twice with the DNP matrix containing no TOTAPOL. For all
spectra, a recycle delay of 25 s was used, corresponding to 1.3 times
the longest measured recovery time in the reference spectrum.
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In addition to the decrease of the signal intensities, a clear
broadening of the linewidths appears, and the DNP build-up
time constant (τDNP) measured by a saturation-recovery
experiment is shortened from 2.6 s on average after the first
washing step to 0.8 s after the third one (see Figure 2). τDNP

corresponds to the longitudinal relaxation time constant T1 in
standard NMR experiments (without DNP). When the DNP
mechanism relies on cross effect,32−34 which is the case here,
τDNP is usually very close to T1.

35−37 The decrease in the value
of τDNP is a clear indication of an enhanced relaxation
mechanism. As all experimental parameters impacting the
relaxation are kept constant, a change in the radical
concentration in the sample has to be considered. Taking
into account the reduction in τDNP and the resulting possibility
to shorten the delay between successive acquisitions, the
sample washed three times with 1 mM TOTAPOL (1−1−1)
proves to have the optimum effective DNP enhancement ‘per
unit time’, with a slightly degraded resolution. In the case of
more advanced pulse sequences, signal decays during mixing
periods should also be considered to determine optimal
enhancements, since T1ρ and T2′ decays also largely depend
on the concentration of polarizing agents.
When the CWM sample is further resuspended with the

DNP matrix containing 5 mM TOTAPOL (1−1−1−5), a
significant line broadening is observed, and the DNP signal
intensity collapses strongly due to further signal bleaching. In
fact, with εeff between 0.4−1.5, no effective sensitivity
enhancement by DNP is obtained. τDNP is reduced to 0.3 s
on average. Interestingly, this trend in the spectral features
could not be reversed by rinsing the sample twice with DNP
matrix containing no TOTAPOL (1−1−1−5−0−0). Since the
volume of the DNP matrix (without TOTAPOL) used for
rinsing is five times larger than that of the CWM pellet, which is
supposed to contain 5 mM TOTAPOL, the concentration of
TOTAPOL after washing is expected to be reduced to 0.14
mM, provided a particular affinity does not exist. However,
major signal bleaching (εeff = 0.5 − 3), short DNP build-up
(τDNP = 0.4 s, Figure S3), and strong line broadening are still
observed. These findings all suggest that the TOTAPOL

molecules accumulate into the CWM polymer network along
with the successive washing steps, even when the concentration
of the matrix used for washing is kept constant. As stated in the
Experimental Section, the resuspending time in the DNP
matrix is long enough for TOTAPOL to equilibrate (see also SI
Section 2). These observations can therefore only be explained
by the presence of a strong binding affinity of TOTAPOL to
CWM polymers.
A similar affinity has been recently postulated in the case of

cellulose, to explain the very high DNP absolute sensitivity ratio
(ASR) obtained on a matrix-free sample.23 As both PG and
cellulose contain sugar chains, we suggest that TOTAPOL
molecules interact with sugars, probably via hydrogen bonding.
This is further confirmed by comparing the DNP signal
enhancement on sugars (60−80 ppm) and residual lipids (∼33
ppm), being 25 and 8, respectively, in the one-time 1 mM
washed sample (Figure 1, washing step 1). This indicates that
the TOTAPOL concentration is higher in the cell wall itself
than in the surrounding solution. The unlabeled DMSO signal
(∼38 ppm) is buried under the lipid signal. Its enhancement
factor is expected to be similar to that of lipids.

Affinity of TOTAPOL in Entire Cells and Disrupted
Cells. The affinity of TOTAPOL to PG explains why such a
large DNP enhancement is obtained on the CWM sample
prepared with DNP matrix at a very low TOTAPOL
concentration (1 mM). Indeed, TOTAPOL molecules are
trapped in the CWM, and the effective final concentration in
the cell wall is therefore higher than originally in the matrix.
This feature may be very useful to specifically enhance signals
of the cell wall in order to study its structure or interactions in
entire cells.
To evaluate the pertinence of this strategy, a similar series of

experiments with sequential washing steps have been
performed on B. Subtilis entire cells (EC sample) (Figure
S4). The optimum sensitivity per unit time found for EC is
one-wash with 5 mM TOTAPOL solution (εDNP = 16−18 and
εeff = 7−11). A similar behavior indicating accumulation of
TOTAPOL is observed on entire cells as it was for CWM but at
higher TOTAPOL concentrations. This behavior is also
observed on the DNP build-up time constant τDNP as seen in
Figures 2 and S3. This shift to higher concentrations can be
explained by a lower accessibility of TOTAPOL to the PG due
to the presence of surface proteins and the incapacity for
TOTAPOL to enter the cells.
DC possesses an intermediate accessibility to the PG, as the

cell walls are now broken, but the surface and membrane
proteins are still present within PG. The spectral behavior along
the different washing steps (Figure S5) and τDNP (Figures 2 and
S3) show again the same accumulation of TOTAPOL in the
sample but at intermediate concentrations between CWM and
EC. In the presence of purified sacculi (CWM), TOTAPOL
molecules can access everywhere on the PG, while they can
only access from the outer cell surface with EC. With DC, they
can travel through the cell membrane but accessibility to PG is
still limited by the presence of membrane proteins, lipids, etc.
Considering that radical molecules are mainly trapped inside

the cell wall and that a gradient in TOTAPOL concentration is
probably present with higher concentrations at the outer
surface, the question of the distance covered by DNP-enhanced
polarization comes up. Estimation of this distance is difficult
and complex, as it relies on the proton spin-diffusion rate D
which is not readily available. A pseudo-1D model of
polarization transfer depth has been developed for the case of

Figure 2. DNP build-up time constant τDNP averaged over the
different cell wall peaks of the 1D spectra on CWM (blue), DC
(green), and EC (red) samples, recorded at different TOTAPOL
concentrations. Error bars reflect the heterogeneity of τDNP over the
different peaks of the spectra. Measurement of EC at (1−1−1)
washing step has not been measured, but values at higher TOTAPOL
concentrations are given in Figure S3.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja312501d | J. Am. Chem. Soc. 2013, 135, 5105−51105107



amyloid crystals.18 With this model and their estimation of D, a
distance of several hundreds of nm can be covered. The system
considered here is however very different from an amyloid
crystal, and several aspects, such as residual mobility,
deuteration of the DNP matrix,38 and the consequently dilution
of protons,39 are expected to decrease strongly the spin-
diffusion rate (see SI Section 5). A reduction of D by a factor of
20 leads to a polarization transfer depth (at half of the original
intensity) of 30−50 nm, which is on the order of magnitude of
the cell wall thickness in B. subtilis.
Absolute Sensitivity Ratio (ASR). It is worth noting that

the parameter εDNP, usually evaluated for DNP experiments, did
not change significantly with the successive washing steps and
therefore did not reflect the pertinence of the DNP experiment.
For a real estimation of the sensitivity enhancement obtained
by DNP, it is important to always consider εeff that is obtained
by comparing a μw-on spectrum to a reference (no
TOTAPOL) spectrum. This comparison therefore includes
signal bleaching due to the presence of polarizing agents. More
generally, the ASR,23 which is the real sensitivity gain obtained
by comparing the signal-to-noise (S/N) per unit time on the
DNP experiment and on the conventional NMR experiment,
needs to be evaluated to discuss the usefulness of DNP.
Figure 3 compares 1D 13C-CPMAS spectra of EC obtained

by DNP-enhanced SSNMR and conventional NMR. Note that

the bacterial cell pellet used was three times larger for the
conventional NMR than for the DNP-enhanced NMR sample.
In these conditions, ASRs were 15, 24, and 9 on carbonyl,
sugars, and lipid resonances, respectively, which lead to a time
savings of up to a factor of 600. This order of magnitude in
absolute sensitivity enhancement really opens new avenues in
the study of cell walls, e.g., the detection of a small number of
molecules being able to interact with the cell wall, which cannot
be detected by conventional NMR even on 13C-labeled
systems. In fact, we recently demonstrated that a similar

value of ASR allowed the acquisition of natural abundance 2D
13C−13C correlation experiments in tens of minutes of
experimental time using DNP,23 even though cross-peak
intensities are 4 orders of magnitude smaller than in 13C-
labeled systems. The study of cell wall interactions should
therefore also be feasible using cell wall-enhanced DNP
technique as described here.

Stability of EC during Long-Time Storage. As
deterioration of TOTAPOL radicals have been reported on
the membrane protein neurotoxin II after long-time storage
(4−8 weeks),40 the stability of the EC sample was also
investigated. After 6 months in the freezer at 253 K, no change
in the 1D CPMAS and 2D 13C−13C DARR (dipolar assisted
rotational resonance) spectra were observed (Figure S7). εDNP
and the linewidths are almost unchanged indicating that all
TOTAPOL radicals are still active. Similarly, no deterioration
of the radical was reported for SH341 that does not possess any
cysteine residues that are thought to react with TOTAPOL
radicals.

Cell Wall Enhancement and Suppression. According to
the above discussion, we can conclude that TOTAPOL
molecules are preferably located in the PG layer of the bacterial
cell envelope. At low concentrations of radical, signals
belonging to the cell wall are particularly enhanced by DNP
compared to signals from the rest of the cell. Quite the
opposite, we expect that high concentrations of TOTAPOL will
bleach the cell wall signals and highlight signals from other
distinct cell components, e.g., RNA and lipids. This is indeed
observed in 1D DNP-enhanced 13C-CPMAS spectra acquired
on EC at various TOTAPOL concentrations (Figure 4). With

increasing TOTAPOL concentration, an overall decrease of the
signal intensity is observed, which is stronger on the cell wall
signals. At 60 mM TOTAPOL, cell wall resonances have almost
disappeared from the spectrum, while signals from RNA and
lipids are still present. DNP on cells (at least on Gram-positive
bacterial cells) at low radical concentration will therefore be
very useful for cell wall structural or interaction studies with
proteins, antibiotics, or other cells. The study of membrane and
cytoplasmic proteins inside of cells might be possible at a
higher radical concentration.

Figure 3. Comparison of 1D 13C-CPMAS spectra of EC obtained
using DNP-enhanced NMR at 105 K (a) and conventional NMR at
∼270 K (b). Recycle delays are 4 s for the DNP experiment and 1 s for
the conventional NMR. Both spectra were recorded at 9.4 T (1H: 400
MHz) and 13 kHz MAS frequency, using a 3.2 and 4 mm rotor for the
DNP and conventional NMR experiments, respectively. The 4 mm
rotor contains about three times more sample than the 3.2 mm one.
Spectra (a) and (b) were obtained with 16 and 256 transients,
respectively.

Figure 4. 1D DNP-enhanced 13C-CPMAS spectra on EC at various
TOTAPOL concentrations recorded with 16 transients at 105 K. MAS
frequency and recycle delay were 8.5 kHz and 25 s, respectively.
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Cell wall enhancement and suppression were further
confirmed by 2D 13C−13C correlation experiments at
TOTAPOL concentrations of 5 and 60 mM (one-time
wash), as shown in Figure 5b,c, respectively. PG and WTA

peaks are clearly seen with high signal intensities at 5 mM
TOTAPOL concentration (Figure 5b, cell wall enhancement).
Those signals are almost suppressed at 60 mM TOTAPOL
concentration, while RNA and lipid peaks, already present in
the 5 mM spectrum, are still observed (Figure 5c, cell wall
suppression). This is illustrated by the PG/RNA and PG/lipids
intensity ratios which drop from 0.7 and 0.37, respectively, to
0.37 and 0.045 when going from 5 mM (Figure 5b) to 60 mM
TOTAPOL concentration (Figure 5c).
Resolution Improvement of 2D 13C−13C Correlation

Spectra. In an attempt to better separate signals from the
different parts of the cell, the 5 mM spectrum (Figure 5b) was
subtracted from the 60 mM spectrum (Figure 5c) in such a way
that PG signals are completely suppressed (Figure 5e). The
large signals of RNA and lipids are still present. This suggests
that in the case of an overexpressed membrane protein, its
resonances could be observed directly on intact cells without
interference from the large cell wall background. Opposite

subtraction (subtracting the 60 mM from the 5 mM spectrum)
was carried out as well with relative scaling set such that the
lipid signal was suppressed (Figure 5d). Astonishingly, this
subtraction leads to an improved spectral resolution, especially
visible in the sugar region, where RNA and PG cross-peak
patterns can now be partly separated. It seems that the
subtraction allows the removal of broad signal components
resulting from not only the presence of the radical but also in
part from the conformational disorder, as the resolution
observed is now even better that the one observed on the
reference sample containing no TOTAPOL. This technique
proves in our case to be useful in separating resonances of
interest from unwanted signals and even improves spectrum
resolution that is the major criticism of DNP-enhanced
SSNMR.
Considering the strong affinity of TOTAPOL for the cell

wall polymers, it may seem curious that the signal intensity of
RNA resonances is quite important at low radical concentration
(even if their enhancement by DNP is less than for PG) and,
respectively, that only weak protein signals are detected. This
could be explained by a higher affinity of TOTAPOL for RNA
sugars than for proteins, in cases where the polarizing agent can
cross the cell wall or the RNA and proteins are released by the
lysis of some of the cells.

■ CONCLUSIONS
We have demonstrated the feasibility of DNP-enhanced
SSNMR applied to the study of bacterial cells. TOTAPOL
molecules possess a strong binding affinity to PG (or more
generally, sugars) and accumulate in the PG layer of the cell
wall. This property results from weak noncovalent interactions
(probably hydrogen bonding) and does not involve any
chemical reaction, keeping thus TOTAPOL molecules active
over a long storage period.
The binding affinity can be used to specifically enhance or

suppress cell wall signals, for studying either cell wall
interactions or other cell components, simply by adjusting
radical concentrations. As a result of the nonuniform
distribution of radicals in the sample, the property of spectra
at low and high concentration of radicals is such that
considerable resolution improvement can be obtained by
difference spectroscopy. To the best of our knowledge, this
type of line-narrowing technique has not yet been reported so
far for DNP-enhanced SSNMR. Rationalization of this effect
and further investigation are currently on the way in our group
in order to enlarge the field of application of this new
resolution-enhanced technique for DNP.
Finally, we would also like to emphasize that a real DNP

enhancement (ASR) of 24 compared to conventional SSNMR
was observed for entire cells, which results in experimental time
savings of a factor of 600. With this sensitivity, study at an
atomic scale of cell wall interactions for instance can be
envisaged that were up to now difficult to detect since only
small number of molecules are involved.
It is worth noting that the presented results are not expected

to be limited to bacterial cells but could be useful for
applications to other type of cells as plant cells or epithelial
cells, which both contain sugar units in their cell wall or at their
surface. So far, only the biradical TOTAPOL has been
investigated for its affinity, which is specific to saccharides.
For the selective enhancement of other cell components, the
use of other or modified radicals designed for specific
interaction with that component can be envisaged, e.g., for

Figure 5. (a) Chemical structure of PG. (b−e) DNP-enhanced 2D
double-quantum single-quantum 13C−13C spectra of EC sample using
SPC5 recoupling sequence42 at TOTAPOL concentrations of 5 (b)
and 60 mM (c). The numbers of scans and the recycle delays were 16
and 4 s for (b) and 256 and 1 s for (c), leading to total experimental
times of 4.6 and 14.5 h, respectively. SPC5 mixing time was set to 1.23
ms. Difference spectra are shown in (d) for (b − c) and (e) for (c −
b). Respective scaling of combined spectra was adjusted such to end
up with positive signals only.
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the study of membrane proteins or antimicrobial peptides in
interaction with the cell membrane. With the possibility of
enhancing specifically cell wall signals and improving
resolution, these results pave the way toward a DNP-enhanced
on-cell NMR spectroscopy.
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