Combined 1H-Detected solid-state NMR spectroscopy and
electron cryotomography to study membrane proteins across
resolutions in native environments
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In Brief

Membrane proteins are often treated with
detergents, which can affect structure
and activity. Baker et al. apply a hybrid
method to bacterial membrane proteins
in native membranes without detergent,
using solid-state NMR spectroscopy and
electron cryotomography. They bnd that
the structure and function of YidC differ
with and without detergent.

Highlights
d CryoET and ssNMR give complementary information about
proteins in native membranes

d One sample can be prepared for both methods without the
use of detergents

d Hybrid method shows differences between puribped and
native preparations of YidC

d Sample preparation reduces costs and time and suggests
new strategy for assignment
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SUMMARY

Membrane proteins remain challenging targets for
structural biology, despite much effort, as their
native environment is heterogeneous and complex.
Most methods rely on detergents to extract mem-
brane proteins from their native environment, but
this removal can signibcantly alter the structure and
function of these proteins. Here, we overcome these
challenges with a hybrid method to study membrane
proteins in their native membranes, combining high-
resolution solid-state nuclear magnetic resonance
spectroscopy and electron cryotomography using
the same sample. Our method allows the structure
and function of membrane proteins to be studied in
their native environments, across different spatial
and temporal resolutions, and the combination is
more powerful than each technique individually. We
use the method to demonstrate that the bacterial
membrane protein YidC adopts a different conforma-
tion in native membranes and that substrate binding
to YidC in these native membranes differs from puri-
Ped and reconstituted systems.

INTRODUCTION

Cellular organization relies on compartmentalization by lipid
membranes, around which cells install protein networks that
establish further function. These membrane proteins are chal-
lenging to characterize, as their native environment is complex
and heterogeneous. Despite signibcant work with membrane

proteins, the rate at which new structural information is being
produced has decreased since 2005 (White, 2016). Most struc-
tural techniques rely on puribcation of membrane proteins using
detergents, followed in some cases by reconstitution into syn-
thetic lipid bilayers. Neither system can fully mimic the complex
nature of these proteinsO natural environment, and the choice of
mimetic can have signibcant impact on both structure and
function (Zhou and Cross, 2013). Puribcation can also disrupt
higher-order structure, including oligomerization (Mi et al.,
2008), complex formation (Sychev et al., 1996), or metabolic or-
ganization (Schagger and Pfeiffer, 2000). Therefore, it is desir-
able to be able to study membrane proteins and their structure
in their native membranes. Two methods that allow for structural
investigations in native membranes are solid-state nuclear mag-
netic resonance spectroscopy (ssNMR) and electron cryoto-
mography (cryoET).

CryoET and ssNMR provide highly complementary informa-
tion. CryoET involves imaging individual events, with each mole-
cule potentially in a different state, while ssNMR uses bulk
measurements. Motion and dynamics are implicitly recorded in
ssNMR experiments from nanosecond to millisecond time
scales, while cryoET is limited by the speed at which samples
can be vitribed, and is therefore useful for snapshots of biological
processes on the seconds-to-hours timescale. Nanometer-
scale spatial information is intrinsic to cryoET, while sSNMR is
much more sensitive to chemical information on the Afhgstrom
scale. Furthermore, ssNMR exploits isotope labeling to exclude
background signals, whereas cryoET records the full environ-
ment, providing macromolecular context for measurements.
CryoET and ssNMR have both been used successfully to study
Pbrillar structures (for a review, see Cuniasse et al., 2017 and a
more recent study [Gremer et al., 2017]), secretion systems
accessible to in vitro assembly (e.g., Demers et al., 2013, 2014;
Sborgi et al., 2015) and, most recently, microtubule -protein

http://creativecommons.org/licenses/by/4.0/ ).
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Figure 1. Overview of the Experimental Approach

(A) Isotopically labeled, rifampicin-treated cells (Baker et al., 2015) are gently disrupted to produce cell envelope particles.

(B) These cell envelope particles are subjected to (i) *H-detected magic angle spinning (MAS) solid-state NMR spectroscopy (ssNMR), which provides atomic
structural and dynamical information on the protein in native membranes, and (i) electron cryotomography (cryoET), which provides larger structu ral information
of the protein of interest through subvolume averaging as well as the context of the native environment.

(C) Combining the information from ssNMR and cryoET allows a structural and functional model of the protein of interest and its environment to be built , from

dngstrom to micron distances, in native membranes.

complexes (Atherton et al., 2017). Restraints from ssNMR
experiments also recently have been proposed to aid in model
rebnement from electron cryomicroscopy (cryoEM) (Perilla
etal., 2017).

Magic angle spinning (MAS) ssNMR (Andrew et al., 1958) is
well suited to the analysis of large assemblies such as cell mem-
branes, as it uses spinning to minimize anisotropic interactions.
Conventionally, MAS with speeds of <20 kHz, in combination
with *3C detection, have been used to study local and overall
protein structure and dynamics at atomic resolution in bilayers
formed by native bacterial membranes (see, e.g., Baker and Bal-
dus, 2014; Etzkorn et al., 2007; Herzfeld and Lansing, 2002;
Hong et al., 2012; Jacso et al., 2012; Miao et al., 2012; Renault
et al., 2010; Ward et al., 2015a; Yamamoto et al., 2015). These
approaches have been extended to study entire bacterial cell en-
velopes (Kaplan et al., 2015; Renault et al., 2012a) or mammalian
membrane proteins embedded in their natural plasma mem-
brane (Kaplan et al., 2016a, 2016b). Recent methodological ad-
vancements in Dynamic Nuclear Polarization have improved
spectral sensitivity for such samples (Jacso et al., 2012; Kaplan
et al., 2015, 2016a, 2016b; Renault et al., 2012b; Yamamoto
et al., 2015). Another area of development is in *H-detected
MAS ssNMR experiments, where the higher gyromagnetic ratio
of protons can enhance overall spectroscopic sensitivity
provided that MAS spinning rates >40 kHz are used (Andreas
et al.,, 2010; Asami and Reif, 2013; Medeiros-Silva et al.,
2016; Sinnige et al., 2014; Ward et al., 2011). With faster spin-
ning, line widths are generally narrower; sample preparation
and choice of labels can improve spectral resolution ( Andreas
et al, 2010; Asami and Reif, 2013; Fricke et al., 2017,
Medeiros-Silva et al., 2016; Sinnige et al.,, 2014; Ward
et al., 2011).

CryoET has been used to study a wide range of samples, from
puribed protein complexes to intact viruses, bacteria, and eu-
karyotic cells, preserved in a frozen, hydrated state that mimics
physiological conditions. Brie3y, a series of projection images of

the same specimen is collected with different orientations rela-
tive to the electron beam, followed by computational processing
to recover three-dimensional structural information without aver-
aging (for a recent review, see Beck and Baumeister, 2016). As
the sample and stage thickness prevent tilting to 90 , there is a

OOmissing wedgeOO of information in Fourier space. This missing

information can be compensated for by averaging together

three-dimensional subvolumes extracted from tomograms,

which are differentially oriented relative to the missing wedge.

CryoET (and other forms of cryoEM) also recently benebted
from technological advancements. In particular, direct electron

detectors have signibcantly increased the signal in images
(McMullan et al., 2014). Some recent examples of bacterial sys-
tems studied by cryoET include work investigating the organiza-

tion of the pilus in Myxococcus xanthus (Chang et al., 2016), the
injection of pathogenic factors into host cells by Chlamydia
trachomatis (Nans et al., 2015), and the formation of cellular
structures organizing DNA replication during phage infection
(Chaikeeratisak et al., 2017).

To take full advantage of the complementarity between
ssNMR and cryoET, and recent technological improvements in
IH detection and direct detectors, respectively, we set out to
create a sample preparation method for the structural and func-
tional study of membrane proteins in their native environment,
where the same specimens could be used for both techniques.
To maintain the native membrane environment, we avoided alto-
gether the use of detergents or other extraction strategies. These
samples also needed to balance the sensitivity of *H-detected
ssNMR experiments with reasonable protein expression levels
to avoid excess disruption to the membrane environment. As
structure is tightly linked to function, accessibility to the mem-
brane surfaces for functional or binding assays was also an
important consideration. Similarly, membrane morphologies
needed to be refRective of, e.g., native cell envelope ultrastruc-
ture. Furthermore, a range of orientations is desirable to
compensate for the missing wedge in cryoET.



Figure 2. The Morphology of Cell Envelope Samples by cryoEM

(A) Cell envelopes were vitribed on graphene oxide-treated holey carbon grids. The membranes adopt a variety of shapes and sizes, with many maintaining a

native ultrastructure.

(B) Membrane structures of different shapes and sizes maintain the native cell wall architecture when viewed at higher magnibcation of outer membran e (black
line), cell wall (red line), and inner membrane (white line). When the inner and outer membranes separate (black arrowheads), the cell wall appears tofavor the

outer membranes.
See also Figures S1 and S2.

Here, we present a combined *H-detected ssNMR and cryoET
investigation of the structure, function, and native environment of
YidC in Escherichia coli. YidC is an inner membrane protein that
helps fold and insert other inner membrane proteins (Scotti et al.,
2000). YidC has also been shown to insert some substrates,
such as subunit ¢ of ATP synthase, independently of the Sec
translocon system (van der Laan et al., 2004). E. coli ribosomes
with substrate membrane protein nascent chains (RNCs) bind
and insert substrate via puribed and reconstituted YidC (Kedrov
etal., 2013). The structure of puribped YidC was determined in the
lipidic cubic phase by X-ray crystallography ( Kumazaki et al.,
2014) and also, at lower resolution, in nanodiscs bound to
RNCs by single-particle cryoEM (Kedrov et al., 2016). YidC can
be produced with high yield after overexpression in E. coli, allow-
ing for puribed and reconstituted control samples (Baker et al.,
2015), and binding of ribosomes to YidC has been shown to
differ depending on the membrane mimetic used (Kedrov
et al., 2013). We use our hybrid method to show that the confor-
mation and likely dynamics of YidC in native membranes differs
from puribed and reconstituted YidC, and observe correspond-
ing RNC binding differences.

RESULTS
Single Sample Preparation for Hybrid Methods

A key goal of this work was to develop a single sample prepara-
tion strategy for both ssSNMR and cryoET. To achieve the desired

sensitivity and resolution by NMR spectroscopy requires incor-
poration of NMR-active nuclei (*H, 3C, and *°N) into the mole-
cule of interest. To selectively incorporate the isotopes while
maintaining an NMR-silent 2H*2C*N cell envelope background,
we used the antibiotic rifampicin to inhibit the native E. coli
RNA polymerase. The gene of interest then was transcribed
by the T7 polymerase, as described previously (Baker et al.,
2015). Rifampicin-treated cell envelopes have negligible back-
ground protein signal when measured by ssNMR (Baker et al.,
2015). After rifampicin treatment and protein expression, cell en-
velopes were harvested by gentle cell lysis and ultracentrifuga-
tion. For ssNMR, the hydrated cell envelopes were centrifuged
into an MAS rotor using a benchtop microfuge at low speed.
For cryoET, the cell envelopes were diluted 1 in 300 in buffer
before vitribcation on a carbon-coated grid. An overview of the
method is presented in Figure 1.

To conbrm that rifampicin treatment had not changed cellular
or membrane structure, we Prst used cryoEM to investigate the
morphology of the E. coli cells and cell envelope samples pre-
pared by this method. Small samples of the cultures were taken
immediately before cell envelope harvesting and vitriPed without
any further treatment. Many cells exhibited typical size and
shape (rods of 2 mm by 1 mm), but some cells (<20%) were
longer (between 3 and 12 mm) and a small number (<10%)
were rounded or showed evidence of lysis (Figure S1). The
appearance of the cell envelope samples also remained consis-
tent, with or without rifampicin treatment and heterologous

































