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Abstract

Although membrane proteins are in the focus of biochemical research for many
decades the general knowledge of this important class is far behind soluble proteins.
Despite several recent technical developments, the most challenging feature still is
the generation of high-quality samples in environments suitable for the selected appli-
cation. Reconstitution of membrane proteins into lipid bilayers will generate the most
native-like environment and is therefore commonly desired. However, it poses tremen-
dous problems to solution-state NMR analysis due to the dramatic increase in particle
size resulting in high rotational correlation times. Nevertheless, a few promising strat-
egies for the solution NMR analysis of membrane inserted proteins are emerging
and will be discussed in this chapter. We focus on the generation of membrane protein
samples in nanodisc membranes by cell-free systems and will describe the characteristic
advantages of that platform in providing tailored protein expression and folding envi-
ronments. We indicate frequent problems that have to be overcome in cell-free synthe-
sis, nanodisc preparation, and customization for samples dedicated for solution-state
NMR. Detailed instructions for sample preparation are given, and solution NMR
approaches suitable for membrane proteins in bilayers are compiled. We further discuss
the current strategies applied for signal detection from such difficult samples and
describe the type of information that can be extracted from the various experiments.
In summary, a comprehensive guideline for the analysis of membrane proteins in
native-like membrane environments by solution-state NMR techniques will be provided.

1. INTRODUCTION

Within the last 20 years, techniques to characterize membrane proteins
improved dramatically and especially examples of their structural investiga-
tion increased nearly exponentially (membrane proteins of known structure
database: http://blanco.biomol.uci.edu/mpstruc/). The majority of known
structures have been determined by X-ray crystallography and solution
NMR spectroscopy, but with recent developments in detector technology
the determination of high-resolution structures (Kuhlbrandt, 2014) by cryo-
EM is catching up. The drastic growth of structural data can be mainly attrib-
uted to improvements in measurement techniques and methodological
advancements regarding protein production, purification, and sample prep-
aration. High-end protein engineering (Serrano-Vega, Magnani, Shibata, &
Tate, 2008), stabilization by small molecules or antibody fragments (Kim
et al., 2015; Rasmussen et al., 2011, 2007), in meso crystallization (Caffrey,
2015), or lipid nanodiscs (Bayburt & Sligar, 2003) are only some of these
developments. A general tendency is to focus on natural-like membrane envi-
ronments for membrane protein research as more and more studies focus on
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the role of lipids for membrane protein structure and stability (Barrera, Zhou, &
Robinson, 2013; Gupta et al., 2017; Henrich et al., 2017; Saliba, Vonkova, &
Gavin, 2015). In particular, the use of nanolipid particles as solubilization
environment for membrane proteins in structural studies has set new standards
(Denisov & Sligar, 2016; Efremov, Gatsogiannis, & Raunser, 2017; Nikolaev
et al., 2017). This is not surprising as detergents can have a dramatic influence
on the overall structural integrity or dynamics of membrane proteins (Dehez,
Schanda, King, Kunji, & Chipot, 2017). Interestingly, the most preferred
detergents for membrane solubilization and protein purification like #n-dodecyl
B-p-maltoside (He, Wang, & Yan, 2014) preserve a high amount of lipids still
attached to the extracted membrane protein (Ilgu et al., 2014).

In this respect sample preparation techniques that avoid detergent con-
tacts and allow subsequent analysis within natural membranes or membrane
mimetics are desirable. Here, the cotranslational insertion of membrane pro-
teins into defined membranes by synthetic approaches offers a remarkable
advantage as any detergent contact is avoided during the direct folding of
the nascent protein chain into a provided lipid bilayer (Harris et al.,
2017). Nanodiscs are extremely well suited for this production process via
cell-free expression systems (Roos et al., 2014). The extraordinary features
and physicochemical properties of nanodiscs streamline protein purifica-
tion and enable a sophisticated analysis by many state-of-the-art techniques
(Denisov & Sligar, 2017). Control of the bilayer composition allows infor-
mation about the effect of specific lipids (Dawaliby et al., 2016; Henrich
et al., 2016; Rues, Dotsch, & Bernhard, 2016) or about the influence of
general bilayer characteristics on membrane protein structure or stability
(McClary, Sumida, Scian, Pago, & Atkins, 2016) to be obtained. In solu-
tion NMR spectroscopy, short-chain detergents have almost exclusively
been used to provide a hydrophobic environment as they produce reasonable
small particles that allow sufficiently fast tumbling. Bicelles were the first
bilayer containing environment that gave high-resolution spectra of mem-
brane proteins (Morrison et al., 2012). While they are widely used in solution
NMR (Durr, Gildenberg, & Ramamoorthy, 2012), their classical preparation
still requires treatment of the solubilized membrane protein with detergent
(Table 1). Nanolipoprotein particles only slowly found their entrance into
the NMR field (Gluck et al., 2009) since the first nanodiscs with a diameter
of ~10nm still were of unfavorable size (Denisov, Grinkova, Lazarides, &
Sligar, 2004). Several recent improvements in nanodisc design (Hagn et al.,
2013; Nasretal., 2017) and sample preparation (Laguerre etal., 2016) initiated
a broader usage of nanodiscs for solution NMR (Table 1).
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Table 1 Strategies for Preparing Solution NMR Samples in Bilayer Environments

Conventional Cell-Free
Bicelles Nanodiscs Nanodiscs Bicelles
Workflow Cellular protein expression Cell-free protein expression
Membrane solubilization —
Purification Purification
Reconstitution —
— — Reverse
g-titration
Preparation”  3—4 days 3—4 days <24h <24h
Detergent Yes Yes No No
solubilization”
Detergent Membrane solubilization and No Reverse
screen® purification g-titration
Lipid selection Synthetic and short-chain lipids Any Any
Particle size ~3—7nm defined ~8-15nm ~8—15nm Variable,
by g-ratio defined by MSP  defined by defined by
type MSP type g-ratio
Label Reduced by auxotrophic strains Reduced by inhibitors
scrambling
Protocols and  Piai, Fu, Dev, Hagn, Etzkorn, Roos et al. Laguerre
and Chou (2017) Raschle, and (2014) et al. (2016)
Wagner (2013)
Applications’  Morrison et al. ~ Bibow et al. Lyukmanova

(2012) (2014); Kofuku

et al. (2014)

et al. (2012)

*Time estimates include all steps listed in the workflow section.
"Workflow requires complete solubilization of the membrane protein in detergent micelles.
“Workflow steps requiring detergent screening procedure.
9Selected references.

In this chapter, we describe the technical details of a complete pipeline

from cell-free membrane protein production to NMR analysis in membrane

environment. This involves the setup of customized cell-free protein pro-

duction (Schwarz et al., 2007) allowing specialized labeling strategies
(Hein, Lohr, Schwarz, & Dotsch, 2017; Laguerre et al., 2016; Lohr et al.,
2012; Lohr, Tumulka, Bock, Abele, & Dotsch, 2015), the cotranslational
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membrane protein insertion into defined nanodiscs (Henrich et al., 2016;
Rues et al., 2016), and their transition into small bicelles for solution
NMR measurements (Laguerre et al., 2016). The presented workflow will
serve as a guideline to alleviate solution NMR characterizations of mem-
brane proteins in native-like environments and potentially critical steps will
be indicated.

2. BASIC CELL-FREE EXPRESSION SYSTEM

Expression systems based on cellular lysates have continuously been
optimized for approximately the past 20 years. Systems utilizing lysates from
different organisms including prokaryotic as well as eukaryotic sources
(Kigawa et al., 2004; Madin, Sawasaki, Ogasawara, & Endo, 2000) are
described and to some extent commercially available. Commercial systems
are widely used and enable the quick access to cell-free technology, but they
restrict options to optimize production and quality of the synthesized pro-
teins. Individually prepared systems offer a more diverse variety of opportu-
nities to adjust the expression conditions, as all supplemented components
are known and under control (Schwarz et al., 2007). In addition, recent pro-
teomics studies identified the residual protein components of Escherichia coli
cell-free lysates obtained by standard preparation procedures (Foshag et al.,
2018; Hurst et al., 2017). For economic reasons, tunable and most efficient
protein synthesis, systems based on E. coli (Henrich, Hein, Dotsch, &
Bernhard, 2015) or wheat germ (Harbers, 2014) cell lysates are thus cur-
rently recommended. E. coli is preferred for the on-site preparation of
cell-free lysates as the preparation protocol and the quality of the lysate
source are better controllable and more reliable.

2.1 E. coli Cell-Free Lysate Preparation

Various strains can be used as lysate source and the most common are E. coli
A19 and BL21. Special applications may require engineered strains having,
for example, eliminated release factors for the efficient incorporation of non-
natural amino acids (Hong et al., 2014; Peuker et al., 2016). A standard S30
lysate preparation procedure out of a 10-L fermenter is described, which is
able to provide 60—100mL of cell-free lysate yielding 0.3—1.5 g of expressed
protein (Foshag etal., 2018; Schwarz et al., 2007), but it should be noted that
a variety of protocol modifications exist (Kigawa et al., 2004; Kim et al.,
2006; Kwon & Jewett, 2015; Shrestha, Holland, & Bundy, 2012; Yang,
Patel, Wong, & Swartz, 2012; Zubay, 1973):
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1. Strike out E. coli A19 cells from a glycerol stock on a fresh agar plate and
incubate the plate for 6-8 h. Inoculate two flasks containing 150mL LB
medium (10g tryptone, 10g NaCl, 5g yeast extract/L) with the freshly
grown cells and incubate them overnight at 37°C under vigorous shak-
ing. The cultures usually grow to an ODygg of 6—7 overnight.

2. Inoculate 10L of culture medium (16 g tryptone, 5g NaCl, 10g yeast
extract/L) supplemented with 100 mM glucose and potassium phosphate
buffer (22mM KH,PO,, 40mM K,HPO,) 1:66—-100 with the pre-
culture. At this stage, we recommend performing the cultivation in a fer-
menter to achieve higher cell densities and obtain a better yields and a
higher quality of extract. It is also possible to use conventional culture
flasks, but in our hands the lysate performance is reduced drastically. Cul-
tivate the cells at 37°C under high oxygen saturation and stir until they
reach mid-log phase (~4-5 ODygqo) before cooling them down to
~18-20°C. The cooling step should not exceed 30 min. A growth curve
should be recorded beforehand to assess the mid-log phase period in a
given fermenter setup.

3. Cells are harvested by centrifugation (6700 X ¢, 20min, 4°C) and the
pellet is washed three times with 300mL ice-cold bufter S30-A
(10mM Tris—acetate, pH 8.2, 14mM Mg(oAc),, 60mM KCIl, 6mM
B-me) with 10 min centrifugation (8000 x g, 4°C) between the washes.

4. Pellet is resuspended in 110% (v/w) ice-cold buffer S30-B (10mM
Tris—acetate, pH 8.2, 14mM Mg(oAc),, 60mM KCl, TmM DTT,
1 x complete protease inhibitor) before cell breakage by a French Press
device or similar automated cell breakage systems with standard settings
for E. coli. The presented protocol recommends the cell breakage by
mechanical force, but in general also sonication seems feasible (Shrestha
etal., 2012).

5. Lysate is centrifuged at 30,000 X ¢ for 30 min at 4°C. The supernatant is
transferred to fresh tubes and the centrifugation step is repeated.

6. The supernatant is stepwise adjusted to 400 mM NaCl (5 M stock solu-
tion) before 45 min incubation at 42°C, which leads to a turbid solution.

7. The lysate is filled in dialysis bags (12—14kDa MWCO) and dialyzed
overnight at 4°C against 5L bufter S30-C (10mM Tris—acetate, pH
8.2, 14mM Mg(oAc),, 60mM KoAc, 0.5mM DTT) with one buffer
exchange after 3—4h.

8. At the next day the lysate is centrifuged again (30,000 X ¢, 30 min, 4°C),
split into aliquots and shock frozen with liquid nitrogen. The lysate can be
stored at —80°C till usage and also can be shipped in lyophilized condition.
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It should be noted that this procedure can be adapted to achieve desired
lysate modifications, for example, to enhance the concentration of chaper-
ones by an additional heat-shock step during the cultivation (Foshag et al.,
2018). In this case, it should always be considered that any modification in
lysate production may aftect the production efficiency in subsequent cell-
free protein production reactions (Foshag et al., 2018). By using appropriate
blends, the advantages of lysates, e.g., giving high expression yields or
improved folding by increased chaperone concentrations, can be combined
(Rues, Dong, Dotsch, & Bernhard, 2018).

2.2 T7 RNA-Polymerase Preparation

The fast and efficient T7 RINA-polymerase is commonly employed for tran-

scription within a coupled transcription and translation cell-free system

(Schwarz et al., 2007). Since E. coli lysates still contain the endogenous

RNA-polymerase (Foshag et al., 2018), cell-free reactions can alternatively

be carried out with standard E. coli promotors and without the addition of

T7 RNA-polymerase (Shin & Noireaux, 2010), but a significant drop in

expression yield may occur. The following section illustrates the preparation

of T7 RNA-polymerase by overexpression in E. coli cells (Schwarz et al.,

2007). The yield of T7 RNA-polymerase out of 1L E. coli culture is usually

sufficient to supplement 0.5—-1L of cell-free lysate.

1. Inoculate an overnight culture (37°C, 200 rpm shaking) of LB medium
(e.g., 150mL) supplemented with 100 pg/mL ampicillin with BL21
(DE3) Star cells carrying the plasmid pAR 1219 from a glycerol stock
freshly grown on an agar plate.

2. Inoculate TB medium (12 g tryptone, 24 g yeast extract, 4 mL glycerol/L),
1-2 L is usually sufficient for a T7 RNA-polymerase batch, 1:100 (~0.1
ODygqp) with the fresh overnight culture and incubate the culture at
37°C and 200 rpm shaking. When the ODgq reaches 0.6—0.8, induce
T7 expression by the addition of 1 mM IPTG and incubate for further
5h under the same conditions. Harvest the cells by centrifugation
(6500 x g, 15 min, 4°C).

3. Resuspend the cells in 30 mL buffer (30 mM Tris—HCI, pH 8.0, 50 mM
NaCl, 10mM EDTA, 10mM p-me, 5% (v/v) glycerol, 1 X complete
protease inhibitors)/L of expression and sonicate eight times for 1 min
with 30s resting periods. Alternatively a French press can be used.
Lysate is centrifuged (20,000 X g, 30 min, 4°C) and the supernatant
is collected.
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4. DNA is removed by the stepwise addition of 20% (w/v) streptomycin to
a final concentration of 2%. Ensure incubation on ice and sufficient
mixing after each step. DNA precipitate is removed by centrifugation
(20,000 x g, 30 min, 4°C).

5. Thesupernatantis purified by anion exchange chromatography. The lysate
is loaded on a Q-Sepharose column (75mL bed volume for 1-2L of
expression culture), which was equilibrated with buffer A (30mM Tris—
HCI, pH 8.0, 50mM NaCl, 1mM EDTA, 10mM B-me, 5% glycerol).
After loading, the column is washed with buffer A until a stable baseline
is reached. A gradient of 50-500mM in 90min (flow rate ~4mL/min
if allowed by pressure limit) is used for elution. Collect 2-3 mL fractions
and analyze them by SDS-PAGE as elution profile might vary between
runs. To save time the usage of gels enabling direct detection under UV
is recommended. Combine fractions carrying high T7 RNA-polymerase
concentrations (prominent band between 90 and 100kDa). The T7
RNA-polymerase is not pure but sufficiently enriched after this step. Dis-
card fractions with low concentrations and a high degree of impurities.

6. Dialyze collected fractions against 5L buffer (10mM K,HPO,, pH 8.0,
100mM NaCl, 0.5mM EDTA, 1mM DTT, 5% glycerin) and afterward
adjust the solution to 10% glycerol.

7. Concentrate the protein solution in Centriprep devices (50kDa MWCO)
by centrifugation (1500 X ¢ for 10min, 4°C) to a concentration of
2—4mg/mL total protein. Adjust the concentrated samples to 50% glyc-
erol and shock freeze in liquid nitrogen before storage at —80°C.

8. To determine the optimal amount of T7 RINA-polymerase for supple-
mentation to cell-free reactions, perform a test cell-free reaction with
increasing amounts of T7 polymerase. At a certain concentration a pla-
teau is reached and the lowest T7 concentration of the plateau should be
used for future reactions.

It is possible to skip this procedure by using commercially available T7

RNA-polymerase, but a concentration screen for obtaining the most effi-

cient protein expression should be performed as well.

3. NANODISC PREPARATION

Nanodiscs are nanolipid particles that consist of a disc-shaped lipid
bilayer, which is encircled by an ApoA1l derivative, the so-called mem-
brane scaffold protein (MSP) (Fig. 1; Denisov & Sligar, 2017). The
MSP protects the hydrophobic lipid tails and thus keeps the disc soluble.
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MSP1AH5 Lipid 1 in

detergent
[ X J

Dialysis

DNA
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Strepll-tag
purification

Empty & loaded NDs Cell-free expression

Fig. 1 General L-CF workflow including nanodisc formation (yellow), cell-free produc-
tion (green) as well as sample purification (blue). Pictograms illustrate molecules or
devices and workflow steps are indicated.

The reconstitution of “empty” nanodiscs (i.e., nonmembrane protein
containing) as they are provided in cell-free reactions (Katzen et al.,
2008; Roos et al., 2012) has been well established for more than 10 years
(Bayburt, Grinkova, & Sligar, 2002; Denisov et al., 2004). Over the years
engineered nanodiscs were designed for particular tasks, as, for example,
nanodiscs with a smaller diameter that are more suitable for solution
NMR experiments (Hagn et al., 2013). Particular comments and guide-
lines for successful nanodisc formation are given.

3.1 Preparation of Lipid Stock Solutions

For lipid stock solutions dedicated for nanodisc reconstitutions 50mM is a
reasonable concentration (Roos et al., 2014). The sufficient solubilization of
the lipids is crucial for the successful reconstitution of a homogeneous
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population of nanodiscs. As nanodiscs are formed upon detergent removal,
detergents with a relatively high critical micellar concentration (cmc) are
suitable as they can be easily removed from the mixture. Commonly the
bile acid salt sodium cholate is used (Bayburt et al., 2002). In general, it is
also possible to use other detergents, but detergents with a very low cmc
can become problematic. Most lipids can be completely solubilized by
100 mM sodium cholate in water, but increased detergent concentrations
should be considered if the solution still stays turbid. In this respect especially
lipid mixtures extracted from natural sources can become problematic. Lipid
stocks can be stored at —20°C.

3.2 MSP Preparation

The MSP can be produced by conventional expression in E. coli cells and
purified via the N-terminal Hisg-tag (Denisov et al., 2004). Thereby the
same protocol is used for all different variants of MSP:

1. Freshly transform the selected MSP expression plasmid (Addgene) in
BL21 (DE3) star cells, streak them out on an agar plate containing kana-
mycin and incubate the plate overnight at 37°C. Inoculate a 600-mL
preculture of LB medium supplemented with kanamycin (30 pg/mL)
and incubate overnight (37°C, 200 rpm shaking).

2. Inoculate LB medium (8 X 600mL) supplemented with kanamycin
(30 pg/mL) and glucose (0.5% (v/v)) with 50 mL of the grown overnight
culture and incubate at 37°C and 200 rpm shaking until ODgqq reaches
1-1.2. Induce MSP expression with 1 mM IPTG with additional incu-
bation of 1h at 37°C and 4h at 28°C at 200 rpm shaking. Harvest the
cells by centrifugation (6500 X ¢, 10min, 4°C) and transfer the pellets
to a falcon tube. Pellets can be stored at —20°C for few months or used
directly for purification.

3. Resuspend cell pellet (~15-25¢g) in 45mL MSP-bufter (40mM Tris—
HCI, pH 8.0, 300 mM NaCl). Add 5mL ofa 10% Triton X-100 solution
and gently mix the solution. Cell breakage is performed by sonication
with 3 X 60s and 3 x 455 cycles with always 60s resting time. Within
the resting time ensure proper mixing. Centrifuge the suspension at
30,000 x g for 20 min at 4°C, collect the supernatant, and pass it through
0.45 pM filters.

4. The filtered lysate is loaded on a His-trap column (bed volume
~20-25mlL) equilibrated with MSP-buffer supplemented with 1% Tri-
ton X-100. Afterward the column is washed with each five column
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volumes of MSP-buffer with 1% Triton X-100, MSP-buffer at pH 8.9
containing additional 50 mM cholic acid, MSP-bufter, and MSP-buffer
with addition of 50 mM imidazole. The protein is eluted by five column
volumes of MSP-buffer containing additional 300 mM imidazole.

5. MSP-containing fractions are pooled and adjusted to 10% glycerol (v/v)
before dialysis overnight against 5L of MSP-bufter supplemented with
10% glycerol (v/v) with one buffer exchange after 3—4h.

For some experiments it can be beneficial to label the MSP with heavy iso-

topes (L1, Kijac, Sligar, & Rienstra, 2006; Peetz et al., 2017). For labeling with

N and "°C isotopes, LB overnight cultures are harvested by centrifugation

(7000 x g, 10 min, 4°C) and resuspended in minimal media (2 g/L °C-glucose,

1g/L "N-NH,CI, 0.2g/L FeCls, 0.67 g/L ZnCl,, 1mM MgSO,, 1mM

CaCl,, 0.01g/L thiamine, 0.1g/L ampicillin, 3g/L KH,PO,, 12.8¢/L

Na,HPO,, 0.5g/L NaCl). Expression is induced after 2h at 37°C and

200 rpm shaking and the cultures are incubated for additional 3h before

harvesting (Peetz et al., 2017).

3.3 Nanodisc Reconstitution

For the formation of nanodiscs the MSP is first mixed with detergent-
solubilized lipids (Fig. 1). It is crucial to consider previously defined MSP
to lipid ratios for the formation of homogeneous discs (Marty, Wilcox,
Klein, & Sligar, 2013; Roos et al., 2012). Due to the dilution of the lipid
stocks it should be verified that the final detergent concentration is not
reduced below its cmec. In that case either additional sodium cholate or
n-dodecylphosphocholine (DPC) could be added to reach concentrations
above cmc (Roos et al.,, 2012) or higher concentrated MSP stocks may
be used. If the appropriate ratio of the selected lipid/MSP types is not
known, a corresponding prescreen on an analytical scale (~100 pL samples)
should be carried out. The samples are incubated with gentle shaking for
about 1h at temperatures above the lipid transition temperature, preferen-
tially room temperature. Nanodisc formation is then induced by detergent
removal with biobeads or by dialysis. For dialysis, a ~250 X volume (i.e., 5L
for 20mL of mixture) of DF-bufter (40mM Tris—HCI, pH 8.0, 100 mM
NaCl) is recommended with incubation for 3 days and one buffer exchange
each day. To separate the nanodiscs from soluble aggregates or aggregated
lipids, the solution is centrifuged (22,000 X g, 20min, 4°C) and the super-
natant can be concentrated with DE-buffer equilibrated Centriprep tubes
(10kDa MWCO) by multiple centrifugation steps (20 min, 2000 X g, 4°C)
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to a final concentration of 0.5-1 mM (Fig. 1). The concentrated solutions can
be shock frozen by liquid nitrogen and stored at —80°C until usage.

3.4 Nanodisc Quality Control

The homogeneity of nanodisc stocks and the MSP:lipid ratio screens is ana-
lyzed by size-exclusion chromatography: 50 pL of a 2050 pM nanodisc solu-
tion is separated with an analytical size-exclusion column (e.g., Superdex 200
increase) in DF-buffer (Roos et al.,, 2012). Size and shape of prepared
nanodiscs may be further evaluated by negative stain cryo-EM (Henrich
et al., 2017). To prevent aggregation or extensive stacking on the grids,
the nanodisc concentration should be kept ~20 pM.

4. CELL-FREE INSERTION OF MEMBRANE PROTEINS
INTO NANODISCS AND QUALITY OPTIMIZATION

In general, cell-free production approaches can be carried out in three
major expression modes (Schwarz et al., 2007). The P-CF mode is per-
formed without any supplied hydrophobic environment, but the resulting
membrane protein precipitates can readily be solubilized in detergents. In
the D-CF mode, detergents are supplied to the reaction leading to an imme-
diate solubilization of the expressed protein. L-CF expressions contain
bilayer structures such as liposomes, bicelles, or nanodiscs for membrane
protein solubilization. Due to its simplicity and efficiency P-CF expression
1s usually the first choice for the production of a protein in a cell-free system,
whereas the L-CF mode offers the opportunity to synthesize solubilized
membrane proteins without any detergent contacts. Depending on the
nature of the synthesized membrane protein, liposomes, bicelles, or
nanodiscs might have different efficiencies for its proper cotranslational
insertion and folding.

4.1 L-CF Expression

To setup a cell-free reaction, a variety of compounds responsible for energy
supply (e.g., acetyl phosphate), a suitable chemical environment (e.g., Mg ",
HEPES-butfter), precursors (e.g., amino acids), and preservation agents (e.g.,
protease inhibitors) are mixed together in a feeding mixture (FM), ensuring
supply with nutrients as well as dilution of toxic byproducts. The FM is sep-
arated by a membrane from the reaction mixture (RM) holding the com-
ponents responsible for transcription (e.g., T7 RINA-polymerase) and the
protein production machinery (e.g., cell lysate). We highly recommend
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the usage of such a continuous exchange setup with an RM to FM ratio of

1:15-20 to achieve an efficient production of material required for NMR

experiments. The RM volume should be adjusted to the total amount of

desired protein in the NMR sample and is usually between 1 and 10mL.

In Table 2 all ingredients with stock solution and final concentrations for

the expression of an unlabeled protein are displayed and the required vol-

umes for a 1-mL reaction with a 1:20 ratio of reaction to FM and a Mg”"

concentration of 18mM are indicated. For preparative scale expressions in

Table 2 Compounds and Concentrations for a 1-mL Cell-Free Reaction

Volume (pL)
Compound Stock Final FM RM
RCWMDE® 16.67mM each 1mM 1200 60
20 Amino acids” 25mM each 0.55mM each 440 22
Acetyl phosphate 1000 mM 20mM 400 20
Phosphoenolpyruvate 1000 mM 20mM 400 20
NTP-mix° 75 % 1x 266.7 13.3
DTT 500 mM 2mM 80 4
Folinic acid 10mg/mL 0.1mg/mL 200 10
Complete cocktail” 50 x 1x 400 20
HEPES-KOH (pH 8.0)/EDTA 25M/0.5M  100mM/20mM 800 40
Mg(OAc), 1000 mM 13.1mM 262 13.1
KOAc 10,000 mM 110mM 220 11
PEGS8000 40% 2% 1000 50
Sodium azide 10% 0.05% 100 5
Addition to FM
20 Amino acids® 25mM each 0.5mM each 400
Buffer $30-C" — — 7000
H,O — — 6831
Addition to RM
[NDs (DMPG)]" 750 pM 100 pM 133.3
S30-Extract 100% 35% 350

Continued
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Table 2 Compounds and Concentrations for a 1-mL Cell-Free Reaction—cont'd

Volume (pL)
Compound Stock Final FM RM
Plasmid DNA 1mg/mL 0.015mg/mL 15
RNAse inhibitor® 40U/pL 0.30U/pL 7.5
T7-RNA polymeraseh 3.63mg/mL 0.03mg/mL 5.5
tRNA E. coli 40mg/mL 0.50mg/mL 12.5
Pyruvate kinase 10mg/mL 0.04 mg/mL 4
H,O — — 183.7
Total volume 20,000 1000

*Is not added in protein-labeling reactions.

PFor protein-labeling reactions adjust stock concentration to 30 mg/mL (total amino acid concentration)
and final concentration to 1.5mg/mL (total amino acid concentration) giving a final concentration of
~0.5mM (each amino acid) in the RM.

“ATP, GTP, CTP, and UTP in the concentration of 360, 240, 240, and 240 mM, respectively.
9Protease inhibitor cocktail (one tablet in 1mL H,O, Roche Diagnostics).

“For labeled expressions adjust stock concentration to 30mg/mL (total amino acid concentration) and
final concentration to 0.5mg/mL (total amino acid concentration). Together with the portion of amino
acids from the general mix, which is used for the FM, this leads to a final concentration of ~0.6 mM
(each amino acid) in the FM.

{Optional compound for L-CF expression with NDs, final concentration depends on target protein
expression and its membrane insertion efficiency.

®Ribolock RNase inhibitor (Thermo Scientific).

"The stock and the final concentration of the T7-RNA polymerase varies from batch to batch and has to
be determined in pilot experiments.

Adapted from Henrich, E., Dotsch, V., & Bernhard, F. (2015). Screening for lipid requirements of mem-
brane proteins by combining cell-free expression with nanodiscs. Methods in Enzymology, 556, 351-369.

the mL range, the utilization of Slyde-A-lyzer devices with an MWCO of

10kDa (Thermo Scientific) as container for the RM is very convenient. These

are placed in special plastic containers that hold the FM (Schwarz et al., 2007).

For screening purposes, smaller containers holding ~55 pL of RM are sealed

with a dialysis membrane with an MWCO of 12—-14 kDa fixed with a Teflon

ring and then placed into standard 24-well cell culture plates holding 825 puL
of FM. The basic steps for setting up preparative cell-free reactions are
indicated here:

1. Stock solutions should be prepared in advance and stored at —20°C prior
to usage. For salts and bufters 50 mL stocks and for amino acids 5-10mL
are suitable, whereas the other stock solutions may not exceed 2mL due
to lower stability of the compounds.

2. A premix of all low molecular weight components (Table 2, first sec-
tion), which are present in the reaction as well as the FM, is prepared.
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It is important to ensure proper mixing (at this step best performed by
vortexing) before removing aliquots from the stock solutions (some
stocks remain as suspensions) as well as after completing the premix.

3. The FM is completed by the addition of amino acids, bufter S30-C and
H,O (Table 2, second section). Mixing is performed by vortexing and
the homogeneous FM is transferred to the reaction container.

4. The RM is completed by addition of the high molecular weight com-
pounds (Table 2, third section). The completed RM is carefully mixed
with a pipette. The membranes of the Slyde-A-lyzer are equilibrated
from the outside with FM and then the RM is transferred into the
Slyde-A-lyzer with a syringe. Excess air should be removed from the
Slyde-A-lyzer to facilitate proper exchange of FM and RM.

5. Finally, the reaction container is closed and incubated under gentle shak-
ing at 30°C for 12-20h. After incubation, the RM is centrifuged at
16,000-20,000 X ¢ for 10min at 4°C to separate precipitates from the
soluble fraction.

For protein-labeling experiments, the final amino acid concentration in the

RM and FM should be adjusted to ~0.5-1 mM and ~0.6—1.5mM, respec-

tively, for each amino acid (Klammt et al., 2004; Lohr et al., 2015).

Depending on the desired labeling, customized stock solutions, containing

a fully labeled amino acid mix or a mixture of unlabeled and labeled amino

acids, are required for specific experiments. For simplification, the amino

acid stock solution can be prepared with a total amino acid concentration
of 30 mg/mL giving 1.5mg/mL of each amino acid. The final concentra-
tion in the RM and FM is in total 1.5mg/mL and the extra shot for the

FM is 0.5 mg/mL. Further detailed protocols for the setup of standard cell-

free reactions including compound concentrations as well as dimensions

of customized reaction containers have been described before (Henrich,

Dotsch, & Bernhard, 2015; Klammt et al., 2004; Reckel et al., 2010;

Schwarz et al., 2007).

For membrane protein solubilization the preformed nanodiscs are sup-
plemented to the RM (Fig. 1 and Table 2) only. The suitable concentration
as well as the type of nanodiscs (i.e., selected MSP type and lipid composi-
tion of the membrane) should be assessed in pilot experiments by consider-
ing the following points:

1. The MSP type should be selected according to the size of the membrane-
integrated domains of the target protein to ensure an adequate size of the
resulting nanodisc membrane. For solution-state NMR applications a
rather short MSP type like MSP1D1AHS5 is recommended as it forms
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nanodiscs of only ~8nm. This size is usually sufficient to accommodate
most membrane proteins and even the formation of large assemblies such
as the pentameric complex of the seven-transmembrane helix containing
proton pump proteorhodopsin with a total molecular mass of ~135kDa
can be achieved (Peetz et al., 2017). On the other side, the limited mem-
brane space can also hamper the insertion of specific membrane proteins
or complexes. Thus, the expression of the target into different nanodisc
types should be tested to evaluate the formation of soluble membrane
protein/nanodisc complexes.

2. The composition of the bilayer should be customized to the protein of
interest. Some proteins require a specific lipid environment for their
functional fold and activity (Henrich et al., 2016). If a lipid dependency
is not known, the insertion and subsequent analysis of the membrane
protein into nanodiscs assembled with different lipids is recommended
as an initial screen.

3. The nanodisc concentration should be adjusted to the target concentration
in the reaction. Furthermore, individual membrane proteins strongly dif-
fer in their efficiency of nanodisc insertion (Roos et al., 2012). Screening
different nanodisc concentrations (we recommend a range of 10-100 pM)
for an optimal solubilization should be considered and the lowest nanodisc
concentration that achieves saturated solubilization is recommended for
subsequent expression experiments. If multimeric proteins are analyzed,
it should be taken into account that the nanodisc concentration can have
an influence on the oligomeric state formation (Peetz et al., 2017). The
oligomeric assembly of a protein in nanodiscs might be analyzed, e.g.,
by native mass spectrometry (Henrich et al., 2017).

Samples dedicated for NMR experiments require the supplementation of

isotope-labeled amino acids. A fully labeled sample can be generated by spe-

cific mixtures containing all 20 amino acids with the desired isotopic labeling
scheme (N, "°C, and *H). Uniform labeling, however, can usually easily
be achieved expression in E. coli in media containing '*C-glucose or
>N-ammonium chloride. The strength of cell-free expression is the ability
to achieve specific labeling patterns due to control over the added amino acids
and reduced metabolic scrambling (Reckel et al., 2010). Sophisticated label-
ing schemes facilitate the assignment of soluble as well as of membrane pro-
teins (Hein et al., 2017; Lohr et al., 2012, 2015) and are described in detail

in a recent review (Hoffmann, Lohr, Laguerre, Bernhard, & Dotsch, 2018).

Moreover, residual amino acid scrambling can be addressed by the addition

of distinct enzyme inhibitors (LaGuerre, Lohr, Bernhard, & Dotsch, 2015).
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4.2 Customizing Cell-Free Expression Conditions

Since proteins fulfill numerous tasks in different environments, they exhibit
a huge variety in structure and function. This diversity generates different
demands on their surrounding environment or their interaction with other
molecules. As protein folding depends on environmental factors, the open
nature of cell-free systems is often a valuable benefit for the optimization of
sample conditions (Fig. 2). For example, the addition of specific inhibitors
(Laguerre et al., 2016) or cofactors (Waberer et al., 2017) can significantly
enhance the general folding and stability of produced proteins. Furthermore,
the correct formation of disulfide bridges, crucial for particular proteins,
relies on redox conditions that in cell-free systems can be nicely adjusted
to individual folding requirements (Rues et al., 2018). Increased concentra-
tions of chaperones and other stabilizers can have a positive effect on protein
folding (Foshag et al., 2018). While many diverse additives could be added
to cell-free reactions, several issues need to be considered:

LspA with globomycin PR with retinal
(5DIR) (2L6X)

Inhibitors Cofactors
(1BL8)
Cell-free
reaction
' L
; Chaperones Redox reagents
GroEL—GroES —_ <~
(1PCQ) 2 5 s

Hs=\

Fig. 2 Customizing cell-free expression conditions for improved sample quality. Protein
structures are displayed with the corresponding PDB code. Cell-free device, lipids,
nanodiscs, and redox systems are illustrated with pictograms.
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1. The additive should be prepared in high stock concentrations as the
available volume in the reaction is limited.

2. The pH of the additive should be similar to the pH in the reaction. Fur-
thermore, the additive should not contain organic solvents. Exceptions
can be ethanol or DMSO below 2% final concentration.

3. Potential negative effects of any new additive on the system should be
tested in advance. Test expression screens of a reporter protein like GFP
or luciferase, which enable a quick readout and covering different concen-
tration ranges of the additive, are recommended.

4. Itshould be carefully considered if the additive can interfere with certain
substances from the system. For example, Zn>" supplementation requires
the substitution of DTT with another reducing agent (e.g., TCEP;
Waberer et al., 2017). In those cases the system has to be adapted before
the additive tests.

4.3 Sample Purification

For NMR experiments, the purification of the target protein is necessary even
in the reduced cell-free lysate proteome. In general, it is feasible to do NMR
experiments directly from the RM of cell-free systems (Guignard, Ozawa,
Pursglove, Otting, & Dixon, 2002). However, there is a high possibility that
the resolution of the resulting spectra is decreased due to the viscosity of the
RM and additional signals, which can arise due to conversion of labeled amino
acids into other metabolites. To achieve suitable purity of membrane protein/
nanodisc complexes, a one-step affinity purification by utilizing, e.g., Hisg- or
StrepII-tags is sufficient. As nanodiscs have a Hisg-tag, using a different puri-
fication tag at the inserted membrane protein would remove empty discs
(Fig. 1). Using Strepll-tagged membrane proteins is straightforward, while
removing the Hisg-tag from the nanodiscs by cleavage with TEV-protease
would be an alternative option. The removal of empty discs from the sample
significantly improves the resulting NMR spectra. In case of residual soluble
aggregates, a final size-exclusion chromatography step can be added.
Suitable buffers for NMR experiments should have lower pH values to
minimize signal loss due to amide protein exchange and low salt concentra-
tions to ameliorate dielectric loss eftects on the probe (e.g., 20 mM sodium
acetate pH 4.0; 25 mM Bis—Tris pH 6.5; 20 mM potassium phosphate pH 7.2
(Laguerre et al., 2016; Peetz et al., 2017)). Exchange to such buffers can be
done upon size-exclusion chromatography, by dialysis or during sample
concentration by centrifugation in Amicon tubes with an MWCO of
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10kDa. Here, the concentration gradient within the tube should be con-
sidered. To prevent too high concentrations of the protein at the bottom
of the tube, short centrifugation times (e.g., 5min) should be applied,
followed by removal of the filtrate and mixing of the concentrated solution.
Bufter exchange during concentration can be achieved by multiple dilu-
tions of the concentrated sample with the new buffer and subsequent con-
centration. At this state it can be highly beneficial to first screen various
bufters with gradually lower pH for their suitability.

5. BASIC NMR SAMPLE PROCESSING AND ANALYSIS

Structure determination of membrane proteins by solution NMR is a
general challenge and most so far studies were performed with proteomicelles
(Liang & Tamm, 2016). While detergent micelles frequently represent a sta-
bilizing environment similar to membranes (Hagn et al., 2013), a variety of
membrane proteins strictly require lipid contacts (Henrich et al., 2016).
Moreover, detergents suitable for solution-state NMR may drastically alter
protein dynamics (Dehez et al., 2017; Kurauskas et al., 2018). The previous
chapters focused on the workflow of sample preparation based on cell-free
expression in the presence of supplied nanodiscs, with the option of subse-
quent bicelle formation by reverse g-titration as outlined in the next para-
graph. The experiments described in Sections 5—7 can be performed with
either bicelles or nanodiscs and are independent of the employed sample
preparation procedure. Conventional cell-based expression systems might
thus be considered if a membrane protein is sufficiently synthesized, can ethi-
ciently be labeled with stable isotopes, and tolerates detergent extraction from
the membrane. An overview on the different sample production strategies is
given in Table 1.

5.1 Environment and Interactions

Structure, function, and stability of membrane proteins are drastically mod-
ulated by their hydrophobic environment, making the identification of a
suitable solvation agent a crucial task. While in the past usually a variety
of different detergents were only screened for giving good spectral resolu-
tion, the increasing variety of solvation agents now includes also other
membrane mimetics or amphipols (Etzkorn et al., 2013). Any hydrophobic
environment must be evaluated for its spectral resolution (Etzkorn et al.,
2013; Frey, Lakomek, Riek, & Bibow, 2017), but effects on structural state
and functional behavior should be assessed as well by orthogonal studies like
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activity assays (Etzkorn et al., 2013; Laguerre et al., 2016). For the spectral
assessment, "N HSQC experiments are commonly performed to define
the general number of signals and their distribution (Fig. 3A). This type
of experiments is highly advantageous as it can be performed with even
quite low sample concentrations in the order of 100 pM. Unfavorable line
broadening of membrane protein samples can be addressed by applying
transverse relaxation-optimized spectroscopy (TROSY)-type experiments
(Pervushin, Riek, Wider, & Wthrich, 1997). For the acceleration of the
data collection the band-selective excitation short-transient (BEST) pulse
sequence should be applied as well (Schanda, Van Melckebeke, &
Brutscher, 2006).

Classical chemical shift studies will identify protein/ligand interactions
upon ligand titration. The spectral comparison of apo and holo protein can
reveal information about binding sites, protein dynamics, and conforma-
tional changes (Fig. 3B). If the chemical shift dispersion of the spectra is
sufficient, these experiments can be performed on fully labeled samples
(Laguerre et al., 2016). Using nanodiscs can involve the problem of signal
overlap due to the size of the particle. In these cases, a smaller bicelle envi-
ronment, that still comprises a lipid bilayer, can be generated by reverse
g-titration (Laguerre et al., 2016). This is achieved by the stepwise titration
of detergents like DPC or 1,2-diheptanoyl-sn-glycero-3-phosphocholine
(DH’PC) into the nanodisc sample, which breaks up the nanodisc particle,
leaving particles with a smaller size and thus with faster tumbling. The pro-
gress of signal improvement and the lipid/detergent concentrations can be
monitored by TROSY and 1D spectra, respectively. To prevent a substan-
tial dilution of the sample, detergent stock concentrations should be around
10% (w/v). For elevated molecular weight proteins, which usually display
an even more severe signal overlap, amino acid-type-selective labeling,
potentially also focusing on methyl groups by methionine (Kofuku et al.,
2012; Nygaard et al., 2013) or valine (Isogai et al., 2016), represents another
possibility to simplify the analysis. Extremely large complexes like GPCRs
incorporated into nanodiscs will require in addition the production of
deuterated samples (Kofuku et al., 2014).

5.2 3P NMR

Like nanodiscs, bicelles are small disc-like membrane patches that in con-
trast to the former are not stabilized by an amphipathic protein, but by deter-
gent molecules. They are typically formed by short-chain lipids such as
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Fig. 3 "°N,"H-TROSY of LspA in different conditions. The influence of different hydrophobic environments on LspA is demonstrated in (A).
In (B) the stabilization of LspA by the inhibitor globomycin is shown. The color-codes of the spectra are indicated in the legends. Adapted from
Laguerre, A., Lohr, F.,, Henrich, E., Hoffmann, B., Abdul-Manan, N., Connolly, P. J., et al. (2016). From nanodiscs to isotropic bicelles: A procedure for
solution nuclear magnetic resonance studies of detergent-sensitive integral membrane proteins. Structure, 24(10), 1830—1841.
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1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) or 1,2-dimyristoyl-
sn-glycero-3-phospho-(1-rac-glycerol) (DMPG) with DH’PC, DPC or
3-[(cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS)
ensuring the solubilization. In first experiments, the size and composition
of'a desired bicelle are adjusted by defining the optimal ratio between lipids
and detergents, the so-called g-value (1):

lipid
qzi[ pid) M

[detergent]

In the case of bicelle generation from membrane protein/nanodisc com-
plexes, here referred as “reverse g-titration,” we use the reciprocal g-value (2):

_y _ [detergent]
T " Tipid] )

At known lipid concentrations, the g-value can easily be adjusted by sup-
plying appropriate detergent concentrations. However, absolute concentra-
tions are often unknown and then NMR analysis offers an easy tool for the
determination of the g-value by detecting the naturally NMR active phos-
phorus nucleus (*'P) of lipids in 1D->'P experiments. Similarly, phosphate-
containing detergents like DH'PC or DPC can be detected (Fig. 4A). By
calculating the integrals of NMR signals arising from either lipid or deter-
gent the ¢g-value can be defined. Due to the large chemical shift anisotropy
(CSA) contribution to transverse relaxation, best resolution is often obtained
with low field spectrometers. In case of phosphate-free detergents such as
cholesterol or CHAPS, the NMR quantification, e.g., by detection of
">C nuclei, can be problematic due to the possible overlap with protein res-
onances. Peak overlap might also prevent the distinction between DPC or
DH’PC and particular lipids. Here, a calculation of the added amounts is
indispensable. Interestingly, in the case of reverse g-titration the transition
of nanodiscs into bicelles can be followed and estimated by a correlated peak
splitting and downshift of the lipid signals (Laguerre et al., 2016). By quan-
tifying the lipid amount inside nanodiscs before and after the cotranslational
insertion of a membrane protein, the release of lipids from the bilayer and the
membrane area occupied by the inserted protein can be estimated (Peetz
etal., 2017). The NMR quantification of *' P-containing lipids can therefore
serve as a valuable future tool to characterize lipid mixtures, membrane pro-
tein dimensions, or general changes of nanoparticle topologies (Fig. 4B).
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Fig. 4 1D-3'P NMR of nanodiscs. 1D-NMR spectra of the reverse g-titration with the
detergent DH’PC of nanodiscs assembled with MSP1D1AH5 and DMPC are shown in
(A). Peaks of different species are highlighted with symbols (see legend) and g-ratios
are displayed. (B) 1D-NMR spectra of nanodiscs formed by MSP1D1AHS5 with an equi-
molar mixture of DMPG and DMPC before (lower curve) and after the insertion of
proteorhodopsin (upper curve). The chemical structures of the lipids are displayed
and the corresponding peaks are highlighted in matched colors. Pictograms illustrate
the analyzed particles. Spectra (A, B) were recorded at 202 MHz and a sample temper-
ature of 318K on a Bruker DRX500 spectrometer equipped with a broadband
inverse probe. Panel (A): Adapted from Laguerre, A., Lohr, F., Henrich, E., Hoffmann, B.,
Abdul-Manan, N., Connolly, P. J, et al. (2016). From nanodiscs to isotropic bicelles:
A procedure for solution nuclear magnetic resonance studies of detergent-sensitive inte-
gral membrane proteins. Structure, 24(10), 1830-1841.

5.3 TRACT

The definition of particle size is highly desirable as significant variations exist
among membrane proteins due to attached hydrophobic molecules (Ilgii
etal., 2014). Therefore, TRACT (TR OSY for rotational correlation times)
measurements giving a fast approximation of rotational correlation times
represent a perfect tool (Lee, Hilty, Wider, & Wuthrich, 2006). It should,
however, be noted that the true correlation time of membrane protein can
be severely underestimated if the entire amide region is chosen for integra-
tion in 1D spectra, because already a small number of mobile residues or
side-chain signals may contribute a large portion to the total integrals. In
favorable cases, e.g., with P-barrel proteins or a-helical proteins featuring
well-dispersed amide signals, suitable regions may be selected easily.
Alternatively, selectively labeled samples may be used for 1D TRACT
analysis, allowing it to obtain residue-specific 7. values from resolved signals
(Etzkorn et al., 2013). Although more time consuming, 2D TRACT
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versions are in general advantageous in this respect as they allow single signals
or groups of signals from structured regions of the protein to be selected for
integration in a straightforward manner using uniformly labeled samples
(Laguerre et al., 2016). Here, difterential observations for single amino acids
can be made that provide single residue mobility information allowing for
estimations regarding membrane partitioning or involvement in specific
protein motions.

6. BACKBONE ASSIGNMENT OF MEMBRANE PROTEINS

The unfortunate coincidence of inherently low chemical shift disper-
sion and slow rotational reorientation of membrane proteins—in particular
in lipid-like environments—renders their resonance assignment by solution
NMR techniques challenging (Kim, Howell, Van Horn, Jeon, & Sanders,
2009; Maslennikov & Choe, 2013; Sanders & Sonnichsen, 2006; Viegas,
Viennet, & Etzkorn, 2016). Routinely used 3D experiments for backbone
assignment rely on matching >C chemical shifts observed in intra- and
interresidual correlations with amide "H and "°N resonances. This proce-
dure is severely compromised by spectral crowding in the NH plane as well
as °C chemical shift degeneracy caused by the prevalence of one secondary
structure type and the high abundance of certain amino acid types in trans-
membrane regions (Reckel et al., 2008). Long rotational correlation times
entail fast transverse relaxation which translates into broad resonances and
inefficient magnetization transfer. In addition, exchange between difterent
environments and interconverting conformations at a timescale in the order
of the frequency difference of the corresponding resonances may lead to
excessive line broadening.

Although the effect of high molecular mass of samples is alleviated to
some extent by the use of TROSY, perdeuteration at nonexchangeable
sites, and high measurement temperatures, the performance of crucial exper-
iments, such as HNCACB (Wittekind & Mueller, 1993), HN(CO)CACB
(Yamazaki, Lee, Arrowsmith, Muhandiram, & Kay, 1994), or HN(CA)CO
(Clubb, Thanabal, & Wagner, 1992) that involve 1BC-13C transfer steps, 1s
severely hampered for ordered residues in membrane proteins (Etzkorn
et al., 2013; Laguerre et al., 2016; Lohr et al., 2012, 2015; Schubert,
Kolbe, Kessler, Oesterhelt, & Schmieder, 2002). On the other hand, exclu-
sively relying on C* connectivities resulting from the more sensitive HNCA
(Ikura, Kay, & Bax, 1990) and HN(CO)CA (Bax & Ikura, 1991) experi-
ments is usually insufficient and requires additional information to resolve
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ambiguities. In principle such information can be obtained from amino-acid-
type-selective triple-resonance experiments (Dotsch, Oswald, & Wagner,
1996; Feuerstein, Plevin, Willbold, & Brutscher, 2012; Pantoja-Uceda &
Santoro, 2008; Schubert, Smalla, Schmieder, & Oschkinat, 1999) which
are, however, unsuitable for large proteins due to their multistep coherence
transfer or editing elements. Alternatively, amino acid-type-specific isotope
labeling (Griffey, Redfield, Loomis, & Dahlquist, 1985; LeMaster &
Richards, 1985; Muchmore, Mclntosh, Russell, Anderson, & Dahlquist,
1989; Senn, Eugster, Otting, Suter, & Whthrich, 1987) provides valuable
assignment information in a very sensitive manner and leads to substantial
spectral simplifications. The simultaneous use of both, °N- and 1-'°C
(carbonyl)-labeled amino acid types, results in sequence-specific backbone
NH assignments for unique amino acid pairs by exploiting the scalar
PC-"°N coupling across the peptide bond (Griffey, Redfield, McIntosh,
Oas, & Dahlquist, 1986; Guignard et al., 2002; Ikura, Krinks, Torchia, &
Bax, 1990; Kainosho & Tsuji, 1982; Takahashi et al., 1991; Tate et al.,
1992; Weigelt, van Dongen, Uppenberg, Schultz, & Wikstrom, 2002;
Westler et al., 1988; Yabuki et al., 1998). Since the latter interaction is
relatively strong and can be detected in a straightforward manner, this assign-
ment strategy has been applied for larger proteins (Kato et al., 1989; Rule,
Tjandra, Simplaceanu, & Ho, 1993). On the downside, the use of these strat-
egies to identify all residue types or even all amino acid pairs occurring in a
protein would require preparation of a prohibitively large number of labeled
samples. The same goal can, however, be achieved with considerably higher
efficiency using combinatorial methods (Hefke et al., 2011; Parker, Aulton-
Jones, Hounslow, & Craven, 2004; Shortle, 1994; Staunton, Schlinkert,
Zanetti, Colebrook, & Campbell, 2006; Wu et al., 2006).

Combinatorial amino acid-selective labeling (see Hoffmann et al., 2018;
Jaipuria, Krishnarjuna, Mondal, Dubey, & Atreya, 2012 for recent reviews)
employs a limited number of samples, each containing different subsets of
labeled amino acids rather than a single labeling type per sample. In an early
application of dual-selective combinatorial '>’N- and 1-'">C-labeling to a
detergent-solubilized membrane protein (Trbovic et al., 2005), >N HSQC
and 2D HN(CO) spectra recorded on a set of three samples provided amino-
acid-type information and sequence-specific assignments that served as
“anchor points” to facilitate the classical 3D-based approach, finally resulting
in 85% overall backbone assignment. As mentioned earlier, some important
3D triple-resonance experiments fail for large protein/lipid complexes. It is
therefore desirable to increase the information content of a combinatorial
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labeling scheme such that finally only short gaps in the protein sequence
have to be filled that can be assigned with the most sensitive 3D experiments
recorded on a uniformly labeled sample. Three options are conceivable to
achieve this goal: (1) increasing the number of samples, (2) use of multiple
N and "°C enrichment levels, and (3) introducing more isotopomerically
distinct dipeptide species. The first approach has been successfully employed
to assign a number of proteins containing two to four transmembrane helices
with the help of up to eight dual-selectively labeled samples (Maslennikov
etal., 2010). The second method allows the distinction of all 19 nonproline
amino acid types with as few as 3 samples and requires evaluation of signal
intensities to decode enrichment levels (Kasai, Koshiba, Yokoyama, &
Kigawa, 2015). Taking into account the large dynamic range of signal inten-
sities often observed in membrane protein spectra, the latter issue may be
critical at some instances. Implementation of the third option can be
achieved by labeling amide nitrogens, carbonyl carbons, and a-carbons indi-
vidually as well as simultaneously in different amino acid types of the same
sample (Lohr et al., 2012, 2015). In this combinatorial triple-selective label-
ing strategy, sample preparation efforts are reduced at the expense of a larger
variety of 2D "H-""N correlation experiments that need to be carried out
per sample in order to distinguish more amino-acid-type pairs based on their
distinct labeling patterns. Nevertheless, the required set of spectra can usually
be acquired in a reasonable amount of time especially when applying
time-shared pulse sequences (Hein et al., 2017; Lohr et al., 2014). It should
however be noted that despite the higher sensitivity of the latter experiments
compared to 3D triple-resonance experiments comprising °C evolution
times, application to slowly tumbling protein complexes still requires the
use of deuterated amino acids (Laguerre et al., 2016).

7. NMR STRUCTURAL APPROACHES FOR MEMBRANE
PROTEINS IN LIPID BILAYERS

7.1 Distance Restraints

The most important source of structural information of biomolecules in
solution NMR is the nuclear Overhauser eftect (NOE). For slowly tum-
bling proteins the collection of NOE-based distance constraints is to a large
extent confined to methyl groups. Together with aromatic rings these are
involved in forming the hydrophobic cores, and in membrane proteins
methyl-containing amino acids are highly abundant in transmembrane
regions. Being located at the end of the side chains methyl groups feature
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increased local mobility compared to other side-chain or backbone positions,
thus diminishing linewidth limitations. In addition, fast rotation around the
carbon—carbon bond makes the methyl protons chemically equivalent,
resulting in threefold enhanced signal intensities. Spectroscopically, significant
line narrowing can be achieved by virtue of cancellation of intramethyl '"H—'H
and 'H-°C dipolar relaxation mechanisms (Ollerenshaw, Tugarinov, &
Kay, 2003; Tugarinov, Hwang, Ollerenshaw, & Kay, 2003) when using
of HMQC-type pulse sequences (methyl-TROSY). The effect is most pro-
nounced when the influence of external dipolar relaxation sources is min-
imized such as in side chains containing a single-protonated, '*C-labeled
methyl group, whereas all other sites are deuterated but not C
labeled (Tugarinov & Kay, 2004). At the same time, such a labeling scheme
eliminates signal broadening due to passive scalar couplings. Most impor-
tantly, the absence of 'Joc couplings allows for enormous resolution gains
without reverting to low-sensitivity constant-time methods. Protein sample
production involves either incorporation of methyl-labeled amino acids
(Miyanoiri et al., 2013) in E. coli cellular or cell-free expression systems
or, more commonly, a-ketoacid precursor-based cellular expression using
deuterated minimal media (Gardner & Kay, 1997; Goto, Gardner, Mueller,
Willis, & Kay, 1999; Hagn & Wagner, 2015; Lichtenecker, Coudevylle,
Konrat, & Schmid, 2013; Tugarinov, Kanelis, & Kay, 2006). High label costs
and insufficient precursor conversion can be addressed by a recently developed
new strategy based on the methyl side-chain labeling of proteins by cell-free
synthesis using amino acid precursors (Lazarova et al., 2018). Special E. coli
lysates enriched with the branched chain aminotransferase IlvE showed almost
complete conversion of the labeled precursors 2-ketoisovaleric acid (KIV) or
4-methyl-2-oxovalerate (MOV) to methyl-labeled 1-Val or 1-Leu. Besides a
tremendous reduction in label costs, additional advantages are the options to
exclusively label either L-Val or L-Leu methyl residues, the lack of any precur-
sor scrambling and to preserve high production efficiencies of even complex
membrane proteins.

Taking into account the above considerations the most useful setup
for the measurement of NOEs in membrane protein/lipid complexes is
the application of HMQC-NOESY-HMQC-type pulse sequences (Clore,
Kay, Bax, & Gronenborn, 1991; Frenkiel, Bauer, Carr, Birdsall, & Feeney,
1990; Kay, Clore, Bax, & Gronenborn, 1990; Vuister et al., 1993;
Zuiderweg, Petros, Fesik, & Olejniczak, 1991) to selectively BN- and
"H/"C-methyl-labeled samples in a *H/"*C background—a combination
which provides the highest achievable sensitivity and resolution. The purpose
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of "N labeling is the sequence-specific assignment of methyl resonances by
virtue of intraresidual amide-to-methyl NOE contacts detected in "N, C-
separated HMQC-NOESY-HMQC variants. Here, it should be noted that
for slowly tumbling molecules the ['H-""N]-HMQC module takes advan-
tage of relaxation interference between 'H CSA and 'H-""N dipolar mech-
anisms (“CRINEPTfHMQCf[]H]-TROSY” (Riek, Wider, Pervushin, &
Wathrich, 1999)) allowing for the use of magnetization transfer periods that
are considerably shorter than the nominal 1/(2 * 'Jxy) duration, thus mini-
mizing relaxation losses. In a second set of experiments, '>C,'>C-separated
HMQC-NOESY-HMQC spectra are acquired in order to obtain interre-
sidue methyl-methyl distance information. Although more time consuming,
it may be advisable to record 3D (two experiments incorporating either 'H or
13C evolution times before NOE mixing) as well as 4D (with both evolution
times) versions. The 3D versions are more sensitive and can be recorded with
the conventional, full sampling method. Therefore, all NOE cross-peaks that
can potentially be detected for a given system should be present in the 3D spec-
tra. However, being spread along a single indirect dimension, only a small frac-
tion of the donor methyl resonances can usually be assigned without prior
structural information. Owing to the dispersion along two indirect dimensions,
vastly removing overlap, and the fact that donor 'H and "°C chemical shifts are
directly correlated, their four-dimensional counterparts can in principle pro-
vide NOE assignments in an unambiguous manner. On the other hand, lower
sensitivity and possibly artifacts arising from restricted phase cycling or sampling
(see later) may raise doubts about the reliability of an observed cross-peak. In
such cases, it is helpful to verify the putative NOE by the presence of cross-
peaks at the corresponding coordinates in the 3D spectra.

In order to exploit the full potential of resolution optimized methyl-
selective labeling schemes, long acquisition times must be employed in all
indirect dimensions of an NOESY experiment. In the case of 4D experi-
ments, this would require unmanageable long periods of measurement time
(in the order of months to years). Therefore, nonuniform sampling schemes
(Holland, Bostock, Gladden, & Nietlispach, 2011; Mobli & Hoch, 2014;
Orekhov, Ibraghimov, & Billeter, 2003; Sun, Frueh, Selenko, Hoch, &
Wagner, 2005; Zawadzka-Kazimierczuk, Kazimierczuk, & Kozminski,
2010), where only a few percent of the full time-domain data grid is actually
sampled, are now routinely used to obtain high-resolution 4D NOESY spec-
tra (Hiller, Ibraghimov, Wagner, & Orekhov, 2009; Luan, Jaravine, Yee,
Arrowsmith, & Orekhov, 2005; Orekhov & Jaravine, 2011; Reckel et al.,
2011; Stanek et al., 2013; Werner-Allen, Coggins, & Zhou, 2010).
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Moderate sensitivity gains can sometimes be realized by sampling more
data points at short evolution time values, where intensities are compara-
tively high, and fewer points are present at later stages of the interferograms
(Barna & Laue, 1987; Rovnyak, Hoch, Stern, & Wagner, 2004;
Schmieder, Stern, Wagner, & Hoch, 1993).

Significant time savings and/or sensitivity improvements in HMQC-
type experiments can also be accomplished by the use of band-selective pro-
ton pulses in combination with small flip angles (SOFAST-HMQC), as
demonstrated for amide 'H-""N (Schanda & Brutscher, 2005) as well as
for methyl 'H-">C correlations (Amero et al., 2009). Likewise, HMQC—
NOESY-HMQC experiments can be implemented to benefit from the
underlying longitudinal relaxation enhancement (Rossi, Xia, Khanra,
Veglia, & Kalodimos, 2016). In our experience application of such pulse
sequences to membrane proteins often suffer from extensive f{-noise in
the aliphatic region, especially if nondeuterated lipids or detergents have
been employed for NMR sample preparation. Such artifacts can however
be avoided by the use of a gradient-echo/antiecho coherence selection
scheme (Davis, Laue, & Keeler, 1991). Although this modification degrades
sensitivity by a theoretical factor of 2'/?, it is finally the signal-to-artifact ratio
that is more relevant for obtaining reliable NOE information than the signal-
to-(white) noise ratio.

Besides typical distance restraints generated by NOEs the introduction
of spin probes, usually by coupling of paramagnetic spin labels to specific
cysteine mutants, can deliver additional information. These paramagnetic
relaxation enhancement (PRE) experiments can be complementary to
NOE information, provide distance information in the range of 15-24 A
(Liang, Bushweller, & Tamm, 2006), and have been used for structural
determinations of membrane proteins from various types (Hagn et al.,
2013; Reckel et al., 2011). The efficient incorporation should be checked
by MS or EPR spectroscopy to guarantee uniform labeling. Unlabeled
protein would decrease the overall PRE effect and thus lead to inaccurate
distance restraints. For the visualization of the PRE effect ['°N,'H]-
TROSY-HSQC spectra of diamagnetic and paramagnetic labeled proteins
are recorded and compared. Signals of residues affected by the paramagnetic
probe are reduced compared to diamagnetic conditions and the distance of
the residue toward the probe can be back calculated from the magnitude
of signal reduction. To exclude intermolecular relaxation these experi-
ments should be repeated at different concentrations (Liang et al., 2006).
With respect to o-helical membrane proteins one spin-labeled mutant
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for every transmembrane helix should be generated to obtain enough dis-
tance restraints from PR E data for structure calculations (Gottstein, Reckel,
Dotsch, & Guntert, 2012).

7.2 Transmembrane Partitioning

Another interesting application of the PRE eftect is the assessment of the
solvent PRE for single residues of the membrane protein that is inserted into
a bicelle or a nanodisc (Piai et al., 2017). ['H,"”N]-TROSY-HSQC spectra
are recorded with increasing concentration (e.g., from 0 to 20mM in the
case of GA-DOTA) of a paramagnetic agent and the reduction of the peak
signals is compared. If the paramagnetic agent is water-soluble and mem-
brane impenetrable (e.g., Gd-DOTA) the signal reduction gradually
decreases from the solvent-accessible parts of the membrane protein to
the membrane center. Thereby, the membrane protein can be localized with
respect to the center of the membrane (Piai et al., 2017) and it can provide
information about membrane thickness and the membrane partitioning of a
multidomain protein (Chen et al., 2018). A further prerequisite is that the
bicelles or nanodiscs are of a sufficient size to prevent lateral contributions
from the surrounding paramagnetic field to the relaxation (Piai et al.,
2017), but most nanodiscs (Frey et al., 2017; Hagn et al., 2013; Kofuku
et al., 2014) or bicelles (Laguerre et al., 2016; Morrison et al., 2012) offer
this feature. In a similar fashion using spin-labeled lipids, this procedure
can also be used to characterize the amino acids located within a micelle
or other hydrophobic environment (Fig. 5; Sobhanifar et al., 2010).

7.3 Residual Dipolar Couplings

In general, it is beneficial to gain as much information as possible for structure
calculations and therefore residual dipolar couplings could deliver additional
restraints. Therefore, coupling constants under isotropic and anisotropic con-
ditions [°N"H]-TROSY-HSQC and [’N'H]-COCAINE (Lee, Vigeli, &
Pervushin, 2005) experiments are measured under unaligned and aligned con-
ditions. As an alignment medium the bacteriophage Pf1 can be used since con-
trols revealed no significant unspecific interaction between the discs and the
phage (Bibow etal., 2014). To exclude possible interactions with a membrane
protein/nanodisc or bicelle complex, the correlation times before and after
addition of Pfl should be checked by TRACT measurements (Bibow
et al., 2014). If the signal overlap becomes severe, RDC measurements by
HNCO experiments could be performed (Permi, Rosevear, & Annila, 2000).
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Fig.5 Determination of protein surface accessibility by the application of paramagnetic
reagents. Peak height ratios of resonances demonstrate the broadening effect by the
supplementation of different paramagnetic reagents (A). Mn?* indicates surface acces-
sibility and DSA reagents identify micelle insertion. Due to the different position of the
paramagnetic group at DSA, these reagents give also information about the penetration
depth. The schematic representation at the bottom demonstrates the structural
arrangement of CTF with helices highlighted in blue. In (B) the information about surface
accessibility is mapped onto the CTF structure where blue indicates surface accessibility,
green partially accessible regions, and yellow nonaccessible residues. Adapted from
Sobhanifar, S., Schneider, B., Lohr, F., Gottstein, D., lkeya, T., Mlynarczyk, K., et al. (2010).
Structural investigation of the C-terminal catalytic fragment of presenilin 1. Proceedings
of the National Academy of Sciences of the United States of America, 107(21),
9644—9649.
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7.4 Lipid-NOEs

As lipids play a crucial role in connection with membrane proteins the elu-
cidation of the lipid contact is of high interest (Saliba et al., 2015), especially
when considering that detergent contact can drastically influence function-
ality and dynamics. For a first estimation if the protein is in direct contact
with lipids or detergent molecules in the desired condition ['H,'’N]-
TROSY-HSQC:s of the membrane protein in different environments can
be compared. For example, if the resonances of a sample in bicelles are more
similar to a spectrum in nanodiscs rather then detergent, it can be assumed
that the membrane protein is surrounded by lipids (Frey et al., 2017).
Another more specific methodology is the detection of specific
protein—lipid NOEs. Two samples are required one with conventional, pro-
tonated lipids and one with deuterated lipids. With a 3D NOESY—["°N, 'H]-
TROSY experiment, signals are visible in the sample with protonated lipids
and should disappear in the sample with deuterated lipid (Fig. 6A; Laguerre
etal., 2016). Within lipid mixtures or bicelles the differentiation between the
lipid and detergent species could be achieved by multiple experiments with
varying deuteration of the individual compounds. Thus, the presence oflipid
molecules next to the membrane protein, often called the annual lipid belt,
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Fig. 6 Lipid-NOE measurements of LspA in bicelles after reverse g-titration.
(A) NOESY—">N—"H-TROSY spectra of LspA. The blue section highlights the resonance
area of the specific lipid NOEs. In (i) deuterated lipid and protonated detergent were
used and in (ii) the lipid is protonated and the detergent deuterated. The residues that
show NOEs to lipids are displayed in red on the crystal structure of LspA (PDB: 5DIR) (B).
Panel A, adapted from Laguerre, A., Lohr, F., Henrich, E., Hoffmann, B.,, Abdul-Manan, N.,
Connolly, P. J, et al. (2016). From nanodiscs to isotropic bicelles: A procedure for solution
nuclear magnetic resonance studies of detergent-sensitive integral membrane proteins.
Structure, 24(10), 1830—1841.

can be detected and lipid contact sites can be mapped (Fig. 6B; Laguerre etal.,
2016). Here, also information about the membrane partitioning can be
extracted by assigning the residues presenting lipid NOEs (Chen et al.,
2018). This technique can also be used for verifying specific interactions
of the membrane protein with a certain lipid on a certain position (Zhao,
Wang, Run, OuYang, & Chou, 2016). Since the chemical environment
of methylene groups in acyl chain moieties of different lipids or detergents
is quite similar, multiple samples with differential deuteration of the individ-
ual components are required as well.

8. OUTLOOK

With perspectives of EM resolution revolution or in meso crystalliza-
tion the role for NMR in structure determination of membrane proteins
becomes smaller. On the other hand, solution NMR is the method of choice
to address questions of protein dynamics in solution (Liang & Tamm, 2016;
Palmer, 2004), which is problematic with static techniques. Taken into
account that the role of lipids for membrane proteins with respect to com-
plex integrity (Gupta et al., 2017; Henrich et al., 2017), modulation of
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dynamics (Martens et al., 2016), or regulation (Cong, Liu, Liu, Liang, &
Laganowsky, 2017) gets into the focus of current research, it is beneficial that
bilayer environments like nanodiscs or bicelles become compatible with
solution-state NMR. By detecting the overall characteristics in bilayers or
distinct interactions with lipids by, for example, protein—lipid NOEs,
NMR provides manifold opportunities for the analysis of membrane pro-
teins. Here, the combination with other techniques such as native mass spec-
trometry (Barrera & Robinson, 2011) could be highly beneficial for the
identification of the interplay with specific lipids. As lipid mixtures get more
and more popular the differentiation between different lipid species could be
achieved by directed delipidation strategies (Bechara et al., 2015).

The problematic increase in sample particle size when using bilayer envi-
ronments for solution NMR will be addressed in future by continuously
probing new hydrophobic environments. Already for a few years nanodiscs
based on chemical polymers (SMALPs) are evaluated especially for solid-state
NMR (Bersch, Dorr, Hessel, Killian, & Schanda, 2017; Orwick-Rydmark
et al., 2012), but due to their low pH and salt tolerance as well as their still
large size not applicable to solution NMR so far. However, the continuous
modification of the polymers probably will enable their use in the future in
solution NMR  as well (Fiori, Jiang, Altenberg, & Liang, 2017; Ravula,
Ramadugu, Di Mauro, & Ramamoorthy, 2017). For enhanced spectral
resolution of membrane proteins inserted into nanodiscs the Wagner lab
recently proposed an approach to covalently circulate the MSP scaftold pro-
tein, thus limiting the size variation of resulting nanodiscs (Nasr et al., 2017).
Alternative nanodisc-like environments having a scaffold not based on Apo-
A1 derivatives but on the lipid-binding protein saposin emerged recently
(Frauenfeld et al., 2016). The advantage of such salipro particles is the
increased flexibility in adjusting their size according to the dimension of
the inserted membrane protein, while the required amount of lipids to sol-
ubilize the membrane protein is kept at a minimum. This reduces the overall
size of the particle and their entry into solution-state NMR experiments is
currently emerging (Chien et al., 2017).

Further improvements are expected in methods and costs for stable iso-
tope labeling. Cell-free expression is already an efficient platform for the
production of specifically labeled samples also due to the reduced scrambling
(LaGuerre et al., 2015). With the recently gained information on the lysate
proteome (Foshag et al., 2018), it is now possible to directly use and opti-
mize residual metabolic pathways for the generation of specifically labeled
amino acids (Lazarova et al., 2018). Also the efficient incorporation of
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nonnatural amino acids (Jones et al., 2010) with NMR active isotopes
(Manglik et al., 2015) becomes feasible with cell-free expression approaches
(Martin et al., 2018; Peuker et al., 2016).
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