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Abstract Membrane proteins are highly underrepresented
in the structural data-base and remain one of the most
challenging targets for functional and structural elucidation.
Their roles in transport and cellular communication, fur-
thermore, often make over-expression toxic to their host,
and their hydrophobicity and structural complexity make
isolation and reconstitution a complicated task, especially
in cases where proteins are targeted to inclusion bodies. The
development of cell-free expression systems provides a
very interesting alternative to cell-based systems, since it
circumvents many problems such as toxicity or necessity
for the transportation of the synthesized protein to the
membrane, and constitutes the only system that allows for
direct production of membrane proteins in membrane-
mimetic environments which may be suitable for liquid
state NMR measurements. The unique advantages of the
cell-free expression system, including strong expression
yields as well as the direct incorporation of almost any
combination of amino acids with very little metabolic
scrambling, has allowed for the development of a wide-
array of isotope labelling techniques which facilitate
structural investigations of proteins whose spectral con-
gestion and broad line-widths may have earlier rendered
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them beyond the scope of NMR. Here we explore various
labelling strategies in conjunction with cell-free develop-
ments, with a particular focus on a-helical transmembrane
proteins which benefit most from such methods.

Introduction

Membrane proteins typically adopt one of two types of
structural motifs in their membrane bound domains,
namely rigid pore f-barrels as is typical of gram-negative
bacteria, chloroplasts, and mitochondria, or single or bun-
dled «-helical fragments which are by far more common
and constitute roughly one-third of a typical genome. This
latter group is of great relevance to the medical field in
form of potential therapeutic drug targets, but the progress
in structural aspects has been slow, particularly with regard
to ones containing multiple-transmembrane helices such as
the GPCRs. Lack of progress has been largely due to the
fact that such proteins tend to give low expression yields in
standard cell-based systems, and in many cases are difficult
to isolate and reconstitute in active form. Even when a
viable sample is obtained, liquid state NMR investigation,
up until recently, has in most cases been unfeasible; typical
membrane proteins in a micelle environment tend to be
large and thus prone to signal broadening and crowding.
Advancements in the field of NMR such as the use of
higher-field magnets, cryogenic probes, deuteration, as
well as the introduction of transverse relaxation optimized
spectroscopy (TROSY) (Pervushin et al. 1997) which
significantly increases both spectral resolution and sensi-
tivity, have greatly extended the size-boundary of molecules
that can be studied by NMR. In fact, solution struc-
tures of several membrane proteins such as the f-barrel
PapG (Hwang et al. 2002), OmpX (Fernandez et al. 2004),
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OmpA (Arora et al. 2001; Johansson et al. 2007), OmpG
(Liang and Tamm 2007), and VDAC-1 (Bayrhuber et al.
2008; Hiller et al. 2008), as well as those of the o-helical
M2 proton channel (Schnell and Chou 2008), DsbB (Zhou
et al. 2008), DAGK (Van Horn et al. 2009), and mem-
brane-associated Mystic (Roosild et al. 2005) have recently
been solved. Nevertheless, the numbers remain low, espe-
cially with regard to o-helical proteins. This is because,
despite sensitive detection methods, the shear size of the
protein-micelle/bicelle complex still pushes the boundaries
and causes considerable line-broadening, which is further
aggravated by the narrow-range chemical shifts for which
o-helical membrane proteins are especially notorious.
Consequently, spectra of uniformly labelled samples are
often severely overlapped and require selective labelling for
improved resolution. Cell-based expression presents limited
options for selective labelling due to the unavailability of
certain auxotrophic mutants or mutant combinations, as
well as significant amino acid scrambling and dilution
(McIntosh and Dahlquist 1990); this often confines labelling
to very few amino acid types, limiting the amount of
information that may be obtained. Cell-free expression has
been routinely applied for production of soluble protein
NMR samples (Kigawa et al. 1995; Ozawa et al. 2005,
2006; Vinarov et al. 2006) and has become a standard
technique in part due to its widespread use in structural
genomics consortia. Recently, cell-free systems have in
addition been used successfully for the expression of
membrane proteins, circumventing critical obstacles inher-
ent to cell-based systems such as toxicity, as well as the
sequestering of protein within inclusion bodies (Klammt
et al. 2004, 2005, 2007; Schwarz et al. 2007; Keller et al.
2008). The introduction of cell-free expression not only
allows for the synthesis of difficult-to-express proteins in
sufficient quantities for structural studies, but in addition,
allows for selective labelling with almost any amino acid
type (with limited scrambling) according to various selec-
tive and combinatorial schemes tailored to NMR analysis.
The combination of improved expression and great flexi-
bility for various isotopic labelling schemes makes cell-free
expression of membrane proteins a very interesting tool for
structural studies of this important protein class, particularly
with respect to multi-pass «-helical species.

Overview of cell-free protein expression

Due to low cost and high productivity, proteins are rou-
tinely produced using bacteria-based expression systems.
However, in cases where yields are limiting, as with many
membrane proteins, or where specific labelling strategies
are necessary, the cell-free expression system holds several
benefits. Firstly, the open nature of the system allows for
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the addition of agents that support expression and stabilize
the synthesized protein, such as RNAse and protease
inhibitors or ligands, the latter of which is particularly
advantageous for proteins sensitive to proteolytic degra-
dation. The system can also be modified to include non-
natural amino acids (Noren et al. 1989; Muranaka et al.
2007; Goerke and Swartz 2009) or to exchange metal ions
with those normally not incorporated during cellular
expression, such as the paramagnetic lanthanides, whose
integration can provide important parameters for NMR
structural refinement (Lee and Sykes 1980; Veglia and
Opella 2000). Several cell-free expression systems are
available based on cell extracts of different origin,
including Escherichia coli, wheat germ, and rabbit reticu-
locytes. While the latter may be more suitable for proteins
with specific post-translational requirements, the two other
systems are more commonly used due to their higher
efficiencies. For membrane proteins, cell-free expression
provides the added benefit of allowing direct addition of
certain detergents or other membrane mimetics such as
liposomes and bicelles to the reaction mixture. Cell-free
systems are consequently the only expression systems
capable of direct expression of membrane proteins into
micelles and other hydrophobic environments which may
be suited to liquid state NMR spectroscopy. High expres-
sion yields can also be obtained in the absence of the above
mentioned environments. In this case, the expressed
membrane protein forms a precipitate which appears in
nature very different from the inclusion bodies which often
form during expression in bacteria, in that it readily solu-
bilizes in detergents suitable for NMR investigation
(Klammt et al. 2004). The three different modes of cell-free
membrane protein expression—as precipitate (P-CF), in
presence of detergent (D-CF), or in presence of lipids (L-
CF)—are depicted in Fig. 1. Of these three modes,
expression in P-CF generally provides the highest yields,
although expression in D-CF, in a case-dependent manner
and under certain detergent conditions, can produce com-
parable protein levels (Berrier et al. 2004; Elbaz et al.
2004; Ishihara et al. 2005; Klammt et al. 2005). While
these two methods may provide reasonable amounts of
protein, functional protein with the correct conformation
may not always be achievable in detergent. The expression
of fully functional protein directly into liposomes has been
achieved using the L-CF mode (Kalmbach et al. 2007,
Wuu and Swartz 2008; Hovijitra et al. 2009), although thus
far, yields have tended to be insufficient for structural
analysis in this mode.

A further advantage of cell free systems is that milli-
gram amounts of protein sufficient for structural studies
may be obtained within small reaction volumes (1-3 ml),
and given that target proteins are the only ones synthesized,
isotope-labelled amino acids are used efficiently and
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Fig. 1 Schematic of a typical
continuous-exchange cell-free
expression system. Proteins may
be expressed in three possible
modes: in absence of detergent
in form of precipitate (P-CF); in
presence of detergent (D-CF); in
presence of bicelles, liposomes,
or lipoproteins (L-CF). The
reaction mixture, containing the
cellular machinery, is separated
from the feeding mixture,
containing substrates and the
energy source, by a semi-
permeable membrane (10-
14MWCO)

Reaction chamber separating reaction mixture and
feeding mixture via a dialysis membrane

Reaction mixture containing higher molecular weight
components of the cellular machinary for coupled
transcription and translation

Feeding mixture including substrates, energy sources,
and lower molecular weight compounds required for
replenishment of components depleted upon
expression

P-CF Expression Mode

In the absence of detergent or
other hydrophobic environment,
membrane proteins are expressed
in form of precipitate, which may be
solubilized in a sutable detrgent.

purification may not be necessary since only the expressed
protein is detectable in heteronuclear NMR experiments
(Ozawa et al. 2006). Most importantly, since metabolic
enzymes are not newly expressed throughout the reaction,
isotope scrambling is kept at a minimum. The first system
configuration to produce enough protein for structural
investigations was termed “continuous-flow” (CFCF),
where continuous removal of reaction products including
the synthesized polypeptides, as well as a continuous
supply of energy source and substrates, are relied upon for
synthesis (Spirin et al. 1988; Kigawa and Yokoyama 1991).
This technique was later improved upon in the form of the
“continuous exchange” cell-free (CECF) system, where
the high molecular weight components of the cellular
machinery are held in a smaller and separate compartment
within a dialysis membrane, surrounded by a large feeding
mixture containing the energy source and precursors (Kim
and Choi 1996; Kigawa et al. 1999). The advantage of such
a system is that a relatively large feeding mixture can be
used to supply a smaller reaction volume (typically
between 10:1 and 30:1 feeding volume to reaction volume
ratio), such that less extract and enzymes are required per
reaction, and breakdown products such as pyrophosphate

D-CF Expression Mode

Membrane proteins may be
expressed directly in presence of
suitable detergents, which may
better facilitate proper folding

L-CF Expression Mode

Membrane proteins may be
expressed directly in membrane-
mimetic environments such as
bicelles, liposomes, or lipoprotein

discs.

diffuse freely through the semi-permeable membrane so
that their concentrations are kept low enough not to sig-
nificantly inhibit the reaction.

One of the most important questions concerning expres-
sed membrane proteins is whether these proteins adopt a
functional fold. This problem is not specific to cell-free
expression but affects membrane protein preparations
regardless of the expression system, since even the extrac-
tion of a membrane protein from its natural membrane
environment with detergent can influence the conformation
of the protein. To answer the question of whether cell-free
expressed membrane proteins can at least in principle be
active, we have tested several cell-free expressed membrane
proteins for their functionality. In the case of cell-free
expressed EmrE, we as well as others have demonstrated
that this protein, when incorporated into liposomes, is
capable of transporting organic compounds such as ethi-
dium bromide in a proton-gradient dependent manner, and
that it has the same structure and binds compounds in the
same way as protein expressed in E. coli cells (Klammt et al.
2004; Chen et al. 2007). We have also shown that the
p-barrel protein TSX can form pores in membranes, which
can be investigated by measuring the increase in conductivity.
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The pore-forming capability of TSX is, however, critically
dependent on the type of detergent used for resolubilization:
With Triton X-100 a high conductivity could be measured,
whereas after resolubilization with LMPG, the conductivity
reached only background levels (Klammt et al. 2005).
Functionality of cell-free expressed membrane proteins is
not restricted to these rather small and simple proteins.
Recently, we could show that the transport characteristics of
the cell-free expressed cation-exporter rOCT-1 from rat are
virtually identical to those determined for the transporter
expressed in insect cells (Keller et al. 2008). This protein
with its 12 transmembrane helices, a molecular weight of
60 kDa, and assumed dimerization via a disulfide bond in
the first loop region, is rather complex. These results dem-
onstrate that cell-free expressed proteins can in principle be
functional and active, if the right detergent/lipid environ-
ment can be identified. It is therefore important to have a set
of criteria that help identify conditions which give rise to
functionally folded protein before engaging with often
costly and time-consuming structure-targeted experiments.
Target-specific activity and interaction assays would of
course be ideal for verifying the functional fold of a protein.
In some cases however, this may not be possible; for
example, certain detergents may interfere with binding by
shielding the hydrophobic interaction interfaces of proteins
occupying separate micelles, or the protein investigated may
be part of a larger complex which as a whole is required for
activity. In such cases, one should examine other parameters
related to folding and sample quality. These include looking
for mono-dispersion via gel filtration, dynamic or static light
scattering and single-particle analysis by electron micros-
copy, analyzing the multi-meric state of the protein via
native gel, ultracentrifugation or mass spectrometry (LIL-
BID, Morgner et al. 2008), and investigating topology and
tertiary fold via far and near-UV circular dichroism spec-
troscopy. Once there is evidence of a mono-disperse, well-
behaved and well-folded protein specimen, one should
proceed with HSQC measurements to examine the disper-
sion of the resonance signals and to determine whether and
which labelling strategies may be beneficial.

Cell-free approaches for stable isotope labelling

Due to its high versatility, the cell-free approach has
become popular for the production of proteins which are
difficult to express in cell-based systems, or have require-
ments which can be most readily facilitated by the addition
of agents directly to the reaction mixture. Descriptions of
cell-free systems and their various applications, as well as
published protocols for cell-free protein synthesis are
hence widely available (Jermutus et al. 1998; Kim and
Swartz 1999, 2000; Guignard et al. 2002; Hirao et al. 2002;
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Hwang et al. 2002; Jewett and Swartz 2004a, b, ¢; Swartz
et al. 2004; Schwarz et al. 2007; Hino et al. 2008; Kopeina
et al. 2008). Here the focus is placed on cell-free expres-
sion in the context of labelling applications; several mod-
ifications have been made to standard protocols to address
labelling efficiency, in way of removal of endogenous
amino-acids, elimination of minimal but still present
scrambling, and production of fully deuterated protein
samples.

When expressing labelled proteins, extra care must be
taken in removal of endogenous templates still present
within the ribosomes. Most protocols employ a step where
additional amino acids are added and translation is allowed
to reach completion so that the mRNA may be released.
This approach may, however, be problematic for isotope
labelling due to the addition of further unlabelled amino
acids to those already present. One suggested method is to
apply the lysate to a gel-filtration column to remove the
low molecular weight amino acids, which is reported to
increase labelling efficiency from ~90 to ~96% (Toriz-
awa et al. 2004). An alternative is the addition of NaCl (to
400 mM) to the lysate (rather than amino acid addition),
followed by incubation at 42°C for ~45 min, which causes
the release of the mRNA, followed by degradation and
overnight dialysis to remove the added NaCl and any
amino acids still present (Klammt et al. 2004).

In most cell-free expression systems, potassium L-Glu is
used as the potassium ion source which is necessary for
efficient translation (Kigawa et al. 1995; Jewett and Swartz
2004a, b, c). This system is nevertheless clearly unsuitable
for stable isotope labelling where Glu is involved, whether
in uniform or selective schemes, due to isotope dilution. An
alternative has been the use of potassium D-Glu, whose
productivity is reported to equal that of the potassium L-
Glu system with no compromise in labelling efficiency
(Matsuda et al. 2007). Recently, potassium N-acetyl-L-Glu
and potassium glutarate buffers have also been shown
capable of replacing the potassium L-Glu in cell-free
reactions with comparable yields, although the use of the L-
Glu buffer is still recommended in cases where glutamate
is not labelled, since L-Glu appears to better suppress
amino-transferase activity (Jia et al. 2009). It is also
common to use the acetate salt as a potassium source for
stable isotope labelling (Ozawa et al. 2004), although the
productivity of this system is reported to be half that of the
L-Glu system.

Escherichia coli extract-based cell-free protein prepa-
rations, especially those produced from strains such as the
A19, generally suffer little from amino acid scrambling,
except in cases of certain amino acids such as Glu and Gln
(Ozawa et al. 2004). Although uniform labelled samples
are not affected from scrambling, in selective labelling
protocols, such amino acid types should generally be



J Biomol NMR (2010) 46:33-43

37

avoided. In the wheat-germ system, interconversion
between Glu and Asp, Glu and Gln, and Ala and GIn are
particularly problematic, but may be overcome by the
addition of transaminase and Glu synthase inhibitors
(Morita et al. 2004).

As most membrane proteins are large polytopic struc-
tures, it is often difficult to interpret spectra due to con-
gestion and line-broadening resulting from transverse
relaxation. In these cases, deuteration is often necessary to
temper relaxation in order to obtain useful spectra (Clore
and Gronenborn 1998; Gardner and Kay 1998). Simply
using perdeuterated amino acids, however, still leads to the
introduction of a certain degree of protonation upon back-
exchange at H* and, to a lesser extent, H? positions due to
exchange with bulk water (Etezady-Esfarjani et al. 2007).
The production of proteins with high deuteration levels,
therefore, requires expression in D,O. Given that in a
standard CECF expression system, the concentrated cell-
free or S-30 extract (Nirenberg 1963; Liu et al. 2005),
designated according to the sedimentation characteristics of
its components, accounts for approximately 30% of the
reaction mixture, it would be useful to work with an extract
prepared in D,O, such as would be the case with the other
cell-free reagents. Growth of E. coli cells in DO is nev-
ertheless a rather expensive option in terms of shear vol-
ume; 10 1 of bacterial culture typically yield ~60-100 ml
of S-30 extract. Etezady-Esfarjani et al. (2007) have pro-
posed a protocol for the production of a deuterated S-30
extract capable of producing protein with up to 95% deu-
teration in non-labile proton positions, with comparable

expression levels to the H,O-based counterpart. This simple
but effective protocol involves buffer exchange of a normal
H,0-based S-30 extract against an equal volume of D,O S-
30 buffer, which is repeated six times using a centrifugal
device (10 kDa MWCO). An alternative may be the use of
the “Pure Translation System”, developed by Shimizu et al.
(2001, 2005) which consists entirely of only those compo-
nents required for protein translation, and does not contain
metabolic enzyme activities which are likely responsible for
back-protonation (Kainosho, personal communication);
nevertheless, as of yet, the high cost and low reaction yield
of the system may somewhat reserve its use.

Labelling stratagies for backbone assignment

For the majority of proteins, assighment may be easily
obtained by measuring standard 3D spectra with a uni-
formly '’N/'*C-labelled sample. For o-helical membrane
proteins, however, the chemical shift information is often
dispersed within little more than 1 ppm on the amide
proton scale. A uniformly labelled sample thus can often be
prone to severe overlap even in the context of a 3D
experiment and in certain cases may not be sufficient for
high degrees of assignment. The large overlap in resonance
has two origins, firstly the broadening resulting from the
shear size of the protein-micelle/bicelle complex, and
secondly, the similar chemical environment of limited
types of hydrophobic residues which are abundant and tend
to cluster in transmembrane o-helical regions (Fig. 2). The

Fig. 2 ['°N,'H]-TROSY-
HSQC spectra of uniformly
(left) and selectively (right)
labelled FLAP (5-lipoxygenase
activating protein). The narrow
range of the chemical shifts and
the spectral congestion are
typical of a-helical membrane
proteins above 20 kD,
necessitating the use of selective
labels to identify individual
residues
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first problem may be to some extent alleviated by adjusting
pH and temperature, as well as by the already mentioned
high-level deuteration methods, whereas the second may be
exploited using selective labelling techniques, such as
transmembrane segment enhanced (TMS) labelling (Reckel
et al. 2008): Transmembrane helices are predominantly
composed of six amino acid types, Ala, Phe, Gly, Ile, Leu,
and Val, all of which together account for some 60% of the
amino acids in the transmembrane sections of a typical o-
helical membrane protein (Senes et al. 2000). By the
selective '*C/'°N-labelling of only these six amino acid
types, one can therefore significantly reduce spectral
overlap, while retaining long consecutive stretches of these
labelled amino acids to still enable the use of standard 3D
NMR measurements such as the HNCA and HN(CO)CA
for obtaining the backbone assignment (Fig. 3). Although
there is remaining overlap between the C* chemical shift

50 1 - 50
{
0
55
0
(amml
i
60 - 60

65 @ @@65- 3 F 65

V100 L101 V102 G103
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Fig. 3 Sequential connectivities identified in the TMS-labelled C-
terminal fragment of Presenilin. Strips from selected planes of a 3D
HNCA spectrum were chosen to demonstrate the sequential connec-
tivity of the residues. Although only six out of the twenty amino acids
were selectively labelled (alanine, phenylalanine, glycine, isoleucine,
leucine, valine), it is possible to obtain many connectivities due to the
predominance of the given amino acid types within o-helical
transmembrane regions
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values of Ile and Val, and among Ala, Phe and Leu, these
may be resolved with the HNCACSB, or in the case of larger
proteins, with the use of one or two amino acid type-
selective labelled samples. The TMS labelling, never-
theless, may be modified to include or substitute other
abundant residues within «-helical regions of a desired
protein, or in a reverse labelling approach to predominantly
select for the (hydrophilic) residues in the loop regions of
the membrane protein. Such an approach, however, is only
then economically possible when a significant clustering
of only a few residue types occurs, a condition more often
met in the hydrophobic transmembrane regions than in
the hydrophilic loops. After assignment of the backbone
resonances of TMS-labelled stretches, conventional 3D
spectra, such as HNCA, and HN(CO)CA, can be measured
on uniformly '>N/**C-labeled samples to assign the con-
necting regions.

In our experience, the significant chemical shift overlap
of a-helical membrane proteins can often prevent the
completion of backbone assignment based only on uni-
form- and TMS-labelled samples, which may be case-
dependent [a-helical proteins such as DsbB (Zhou et al.
2008) and DAGK (Van Horn et al. 2009) have been
assigned without the aid of selective labelling]. In such
instances, unassigned stretches usually remain, since very
often the high chemical shift degeneracy of the residues
makes identification of the correct sequential connectivity
impossible. Although with the cell-free system it is possi-
ble to separately label all 19 non-proline residues, one
would benefit more from a combinatorial selective label-
ling scheme, which would require a smaller subset of
samples without compromising the amount of information
obtained. In this regard, Wu et al. (2006) have proposed a
protocol using a minimum of five samples as opposed to
19, where combinations of amino acids are distributed
within different samples based on their relative frequen-
cies; those most abundant are included in only one sample,
whereas those least abundant are included in up to three.
[ISN,lH] HSQC spectra are then measured for all samples,
and the pattern of presence and absence of a particular peak
can be used to determine its identity. Furthermore, indi-
vidual samples would contain roughly one-third of the
peaks present in the spectra of the corresponding uniformly
labelled sample, which would effectively decrease the level
of overlap.

Although this technique is very useful in providing
amino acid-type specific assignments, o-helical proteins
tend still to show congestion in 3D spectral planes, such
that sequential assignment may remain challenging even
when individual amino acid types may be identified.
Accordingly, a complimentary technique that may be used
is “dual combinatorial selective labelling”, which provides
sequence specific assignment by identifying amino acid
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pairs with a single occurrence within the protein sequence.
These can be uniquely assigned and may act as anchor
points for further assignments. The strategy is based on a
double labelling technique (Kainosho and Tsuji 1982;
Yabuki et al. 1998; Weigelt et al. 2002; Shi et al. 2004),
where selected amino acids are 'SN labelled and others
3CO labelled. HSQC and proton/nitrogen projected 2D
HN(CO) spectra are then measured to obtain the chemical
shifts of all amino acids of a certain type from the HSQC,
as well as to identify specific amino acids in the HN(CO)
spectrum. The simplest implementation of this technique
requires a separate sample for each prospective amino acid
pair. Others take advantage of a combinatorial method,
where fewer samples are required to obtain comparable
information. In principle such methods can be used to
obtain a large percentage of the backbone assignment—all
unique amino acid combinations which typically constitute
~50% of a protein—even without classical 3D NMR
experiments. The method proposed by Parker et al. (2004)
involves five samples, the first of which contains sixteen
Bo/SN doubly labelled amino acids, and the rest a com-
bination of the sixteen, where some are 50% "N labelled,
diluted with their non-labelled counterparts, and others
100% '*C/**N labelled. HSQC and 2D HNCO spectra are
subsequently measured and analyzed to obtain sequence
specific assignments based on the presence, absence, and

intensity of the peaks in the spectra. While this technique
provides many advantages for soluble proteins, the signif-
icantly higher signal overlap and broader line width require
modifications for use with membrane proteins. A simpler
method developed by Trbovic et al. (2005) uses the same
combinatorial concept but requires labelling of fewer
amino acid types. In addition, these amino acids need only
be 100% '°N or '*C single-labelled. The combination of
signals appearing in the HSQC or HNCO spectra, rather
than differences in intensities, is used to obtain amino acid-
type specific assignments (Fig. 4). Although this method
inherently works with less information, it has some obvious
benefits for membrane proteins, such as the fewer number
of peaks in the HSQC. The cost is furthermore reduced
since fewer labelled amino acids are required. In addition,
relying only on the presence or absence of peaks rather
than intensity makes this method robust which is particu-
larly important for membrane proteins with large line
widths. Although this technique does not allow significant
backbone determination on its own, combined with stan-
dard 3D experiments such as the HNCA, it provides
important sequence specific anchor points which greatly
facilitate assignment.

Based on our experience, a basic backbone assignment
strategy may be to use first TMS-labelling to assign stret-
ches in the transmembrane regions followed by analysis of

Fig. 4 2D ['°N,'H]-TROSY- Sample 2 sample 3
HSQC and 2D ["°N,'H]- Hsac e Hsac e U
TROSY-HN(CO) spectra of the ﬁ @ 16
selective combinatorial labelled e oo o @ i
bacterial cysteine exporter YfiK. - @ P ‘e & °
Selected amino acids were °N e © @@ -
or 'C labelled and distributed ° == S
over three different samples in € < @> R
such a way that each produced g - 124
pattern would be indicative of a z
unique amino acid pair " oveo o o
combination. TROSY-HSQC g | ™ (o) (o) °
and 2D versions of HNCO 116
experiments were then ®
measured and analyzed.. In the @ ° i» - - &=
above example, the encircled [ -
peak appears in the HSQC and
HNCO spectra of samples 1 and 124
2, which, based on the labelling . . . . i i
pattern, is designated as a valine 85 7.5 85 7.5 85 7.5
preceded by a glycine , - H (ppm)

Amino acid type Sample 1 Sample 2 Sample 3

Phenylalanine N N 5N

Threonine 5N 5N

Valine 15N 15N

Glycine 3¢ 3¢

Leucine 3¢ 3¢

Isoleucine 3¢ 3¢
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spectra obtained with uniformly double-labelled samples to
connect the TMS-assigned stretches. Remaining gaps may
be targeted for selective combinatorial labelling for the
identification of unique amino acid pairs to be used as
anchor points for further assignments.

Cell-free protein synthesis also provides the basis for an
elegant alternative to this double labelling strategy. The
method pioneered by the laboratory of Peter G. Schultz
uses reprogrammed suppressor codons that allow for the
site specific labelling of exactly one amino acid (Noren
et al. 1989; Bain et al. 1991; Ellman et al. 1992; Sonar et al.
1994; Liu et al. 1995). Such approaches require the inser-
tion of an (amber) stop codon in place of the to-be-labelled
amino acid codon, along with the aminoacetylation of the
corresponding modified tRNA with the labelled amino
acid. This innovative approach utilizes the cell-free
expression system to produce site-specifically stable iso-
tope labelled protein, resulting in NMR samples that show
exactly one peak in their HSQC spectra. While this strategy
offers many opportunities, it has so far not found wide
spread use in the NMR community (Yabuki et al. 1998).

The above mentioned methods address the assignment
of backbone resonances. To obtain high resolution struc-
tures, however, one in addition requires assignment of side-
chains, which in many membrane proteins display even
greater degeneracy. As mentioned before, deuteration is
often necessary to reduce line-broadening, but this also
removes all carbon bound protons and accompanying side-
chain information. A very promising alternative may be the
use of stereo-array isotope labelling (SAIL) (Kainosho
et al. 2006), where certain proton positions are strategically
deuterated in a stereospecific manner in such a way to
reduce the number of peaks present, while retaining critical
side-chain information. Although this method has not yet
been applied to membrane proteins, the above authors have
solved the structure of the relatively large (41 kDa) mal-
todextrin-binding protein (displaying severe overlap in
side-chain resonances) using SAIL. As such, this technique
may be potentially useful in the case of membrane proteins
to obtain long-distance NOE restraints that depend heavily
on side-chain information, which currently are very diffi-
cult to come by.

Outlook

Cell-free protein expression presents a powerful method for
high-yield production of near 100% isotope labelled pro-
teins in virtually any combination for NMR spectroscopy.
Given its open nature, the system may be elegantly mod-
ified to accommodate the demands of NMR, in way of
minimization of isotope scrambling which is instrumental
in non-uniform labelling, as well as high-level deuteration
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necessary for larger species, in particular membrane pro-
teins. This versatility has allowed for the development of
several labelling strategies which may be used in combi-
nation, directed at facilitating sequence assignment in the
context of severe overlap and line-broadening. Further-
more, innovative approaches such as SAIL may in the
future lead the way to high resolution structures for
membrane proteins, utilizing side-chain information as is
routine in the case of most moderately-sized soluble pro-
teins. Given that structural information is most valuable in
the context of observed functionality, cell-free expressed
proteins may be incorporated in functional form into more
native hydrophobic environments such as proteoliposomes
(Nozawa et al. 2007; Goren and Fox 2008; Gourdon et al.
2008; Kamonchanok et al. 2008; Keller et al. 2008), which
may then be analyzed with solid state NMR, or alterna-
tively, into promising native-like systems such as bicelles
(Sanders and Schwonek 1992; Vold et al. 1997; Prosser
et al. 2006, 2007) and nano-discs (Leitz et al. 2006;
Whorton et al. 2007; Bayrhuber et al. 2008; Cappuccio
et al. 2008), which may in the near future present lucrative
opportunities for the study of functional membrane pro-
teins using liquid state NMR spectroscopy.
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