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1.1

Introduction

The introduction of stable isotopes into proteins has significantly reduced the time requirements for structure elucidation of biomolecules. Moreover, structural studies of proteins with molecular weights exceeding the 10 kDa limit are usually not possible without
uniform isotope labeling because of severe resonance overlap and inefficient coherence
transfer along the rather small 3J 1H-1H couplings. Nowadays, efficient expression of recombinant proteins is a prerequisite for many techniques used in structural biology, but
the requirement for isotope labeling in particular often precludes NMR (nuclear magnetic resonance) structure determination of proteins isolated from natural sources. Specifically, proteins that have been uniformly labeled with 15N and/or 13C are commonly required for NMR spectroscopy, especially for backbone chemical shift assignment procedures, which are greatly facilitated by the use of a series of rather sensitive multi-dimensional triple-resonance NMR experiments (see Chapt. 4) [1], in a process that can also be
automated with good success [2]. Moreover, the random replacement of nonexchangeable
protons by deuterons reduces 1H-1H dipolar interactions and scalar couplings, thereby reducing peak line widths considerably and allowing structure elucidation of proteins exceeding 30 kDa [3, 4]. Random fractionally deuterated protein samples also permit the
use of longer mixing times in NOESY (nuclear Overhauser effect spectroscopy) experiments, since spin-diffusion pathways are largely eliminated. In addition, transverse-relaxation optimized spectroscopy (TROSY [5], see also Chapt. 10), which has been used
for molecules larger than 100 kDa [6], benefits dramatically from deuteration. This stems
from the fact that the TROSY component that is narrowed by the DD-CSA compensation
is broadened by dipolar interactions with nearby protons.
Besides uniform labeling approaches, stable isotopes can also be introduced at specific
sites in proteins in order to simplify the assignment process and to isolate spectral information from the region of interest. For example, biosynthetically-directed fractional 13C
labeling offers the possibility of making stereospecific assignments of all isopropyl
methyl groups of Val and Leu residues [7]. In another approach often used for solid-state
NMR termed residue-specific labeling, isotope labels are introduced at single sites in a protein, as described in another chapter of this volume (Chapt. 11). A related scheme, called
amino acid-type labeling, is accomplished by expression in an amino acid-based medium
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where only targeted amino acids contain isotope labels [8]. Preparing a series of samples
with different isotopically enriched single amino acid types provides a useful approach
for the assignment of large systems not accessible by traditional methods (for an example see Ref. [9]). However, labeling specificity and yield can suffer from isotope scrambling arising from metabolic conversion of amino acids. This problem can be circumvented through the use of specially engineered amino acid-type specific auxotrophic
strains. An interesting alternative that can be used to achieve residue and/or amino acid
type-specific labeling is presented by the in vitro cell-free expression systems. These systems are additionally advantageous when expression products display cell toxicity.
Another labeling strategy geared toward the study of large proteins combines the favorable relaxation properties conferred by extensive deuteration with site-specific strategies
for introducing protons. For example, methyl groups and/or aromatic amino acids can be
targeted for protonation in otherwise fully deuterated proteins. An alternative approach
for the study of large proteins features segmental labeling methods based on protein splicing methodology. Consequently, longer stretches of protein are isotopically enriched,
leaving the remainder unlabeled. Isotope editing will remove all signals from unlabeled
segments of the proteins, thereby largely reducing resonance overlap and facilitating assignment. Protein splicing methods can also be used to introduce non-natural amino
acids or chemical modifications into the sequence. Therein, a protein segment containing an unnatural residue can be chemically synthesized and then ligated to a recombinantly produced (isotopically enriched) segment. Protein splicing can also be used to produce proteins which have high potential for cytotoxicity [10] or to stabilize proteins
through cyclization.
This chapter will mainly focus on recent developments in protein labeling methodology. For an introduction to methods involved in the generation and yield optimization of
protein samples labeled with 13C and/or 15N by recombinant methods in E. coli the interested reader is referred to excellent reviews published in the literature [8, 11–18]. Here
we first describe the use of labeled algal hydrolyzates for the production of labeled proteins in E. coli or other organisms. We then review methods used for the introduction of
isotope labels into specific sites, and this is followed by a section on segmental labeling
approaches. Subsequently, we will summarize recombinant protein expression methods
in hosts other than E. coli that have proven to be especially suitable for post-translationally modified proteins and membrane proteins, before concluding with an introduction
to cell-free expression systems.
1.2

Isotope-Labeled Proteins from Hydrolyzates of the Green Alga Scenedesmus obliquus

Although alternative expression systems have been successfully adapted for the production of isotope-labeled proteins (see Sect. 1.5), heterologous expression in E. coli often remains the method of choice for NMR sample preparation. There is a fundamental difference, however, with respect to the kind of medium in which the cells are cultivated. In a
so-called “chemically defined” or “minimal” medium only one or a very limited number
of carbon sources is provided, e. g. glucose or glycerol. All bacterial metabolites have to
be biosynthesized by the cells through the various, sometimes lengthy and energy-de-
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manding, metabolic pathways. In a “complex” or “rich” medium, the cells grow, as the
name suggests, on a complex mixture of amino acids and/or carbohydrates. Amino acid
interconversions, and thus the potential for isotope scrambling in selectively labeled samples, are here reduced to a minimum. Unlabeled fermentations are usually performed in
complex media (i. e. yeast extract-containing LB for E. coli), since protein yield and cell
density are here considerably higher than in minimal media. The same is desirable for
isotope-labeled fermentations, but the limited availability and/or high price of commercial amino acid/sugar mixtures in the required isotope composition often impose fermentations on a single carbon source.
Several companies are meanwhile supplying labeled amino acid/sugar mixtures of acceptable quality. However, especially if larger-scale or repeated preparations of labeled
proteins are envisaged, investment of some extra time for the in-house production of labeled complex growth media for E. coli or other host cells clearly becomes advantageous,
especially from the point of view of financial considerations.
The most frequently employed source for complex amino acid/sugar mixtures, labeled
in any combination of 2H,13C and/or 15N in E. coli continues to be a phototrophic green
alga. Scenedesmus obliquus was introduced for that purpose in 1972 by Crespi and Katz
[19]. In recent years, the original protocols have been modified by several groups, leading
to improvements in the yield and purity of the algal amino acid mixtures, thereby enhancing protein labeling efficiency and expression levels in the hosts [20–22].
Depending on the desired labeling pattern, 2H2O, 13CO2 and/or 15NH4Cl or Na15NO3
are used as exclusive isotope sources during the algal fermentation. All of the above have
become commercially available at affordable rates. For the preparation of random partially isotope-labeled amino acid/sugar mixtures, unlabeled water, carbon dioxide or nitrogen salts are simply admixed to the labeled starting material in the appropriate proportions.
Thus, the three basic steps required for the preparation of a uniformly labeled protein
for NMR experiments are
1. production of isotope-labeled algal hydrolyzates,
2. adaptation of the protein overproducing organism (usually, but not always, E. coli) to
growth on the algal medium, and
3. preparation and purification of the isotope-labeled protein on a preparative scale.
If specific amino acid-type labeling is required, the labeled amino acid is added to the fermentation of the expression host (topic 1 above, see Sect. 1.2.3). In this case, a thorough
isotope analysis of the expressed protein is advisable prior to NMR spectroscopic investigations. This is preferentially achieved by GC-MS analyses of the hydrolyzed amino acids
from the protein product.
1.2.1

Production of Isotope-Labeled Algal Hydrolyzates

Cultures of S. obliquus can easily be grown photoautotrophically in two-tier flasks in an
inorganic medium. A stepwise replacement of H2O by 2H2O leads to deuterated cultures,
and a replacement of CO2 (the sole carbon source) by 13CO2 and/or the replacement of
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the nitrogen-containing salts by their 15N-isotopomers produces 13C- and/or 15N-labeled
cultures. These are used as inoculi for larger fermentations in Fernbach flasks or stirred
or airlifting fermenters. All fermentations are continuously illuminated with standard
plant light bulbs or fluorescent tubes. In the last stage of 2H2O fermentations, all salts
containing crystal water are repeatedly dissolved in small amounts of 2H2O and lyophilized before addition to the medium. If the algal cells are harvested under sterile conditions, the recovered medium can be re-inoculated for up to four further fermentations,
and only phosphate is supplemented when the growth rate declines [22]. The recycling of
the media cuts isotope costs by about 90%.
The algal cell mass is then purified from low-molecular-weight metabolites and hydrolyzed in HCl (2HCl in the case of a deuterated fermentation). After neutralization and
lyophilization, a white powder (typically 2–2.5 g L–1 of medium and fermentation cycle)
is obtained, containing around 50% amino acids (for composition see Ref. [23]), 30% sugars (composition in Ref. [24]) and 20% NaCl. This amino acid/sugar mixture for complex microbial growth media can be produced with any combination of 2H, 13C and/or
15
N, including random fractional label distributions. Used as carbon source it enables the
simple and quick preparation of isotope-labeled, complex microbial growth media for the
production of labeled proteins.
1.2.2

Adaptation of the Protein Overproducer to the Algal Medium

The described algal hydrolyzate contains amino acids and sugars in a physiological composition, i. e. in a relative composition similar to that required by most host cells. Amino
acid biosynthesis, interconversion, and thus the potential for isotope scrambling, are
minimized. When all potentially inhibitory low-molecular-weight compounds are removed by extraction prior to hydrolysis, most organisms grow well in media containing
their typical salt and trace element composition, with the exception of NaCl, which is introduced as part of the algal hydrolyzate. Only the carbon sources are substituted by the
algal amino acid/sugar mixture (e. g. yeast extract is replaced by algal hydrolyzate with
the required isotope composition). Examples of the production of isotope-labeled proteins
in Bacteria [25], Archaea [23, 26] and Eucarya [27] can be found in the recent literature.
Since changing the carbon source may influence bacterial growth and expression characteristics, a series of unlabeled test experiments is recommended in order to establish
the minimum hydrolyzate concentration required, as well as the reproducibility of protein expression levels.
While expression in 13C- and/or 15N-labeled media is usually straightforward, most organisms need to be adapted in 3 to 4 steps to growth in 2H2O (e. g. 50, 75, 90, 100%). In
addition, while formulating any deuterated medium, it is important to recall that the
reading on pH meters equipped with normal glass electrodes is about 0.4 units lower in
2
H2O than in H2O with the same hydrogen/deuterium ion concentration [28]. Because of
the different physical properties of 2H2O, growth may be slower than usual, and the timing for induction of protein expression may require adjustment. The extent of deuteration depends on the type of experiments that will be performed. For investigations of internal dynamics using 15N relaxation or for backbone assignment with triple-resonance
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spectroscopy, 100% deuteration at the nonexchangable carbon sites maximizes signal sensitivity and resolution. On the other hand, structural information traditionally relies on
distance restraints derived from 1H,1H NOEs. Nietlispach et al. have calculated and measured the effects of various levels of random fractional deuteration and found 50–70%
deuteration most useful for larger proteins [29].
1.2.3

Preparation of Homogenously Isotope-Labeled Protein by Fermentation on Algal Media

Production of isotope-labeled proteins on a larger scale from the optimized test conditions is typically routine as long as the physical growth parameters (reactor type, aeration, etc.) are not changed significantly. However, the purification of deuterated proteins
may require some adjustments, depending on the techniques utilized. For example, because of their considerably higher density, centrifugation gradients must be adapted.
Also, the chromatographic properties of deuterated proteins may display differences relative to their unlabeled (1H at natural abundance) counterparts, reflecting potential shifts
in isoelectric point, stronger intramolecular hydrogen bonds and weaker van der Waals
interactions. A final consideration is the re-introduction of protons at the exchangeable
amide sites. Since the quantitative exchange of amide protons from the protein core can
be extremely slow, it is sometimes necessary to expose the sample to denaturing conditions, followed by refolding in H2O, if possible.
1.2.4

Amino Acid-Type Specific Labeling

The principal difficulty associated with the preparation of amino acid-type specific labeled proteins is the suppression of metabolic scrambling of the label into other amino
acid types through the common metabolic pathways in the host cell. The use of a complex amino acid/sugar mixture, such as the one present in the algal hydrolyzates, reduces this danger greatly compared to fermentations on a single carbon source. In fact,
the activity of many enzymes responsible for amino acid interconversions appears to be
low or absent in bacteria grown under these conditions. For example, for the production
of a fully deuterium-labeled protein containing 1H-Trp, the host cell is grown on fully
2
H-labeled algal hydrolyzate in 2H2O to which unlabeled Trp is admixed. The individual
amount of the differentially labeled amino acid to be added to the fermentation may vary
for the different residues and depends on the biosynthetic origin of the amino acid [30]
as well as on its background concentration in the algal hydrolyzate [22]. Labels in the biosynthetically central amino acids Asx and Glx show a pronounced tendency for biosynthetically-directed isotope relocation, since these molecules may be used as metabolic precursors for a number of different downstream amino acids (e. g. Met, Lys, Thr, and Ile or
Pro and Arg, for Asx and Glx, respectively). The metabolically peripheral amino acids can
usually be labeled specifically with much higher isotope purity.
For every new amino acid, a small series of test experiments is normally sufficient to establish a compromise between the minimum concentration required for high specific labeling (usually at least ten times the amount introduced with the algal hydrolyzate) and the
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toxicity limit for the respective amino acid. Before a large-scale fermentation is attempted,
the isotope composition downstream from the labeled amino acid should be analyzed. The
most probable sites of undesired isotope incorporation are found in the same biosynthetic
group [30]. Labeled Tyr, for instance, may be found after media supplementation with labeled Phe, whereas Cys and Gly labeling may result from the addition of labeled Ser.
1.2.5

Mass Spectrometric Analysis of the Labeled Amino Acids

For amino acid analysis the labeled protein needs to be hydrolyzed and derivatized. Most
commonly the hydrolysis is performed in 6 M HCl, and the amino acids are converted
into their isopropyl ester and pentafluoropropanamide derivatives (Fig. 1.1) before GC/
MS analysis. The molecular ion is not always visible after standard electron impact (EI)
ionization, and the fragment after loss of the carboisopropoxy group is the highest observable peak. This leaves m/e = 175 plus the mass of the amino acid side chain, from
which the degree of labeling can be directly deduced.
Fig. 1.2 shows illustrative mass spectra for derivatized Phe with various isotope patterns. In unlabeled Phe (Fig. 1.2 a), the highest observable peak at m/e = 266 accounts for
the aforementioned fragment of 175 plus the mass of the benzyl group (C7H7 = 91). The
strongest peak is due to the tropylium cation (C7H7) at m/e = 91. Complete deuteration
(Fig. 1.2 d) takes molecular ion to m/e = 274 (175 + C72H7), and the tropylium signal
(C72H7) accordingly to m/e 98. As expected, the spectrum of 13C,15N-labeled Phe (Fig.
1.2 e) shows the corresponding signals at m/e = 275 (175 + 2 + 13C7H7) and 98 (13C7H7).
The signals in the spectra of the partially deuterated amino acid (Figs. 1.2 b–d and 1.2 f)
show a statistical distribution of the masses around the calculated values for all fragments
and are thus an unambiguous proof of a complete random distribution of the labels.
1.3

Selective Labeling Schemes

While general labeling strategies relying on expression of proteins using hydrolyzates of
algae are useful for uniform or amino acid-specific labeling, expression can also be performed in minimal media in a cost-effective manner. These types of expression media

Most common derivatization of amino
acids for GC-MS analysis. The fragment without
the carboisopropoxy group normally produces the

Fig. 1.1

highest observable peak, which is used for the determination of the isotope composition.

1.3 Selective Labeling Schemes

EI mass spectra of derivatized phenylalanine, isolated from S. obliquus; a unlabeled, b random
50% 2H-, c random 70% 2H-, d 100% 2H-, e 13C,15N-, and f 13C,15N/random 75% 2H-labeled.

Fig. 1.2

typically use glucose and ammonium salts as the sole carbon and nitrogen sources, respectively, and include D2O as the medium base when deuteration is required. These
growth conditions are easily adapted for uniform or random fractional isotope labeling.
In addition, modifications to this general formula can be made to introduce isotope labels into specific sites, for example, by supplemention of the expression media with specifically labeled amino acids or amino acid precursors. In the following section we will review a number of methods used for different patterns of selective labeling in E. coli. Reagents used in these different strategies, with corresponding literature references, are
summarized in Tab. 1.1.
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Tab. 1.1 Chemical structures of metabolites involved in selective isotope labeling strategies (from Ref.

[14] with kind permission)
Labeling agent

Chemical structure

[3-2H] a-keto-isovalerate



CH3




COO

(1H-d methyl)-Leu
(1H-c methyl)-Val

43



(1H-d1 methyl)-Ile

42
52



[e-13C]-l-phenylalanine

COO
j
CH CH2
j 
NH3

[13C] Phe


CH2 OH
CH2 OH
j
j
CH OH or CH OH
j
j

CH2 OH
CH2 OH

12

[2-13C] or [1,3-13C2]-glycerol


13

C pyruvate

[3-13C] pyruvate





Reference

[3,3-2H2] a-keto-butyrate

CH3



CD CO
j
CH3

Incorporated as

CD2

CO

COO

C-13C-12C pattern
162



CH3



CO



{

( H-d methyl)-Leu
(1H-c methyl)-Val
(1H-c2 methyl)-Ile
(1H-b methyl)-Ala

35



CH3



CO



P

(1H-d methyl)-Leu
(1H-c methyl)-Val
(1H-c2 methyl)-Ile
(1H-b methyl)-Ala

39, 163

COO

COO

1

* Indicates positions labeled by 13C. Growth conditions optimized to maximize yields of CH3 isotopomers in
target methyl groups. P Protocol for expression leads to production of all possible methyl isotopomers,
with desired species CHD2 for 13C relaxation measurements.

1.3.1

Reverse-Labeling Schemes
1.3.1.1 Selective Protonation of Methyl Groups in 2H-Labeled Proteins

As described in the introduction, deuteration is routinely used to reduce the rapid transverse relaxation rates characteristic of larger proteins, leading to improvements in peak line
widths and experimental sensitivity. Deuteration of all the carbon-bound protons maximizes
the sensitivity gains that can be obtained from this labeling strategy, and has thus proven
useful for in the assignment of backbone 1H, 15N, 13C and side-chain 13C chemical shifts
of large proteins. However, the elimination of all but the exchangeable protons significantly
impedes structural studies that rely on conventional NOE approaches. Although in some
cases it is possible to use only backbone 1HN-1HN NOEs to obtain a protein global fold,
the accuracy of these structures is very low because of the small proportion of distance restraints between protons from nonsequential residues. These global folds tend to be less
compact than high-resolution structures, with the backbone pairwise root-mean-squared deviation (rmsd) to the high-resolution structure ranging from 5 to 8 Å [31, 32].

1.3 Selective Labeling Schemes

For the purpose of increasing the number of protons in the protein core while maintaining the benefits of extensive deuteration, it is possible to re-introduce protons using a
“reverse isotope” labeling approach. In some of the original approaches, side chains of
target amino acid types were selectively protonated in deuterated proteins by adding protonated forms of these amino acids to the D2O growth medium (see, for example, Refs.
[33, 34]). In a variation of this theme, Rosen and coworkers developed a protocol to selectively incorporate protons at the methyl positions of Ala, Val, Leu and Ile c2 [35]. Methyl
groups are enriched in protein hydrophobic cores and hence are attractive targets for selective protonation [36]. In addition, NMR spectroscopic properties of methyl groups are
favorable owing to reasonably well-resolved 13C-1H correlations and rapid rotation about
the methyl symmetry axis that reduces peak line widths [37].
The original protocol for the production of 15N, 13C, 2H, 1Me (protonated methyl)-proteins
utilized 13C,1H-pyruvate as the exclusive source of carbon in 100% D2O minimal media [35].
Pyruvate can be diverted into the tricarboxylic acid (TCA) cycle to produce many of the intermediates used in the biosynthesis of amino acids [38], but can also be directly incorporated into amino acids either by transamination (Ala), or reactions with threonine (Ile), pyruvate (Val) or both pyruvate and acetyl CoA (Leu). As was observed, pyruvate that is directly
incorporated into these amino acids will largely retain the methyl protons, while those amino acids synthesized indirectly via intermediates will be highly deuterated. However, the
incorporation of protons at each methyl site tends to be variable, with the result that methyl
isotopomers such as 13CHD2 and 13CH2D are also produced [35]. The additive deuterium
isotope effect on both carbon and proton chemical shifts produces upfield shifts relative
to the 13CH3 peak by 0.02 and 0.3 ppm per 2H atom in the 1H and 13C dimensions respectively. As a result, 13C-1H correlation spectroscopy of the methyl region shows three peaks
for every methyl group labeled in this way, translating into resolution and sensitivity problems. Nonetheless, through the use of 2H-purging pulse schemes during the acquisition of
carbon chemical shift, it is possible to remove the peaks arising from methyl groups containing 2H [32]. In addition, it should be noted that other pyruvate-based labeling schemes
have also found great utility in the measurement of side-chain dynamics involving these
methyl-containing side chains [39–41].
More recently, the yield and uniformity of methyl group protonation was enhanced
through the use of a-ketoisovalerate in combination with a-ketobutyrate to produce 15N,
13
C, 2H-labeled proteins with protons introduced at the methyl positions of Leu, Val and
Ile (d1) [42, 43]. Proteins expressed in D2O/13C, 2H-glucose/15NH4Cl minimal media can
be supplemented with 13C, [3, 2H] a-ketoisovalerate for the selective protonation of the
Val and Leu methyl groups and [3,3-2H2], 13C a-ketobutyrate for Ile d1 methyl group labeling. Using this strategy, labeling efficiency of the target methyl groups was shown to
exceed 90%, while high levels of deuteration were maintained at other sites without production of methyl group isotopomers containing deuterium. Since the selectively deuterated form of these amino acid precursors can be obtained by base-catalyzed proton exchange in aqueous buffer, the protonated, commercially available forms of these precursors are straightforwardly adapted to this labeling scheme.
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1.3.1.2 Structure Determination of Selectively Methyl Protonated Proteins

High levels of deuteration combined with selective methyl protonation using one of the
schemes outlined above permits the measurement of 1HN-1HN, 1HN-methyl and methylmethyl NOEs. Global folds can be determined using this subset of NOEs, where the quality of these structures is a reflection of protein topology, secondary structure content, and
the location and distribution of methyl groups in the protein [32]. In the case of a 30 kDa
cell adhesion fragment from intimin, for example, intradomain backbone rmsd values of
the ensemble of structures ranged between 1.5 and 1.8 Å from the mean [44]. In contrast, MBP structure quality was lower, with intradomain backbone rmsds between NMR
and crystal structures of 3.1–3.8 Å [45]. Although structures produced by this methodology are often of a preliminary quality, they can nonetheless be useful in the localization of
ligand or protein interaction sites and the identification of homologous proteins (e. g.
Ref. [46]). Global folds can also be used as a structural stepping stone in the generation
of high-resolution structures, since the assignment of additional NOEs from random fractionally deuterated samples or fully protonated molecules is facilitated by the use of a
preliminary structure [47, 48]. Further improvements in the quality of structures can also
be obtained through the incorporation of additional restraints such as dipolar couplings
([45]) or homology modeling (e. g. Ref. [49]).
1.3.1.3 Introducing 1H,12C Aromatic Residues into Otherwise

13

C Uniformly
Labeled Proteins
Alternative schemes involving selective protonation have also been developed to increase the
number of side-chain distance restraints that can be obtained in highly deuterated proteins.
For example, 1H, 12C Phe and Tyr can be directly incorporated into an otherwise uniformly
13
C-labeled protein expressed in minimal media [50]. Since these amino acids are also preferentially located in the hydrophobic cores of proteins, as well as at ligand binding interfaces, distance restraints involving these residues can be very valuable. This labeling strategy was shown to be useful for proteins under 30 kDa with relatively few Phe and Tyr such
as a 24 kDa Dbl homology domain [48] and the 25 kDa antiapoptotic protein Bcl-xL [51]. In
cases where overlap in the aromatic spectrum becomes problematic, a synthetic strategy has
been introduced to produce Phe that is 13C labeled only at the epsilon position [52]. An illustration of the utlility of this approach is provided by the structure determination of a 21
kDa Dbl homology domain containing seven phenylalanine residues [47].
1.3.1.4 Backbone-Labeled Proteins

Protocols for selective isotope labeling of protein backbone atoms are also being developed,
since the prevention of 13C incorporation at the Cb site circumvents resolution problems
associated with homonuclear 1JCaCb coupling. Toward this end, syntheses of backbone-labeled amino acids have been described for ten different amino acids starting from 15N,
13
C2-glycine [53, 54]. While original demonstrations of backbone labeling utilized a CHO
cell expression system to prevent isotope scrambling [53], bacterial cell expression systems
have also proven amenable to this strategy [54]. In this case, the expression medium must
contain the full complement of amino acids, which are then replaced with those that are 13Ca,
13
CO, 15N, and 1Ha (or 50% 2Ha) labeled just prior to induction of protein expression. As was
demonstrated for ubiquitin backbone-labeled with a subset of amino acids, sensitivity and
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resolution in HNCA-type experiments is enhanced, and couplings can be readily measured
from IPAP 1H-13C HSQC (heteronuclear single-quantum correlation) spectra [54, 55].
1.3.2

Selective

13

C Methyl Group Labeling

To reduce the expense of producing selectively methyl-labeled proteins, it is possible to
use 13C-methyl iodide to synthesize a-ketobutyrate and a-ketoisovalerate containing 13C
only at the methyl sites [56]. A larger than 20-fold reduction in the cost of precursor molecules can be achieved using this synthetic strategy in place of the commercially available
uniformly 13C-labeled isotopomers. Although these compounds can be adapted to the selective methyl protonation scheme described above, they can also be used to produce proteins that only contain 13C at the methyl positions of Val, Leu, and Ile d1, with 12C at all
other sites. The reduced cost, spectral simplification and sensitivity enhancement of 13C
methyl-labeled proteins over uniformly 13C-labeled samples facilitates the use of chemical
shift mapping in the search for potential lead compounds in the drug discovery process.
If, on the other hand, selective methyl protonation is required, the 1H, 13C methyl-labeled a-ketoisovalerate and a-ketobutyrate would be added to D2O expression media containing 2H, 13C-labeled glucose and 15N-labeled ammonium salt. However, compared to
the uniformly 13C-labeled selectively protonated samples described previously, structure
determination is less straightforward since backbone carbon atoms for isoleucine and valine are derived from the nonmethyl portion of the a-ketobutryate and a-ketoisovalerate,
respectively, and would therefore contain the 12C isotope. Nonetheless, once assignments
are made, NOE measurements involving these methyl groups benefit from elimination
of one-bond 13C-13C couplings leading to narrow carbon line widths without the requirement for constant-time evolution periods [51].
1.4

Intein-Based Protein Engineering for NMR Spectroscopy

Recently, new advances in biochemistry have opened up a novel approach for protein engineering, which utilizes a protein-splicing domain. Protein splicing is a post-translational chemical modification discovered in nature, which catalyzes the excision of an intervening polypeptide (internal protein, intein) while simultaneously ligating both the Nand C-terminal flanking polypeptide chains (Fig. 1.3, 1.5 A), analogous to RNA splicing
[57, 58]. This unique enzymatic process has been used in various biochemical and biotechnological applications such as protein purification, protein ligation, backbone cyclization and C-terminal modifications. In particular, protein ligation using inteins has
opened up a new way for the production of segmentally labeled proteins, thereby reducing the complexity of NMR spectra. For larger proteins or multimeric proteins, it may be
necessary to combine selective labeling and segmental isotope-labeling approaches. Moreover, it will be useful in cases where information is desired only for a small part of a
large protein, e. g. to characterize interactions with known binding sites or to detect conformational changes in a specific region. Another potentially useful application of inteins
for NMR is backbone cyclization to enhance the stability of proteins.
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The currently accepted chemical mechanism of protein splicing. 1 N-S(O) acyl shift, 2 transesterification, 3 cleavage by
succinimide formation, 4 S(O)-N acyl shift.

Fig. 1.3
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1.4 Intein-Based Protein Engineering for NMR Spectroscopy

1.4.1

Segmental Labeling of Proteins

Although more than 100 protein splicing domains have been found in nature [59], only a
handful have been used for segmental labeling purposes, namely SceVMA (PI-SceI), PIPfuI and PI-PufII. The currently accepted reaction mechanism for protein splicing consists of the following four steps, namely, (i) N-S(O) acyl shift, (ii) transesterification, (iii)
succinimide formation, and (iv) S(O)-N acyl rearrangement (Fig. 1.3). Either a subset of
these four steps or the entire reaction process can be used for protein ligation. For example, the intein-mediated protein ligation (IPL) approach utilizes a subset of these reactions by using a modified intein as described in Sect. 1.4.1.1. On the other hand, the
split intein approach requires all four reaction steps. In this case the success of the reaction depends on refolding properties of the split intein (Sect. 1.4.1.2).
1.4.1.1 Intein-Mediated Protein Ligation (IPL)/Expressed Protein Ligation (EPL)

using the IMPACT System
The IMPACT (Intein-Mediated Purification with an Affinity Chitin-binding Tag) system
was originally developed as a novel purification method by New England Biolab. It
makes use of a modified intein, SceVMA, in which the active site was mutated from HisAsn-Cys to His-Ala-Cys, so that the usual cleavage due to succinimide formation involving the side-chain of Asn is no longer possible (Figs. 1.4 A and 1.6 A). Since a chitin-binding domain (CBD) is fused to the C-terminus of the intein, this protein can be immobilized to a chitin column, providing a convenient tool for purification [60]. The desired
protein segment is fused at the N-terminus of the intein, which can be liberated from
the intein-CBD portion of the fusion protein by addition of nucleophiles such as dithiolthreitol (DTT), ethanethiol, 2-mercaptoethane sulfonic acids (MESNA), hydroxylamine or
cysteine. The IMPACT system provides a good opportunity to expand the application of
native chemical ligation, which was originally developed by the Kent group, to a variety
of protein targets, because the C-terminus of the N-terminal fusion polypeptide can be
converted easily into a thioester group by the intein-mediated cleavage [61]. For native
chemical ligation, an N-terminal peptide segment containing a C-terminal thioester is
chemoselectively ligated to a C-terminal peptide segment that has an N-terminal cysteine
in aqueous solution, without protecting any functional groups in the peptides. With the
intein-based E. coli expression system, it is now possible to produce larger protein segments with a C-terminal thioester group easily, which can subsequently be used for native chemical ligation. Using this approach, Xu et al. have demonstrated the domain-selective 15N labeling of the SH2 domain of the Abl-kinase SH domain [62]. In this experiment, the 15N-labeled SH2 domain containing an N-terminal cysteine capped with a specific proteolytic sequence, which can be removed, was expressed and purified in 15N-labeled media. The protective N-terminal sequence was subsequently removed by proteolysis in order to create an N-terminal thionucleophile (N-terminal cysteine). The N-terminal segment of the SH3 domain was separately produced as the intein-fusion protein in
unlabeled media and eluted with ethanethiol to form the C-terminal thioester. The unlabeled SH3 domain and 15N-labeled SH2 domain were ligated in aqueous solution at pH
7 in the presence of thiophenol and benzyl mercaptan, achieving a yield of 70%.

13

A Intein-mediated protein ligation (IPL) (also called expressed protein ligation EPL). B The chemical mechanism of protein cyclization by
the IPL/EPL approach. HAC denotes the sequence of the active site of the intein, e.g. His-Ala-Cys. CBD stands for chitin-binding domain.

Fig. 1.4
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It has also been demonstrated that multiple ligation steps can be performed with the
IPL/EPL approach, thereby illustrating its potential use in central-segment labeling [63].
One of the intrinsic limits of the IPL/EPL system is the requirement for a cysteine residue at the site of protein ligation, which will replace the thioester group. Recently, it
was shown that this requirement could be avoided by using a cleavable thiol-containing
auxiliary group. Low et al. demonstrated protein ligation by introducing a cleavable thiolcontaining auxiliary group, 1-phenyl-2-mercaptoethyl, at the alpha-amino group of a chemically synthesized peptide, which is removed upon protein ligation [64]. Unfortunately,
this modification at the N-terminus could be difficult to introduce into proteins which
are prepared from bacterial expression systems, and hence its use could be limited to situations where the C-terminal peptide can be chemically synthesized. Nevertheless, the removal auxiliary approach presents an opportunity for segmental isotope labeling regardless of the primary sequence.
A second approach that can be adopted to overcome the intrinsic requirement for cysteine at the N-terminus of C-terminal fragment utilizes the enzyme subtiligase, a double
mutant of subtilisin, which is able to join two unprotected peptides. Thioester-modified
proteins were shown to present good substrates of subtiligase [65]. However, although
this approach could be potentially useful for general isotope labeling, the efficiency of
this process remains to be proven.
It is noteworthy that there is another limiting factor in the choice of amino acid types
at the junction sites which affect the enzymatic process of the intein. For example, in the
case of SceVMA (also called PI-SceI) from the IMPACT system, proline, cysteine, asparagine, aspartic acid, and arginine cannot be at the C-terminus of the N-terminal target
protein just before the intein sequence. The presence of these residues at this position
would either slow down the N-S acyl shift dramatically or lead to immediate hydrolysis
of the product from the N-S acyl shift [66]. The compatibility of amino acid types at the
proximal sites depends on the specific inteins and needs to be carefully considered during the design of the required expression vectors. The specific amino acid requirements
at a particular splicing site depends on the specific intein used and is thus a crucial
point in this approach.
1.4.1.2 Reconstitution of Split Inteins

It has been demonstrated that an intein can be split into two fragments and reconstituted in vitro as well as in vivo to form an active intein capable of trans splicing [67–69].
This trans-splicing activity can be directly used for protein ligation as an alternative to the
native chemical ligation step, which requires additional thionucleophile groups. Yamazaki
et al. have applied trans-splicing to the segmental labeling of RNA polymerase subunit a
by splitting an intein from Pyrococcus furiosus, PI-PfuI (Fig. 1.5 B) [70]. Each half of the
split intein fused to the N- (or C)-extein was produced separately, one in isotopically labeled and the other in unlabeled medium. The independently prepared protein fragments were expressed as inclusion bodies and purified under denaturing conditions. The
two independently prepared fragments were reassembled and refolded in aqueous solution in order to form a functional intein, resulting in a ligated extein fragment and a
spliced intein. The splicing reaction was found to be efficient at elevated temperature
(70 8C), presumably because PI-PfuI is a thermophilic enzyme. However, the general use
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Fig. 1.5

A Natural protein splicing, B Trans splicing with a split
intein. The two fragments can be prepared separately and reassembled in vitro to form an active intein domain for protein ligation. C Central segment labeling using two different split inteins.

B) trans-splicing with split intein

Residues involved in the protein splicing reaction are shown by a
single character code of amino acids. N- and C-termini are indicated by NH2 and COOH respectively.
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of elevated temperatures may often be unfavorable, because many proteins denature at
higher temperatures. Therefore, conditions for refolding and ligation such as temperature, pH, additives like glycerol etc. must be carefully optimized for each protein system.
On the other hand, the split intein approach does not require any additional thionucleophile, in contrast to the IPL/EPL approach.
Remarkably, this method can even be extended to joining three segments by using two
different inteins, PI-PfuI and PI-PfuII (Fig. 1.5 C). Otomo et al. have successfully demonstrated this approach by isotope labeling a central segment of the 370-residue maltosebinding protein [71]. Three protein fragments were constructed for the two ligation reactions. The first fragment was a fusion protein of the N-terminal domain of the split target protein and the N-terminal split intein-1. The second segment consisted of the C-terminal split intein-1 (PI-PfuI), the central part of the split target protein fragment and the
N-terminal split intein-2 (PI-PfuII). The third segment contained the C-terminal split intein-2 fused to the C-terminal fragment of the split target protein. Ligation of the first
and the second fragment was facilitated by intein-1, while the second and the third fragments were ligated by intein-2. These ligation reactions were highly specific because two
different inteins were used. The second fragment was prepared in isotopically enriched
medium, and hence the ligated protein was isotopically labeled only in the central part.
The intrinsic limitation of this approach, as in the case of the IPL/EPL approach, is
the requirement for specific proximal residues near or at the ligation sites. In inteins, the
residues at the junction where ligation occurs are highly conserved because of the chemical mechanism and typically require either cysteine, serine, or threonine [72]. Therefore,
at least the N-terminal amino acid of the C-extein must be one of these residues, depending on which intein is used. In addition, the peptide sequence preceding the intein as
well as the sequence following the ligation site play an important role for the efficiency
of the protein-splicing reaction. For example, in the case of the DnaE intein, the five residues preceding the intein N-terminus and the three residues following the ligation site
must seem to be native extein residues in order to achieve efficient splicing [73]. However, these sequential and structural determinants are presently not well understood for
all known inteins. Otomo et al. have speculated that the flexibility of the junction region
could be one of the important factors for ligation with PI-PfuI. Such requirements would
restrict the position of ligation sites, probably to (flexible) linker regions.
One advantage of the split intein over the IPL/EPL approach is the direct use of intein
splicing activity, eliminating the requirement for additional thionucleophiles such as thiophenol. An another potential advantage is the ability to perform multiple ligations in a
one-pot process, greatly simplifying the reaction procedure for the ligation of several fragments. In contrast, the IPL/EPL approach requires ligation reactions to be performed sequentially for multiple fragment ligations.
Although the use of split inteins for segmental isotope labeling has great potential, the
number of inteins which have been adapted to this purpose is currently limited. Additional difficulties arise from the fact that the determinants influencing the success of an
intein splicing reaction are not well understood. Moreover, the refolding requirements of
split inteins could hinder its use as a general method for the ligation of protein fragments. Hence, further biochemical characterization of inteins is required for the advance
of intein-mediated protein ligation methods.
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1.4.2

Stabilizing Proteins by Intein-Mediated Backbone Cyclization

Limited protein stability often hampers successful structure elucidation by X-ray crystallography and/or NMR spectroscopy. Relaxation properties are usually improved at elevated
temperatures, and multidimensional NMR experiments require sample lifetimes to extend over several days to weeks in order to acquire all the necessary data. In addition, the
activity of contaminating proteases that are sometimes present in purified samples can
be significant at the experimental temperatures. Therefore, the stability of a target protein can be a concern, in particular for expensive isotope-labeled proteins.
There have been many attempts to improve protein stability and protein properties, utilizing methods such as random mutagenesis, directed evolution, and rational protein design approaches. In general, these methods are far from straightforward and can be
time-consuming. In addition, the stabilization of proteins without loss of function is not
a trivial problem.
One new approach to stabilizing proteins without changing the primary sequence is to
introduce backbone cyclization [74]. No mutations in the primary sequence are introduced by this method, although it might be necessary to insert a flexible linker comprising several residues to join the termini [74–76]. Polymer theory by Flory predicts an improvement in protein stability upon cyclization, because the entropy of the unfolded
states should be reduced [77]. Backbone cyclization has long been used for small peptides to reduce the accessible conformational space. Recent advances in intein technology
have opened up a new avenue for the cyclization of large proteins, because these proteins can be produced with recombinant techniques in bacterial expression systems [74,
76]. Cyclized proteins can be produced either in vitro or in vivo, as discussed in the following two sections. Statistical analysis of the structure database reveals that more than
30% of all known proteins might have termini in relatively close proximity, and hence
the use of backbone cyclization to stabilize proteins has a good chance of success even in
cases where the structure is not yet known [78].
1.4.2.1 In vitro Cyclization of Proteins

The IPL/EPL method described in Sect. 1.4.1.1 can be used for cyclization of the backbone polypeptide chains of proteins simply by introducing a nucleophilic thiol group at
the N-terminus of the protein (Fig. 1.4 B, 1.6 A). This can be achieved either by creating
an N-terminal cysteine by removing residues at the front of the cystein by specific proteolysis or by introducing a cysteine right after the methionine start codon, which is then removed enzymatically in vivo [74, 76]. Another method is to use the so-called TWIN system developed by New England Biolab, in which the target protein is fused into the middle of two different modified inteins (Fig. 1.6 B). The N-terminal nucleophilic cysteine is
produced by an intein fused to the N-terminus of the target protein. At the same time
the C-terminus can be transformed into the corresponding thioester by another intein
fused to the C-terminus of the target protein [79]. This system circumvents the requirement for a specific proteolytic site in order to create the N-terminal cysteine, thereby simplifying the cyclization procedure.

A IPL/EPL cyclization with the IMPACT system, B backbone cyclization using the TWIN system, C backbone cyclization with split
inteins. CBD stands for chitin-binding domain. N-termini are indicated by NH2.

Fig. 1.6
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The biggest problems associated with in vitro cyclization methods using the IPL/EPL
or the TWIN system are competing intermolecular reactions such as polymerization and
hydrolysis, which complicate purification as well as reduce yields [74, 79].
1.4.2.2 In vivo Cyclization

The principle of in vivo cyclization is based on the circular permutation of precursor proteins containing an intein (Fig. 1.6 C) [74, 75, 80, 81]. A naturally occurring split intein,
DnaE from Synechocystis sp. PCC6803, was first successfully used for cyclization. However, similarly to the IPL/EPL approach, a mixture of linear and circular forms is obtained, presumably because of hydrolysis of an intermediate [73, 75]. On the other hand,
artificially split inteins such as PI-PfuI, DnaB, and the RecA intein have been successfully applied for in vivo cyclization, and only circular forms were observed [80–82], suggesting that the circular permutation approach is more suitable for cyclization. Compared to the IPL/EPL or the TWIN system, in vivo cyclization does not require any external thiol group for cyclization, similarly to protein ligation with split inteins. Moreover,
there are no undesired products, such as linear forms or polymers, originating from intermolecular reactions.
1.4.2.3 Stability Enhancement by Backbone Cyclization

The effect of backbone cyclization was originally tested on BPTI, but no stabilization effects were observed, presumably because the three disulfide bridges reduce entropic
gains [83]. Nevertheless, intein-mediated backbone cyclization has opened the way to a
study of cyclization effects on protein stability (including membrane proteins) in more
detail. Experimentally improved thermal and/or chemical stability has been shown to
result from backbone cyclization of a range of proteins, including b-lactamase, DHFR,
E. coli IIAGlc, a destabilized mutant of SH3 domain and the N-terminal domain of DnaB
[74, 75, 81, 82, 84]. An additional advantage imparted by backbone cyclization is essentially complete resistance to exopeptidases.
1.5

Alternatives to E. coli Expression Systems

Structural biology and the structural understanding of the genome, popularly called
structural genomics, play an increasingly important part in drug discovery today. Fast
and reliable protein expression tools are therefore of prime importance. To this end, the
choice of protein expression systems has become increasingly important. While in the
not so distant past, only Escherichia coli-based expression was used, today a variety of expression systems have been developed ranging from Archaebacteria to mammalian expression vectors. Needless to say, there is no universal expression system, and hence it is
often necessary to balance various parameters to achieve optimal expression. For instance, considering the cost of isotopically enriched media, it can be advantageous to sacrifice some native characteristics of a recombinant protein in order to benefit from the
higher yields that can be achieved in a more basic expression system. In contrast, specific modifications of the target protein (e. g. glycosylation) predominantly occur in certain
cell types, which therefore require the development of special expression vectors.

1.5 Alternatives to E. coli Expression Systems

Here, we describe the various alternatives to the use of E. coli expression hosts for heterologous gene expression. Advantages and disadvantages for the different expression systems are discussed, and practical aspects of expression technologies are also described.
The feasibility of isotope labeling of recombinantly expressed proteins and their potential
use for NMR is also discussed, since the costs and quantities of recombinant proteins
produced depend on the system being used.
1.5.1

Expression Vectors

Traditionally, prokaryotic expression, especially employment of E. coli-based vectors, has
been the system of choice. However, bacteria are unable to provide many vital components required for post-translational modifications including various forms of glycosylation or lipid attachment and protein processing, all of which can also be important for
proper protein folding. For this reason, it is not surprising that much time and effort has
been dedicated to the development of alternative systems, summarized in Tab. 1.2.
1.5.1.1 Halobacterium salinarum

Archaea are interesting organisms in the sense that they represent a phylogenetically distinct group of Prokarya, which is as distantly related to Eubacteria as to Eukarya [85]. H.
salinarum, the best characterized Archaeon harbors a purple-colored plasma membrane
consisting of a complex of one protein, bacterio-opsin (Bop) and its chromophore retinal
in a 1:1 ratio [86]. The complex was named bacteriorhodopsin, and it forms typically
highly ordered two-dimensional structures in the purple membrane, which allowed its
purification and the determination of a high-resolution structure [87]. Recently, a system
for heterologous gene expression was constructed for H. salinarum [88]. Fusion constructs between the Bop gene and heterologous sequences have been introduced into the
H. salinarum expression vectors as follows: (i) C-terminally tagged bacteriorhodopsin [88];
C-terminal fusion with (ii) the catalytic subunit of E. coli aspartate transcarbamylase [88],
(iii) the human muscarinic M1 receptor [88], (iv) the human serotonin 5-HT2c receptor
[88], (v) the yeast a-mating factor Ste2 receptor [88]. The Bop-transcarbamylase fusion
was well expressed, generating yields of 7 mg receptor per liter of culture. However, introduction of tags at the C-terminus of the Bop gene significantly reduced its expression
levels. This was partly because of a decrease in Bop-fusion protein mRNA levels compared to the wild-type Bop. More dramatically, expression studies of fusion constructs between the Bop gene and mammalian GPCRs (G protein-coupled receptors, human muscarinic M1 receptor, platelet-activating receptor and angiotensin-1 receptor) failed to detect fusion protein expression detected by Western blotting [89]. In this case, coding region swaps between Bop and GPCRs improved RNA yields and resulted in detectable levels of Ste2 receptor. These results suggest that H. salinarum can be considered as a potentially interesting alternative. The simple and rapid large-scale culture technology is attractive; however, improvements are still required concerning heterologous gene expression. In addition, questions related to codon usage and fusion construct optimization
need to be properly addressed.

21

22

1 Modern Methods for the Expression of Proteins in Isotopically Enriched Form
Tab. 1.2 Features of expression systems

Vector

Advantage

Disadvantage

Halobacterium salinarum

Rapid expression
Colorimetric expression
Easy scale-up

Cloning and transformation complicated
Requires fusion protein strategy
Lack of post-translational modifications

E. coli

Rapid cloning procedure
High expression levels
Easy scale-up

Toxicity of foreign membrane proteins
Lack of post-translational modifications

Saccharomyces cerevisiae

Good secretion machinery
Post-translational
modifications
Easy scale-up

Selection procedure required
Tendency to overglycosylation

Schizosacharomyces pombe

Genetics well understood
Mammalian promoters
applicable

Selection procedure required

Pichia pastoris

High GPCR expression
levels

Selection procedure required

Baculovirus

Improved procedure
Infection of insect cells
High expression yields

Relatively slow virus production
Different post-translational processing

Stable mammalian

High authenticity
Large-scale set up

Slow procedure to generate cell lines
Low recombinant protein yields
Stability problems

Transient mammalian

High authenticity
Relatively fast methods

Scale-up difficult
Transfection methods cell line-specific

Semliki Forest virus

Rapid virus production
Broad host range
Extreme yields of receptors
Large-scale technology
established

Safety concerns

Thick cell wall complicates purification

1.5.1.2 Saccharomyces cerevisiae

Yeast expression vectors have been among those most commonly used since the beginning
of gene technology. Vectors based on baker’s yeast, Saccharomyces cerevisiae, have been especially popular for robust expression of many types of recombinant proteins [90]. For instance,
the first commercially available recombinant vaccine, the hepatitis B surface antigen vaccine,
was produced from an S. cerevisiae vector [91]. Many other recombinant proteins have also
been efficiently expressed in yeast including a1-Antitrypsin [92], insulin [93], Epstein-Barr
virus envelope protein [94], superoxide dismutase [95] and interferon-a [90].
The genetics and fermentation technology of S. cerevisiae are well characterized. Several
strong yeast promoters like alcohol dehydrogenase (ADH1), galactose (GAL1/GAL10),
3-phosphoglycerate kinase (PGK) and mating Factor-a (MFa1) have been applied as well
as the selection marker genes b-isopropylmalate (LEU2) and oritidine 5'-decarboxylase
(URA3) [90]. Among transmembrane proteins, the S. cerevisiae a-Factor receptor Ste2p
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has been expressed with C-terminal FLAG and His6 tags [96]. Ste2p belongs to the family
of GPCRs with a 7-transmembrane topology. Yields of up to 1 mg of almost homologous
receptor were obtained, and the purified receptor was reconstituted into artificial phospholipid vesicles. However, restoration of ligand-binding activity required the addition of
solubilized membranes from an Ste2p negative yeast strain. Also, the human dopamine
D1A receptor was expressed with C-terminal FLAG and His6 tags in S. cerevisiae, which
allowed for purification and reconstitution of receptor [97].
1.5.1.3 Schizosaccharomyces pombe

Another yeast strain that has received much attention as an expression host is the fission
yeast Schizosaccharomyces pombe. In contrast to S. cerevisiae, no budding occurs, and the
yeast only reproduces by means of fission and by spores [98]. Two types of expression
vectors have been developed for S. pombe. The chromosomal integration type of vector
maintains the foreign gene stably in the chromosome [99], and the episomal vector replicates autonomously in yeast cells [100]. Some mammalian promoters like the human
chorionic gonadotropin and CMV promoters are functional in S. pombe [101]. The fission
yeasts possess many similar features to mammalian cells. S. pombe has a signal transduction system similar to the mammalian G protein-coupling system [102], and the mammalian endoplasmatic reticulum retention signal KDEL is also recognized [103]. The glycosylation pattern for S. pombe is also different from that of S. cerevisiae and other yeast species.
A wide range of mammalian proteins have been expressed in S. pombe. In a successful
example, the human lipocortin I comprised 50% of the total soluble proteins in yeast
cells and showed high activity, indicating that the post-translational modifications were
mammalian-like [104]. Membrane proteins including cytochrome P450 were expressed at
ten times the levels of those in other yeast systems [105]. Also, GPCRs have been expressed in S. pombe, where the human dopamine D2 receptor was correctly inserted into
the yeast cell membrane and demonstrated expression levels three times those of S. cerevisiae [106].
1.5.1.4 Pichia pastoris

The methylotrophic yeasts including Pichia pastoris, Hansenula polymorpha and Kluyveromyces lactis have become potentially attractive expression hosts for various recombinant
proteins [107]. In addition to the relative ease with which molecular biology manipulations can be carried out, P. pastoris has demonstrated a capacity for performing many
post-translational modifications such as glycosylation, disulfide bond formation and proteolytic processing [108]. P. pastoris utilizes the tightly methanol-regulated alcohol oxidase
1 (AOX1) promoter, and the vector is integrated as several copies into the yeast host genome. When human insulin was expressed in P. pastoris, the secretion was comparable
to that obtained for S. cerevisiae. Peptide mapping and mass spectrometry confirmed
identical processing of human insulin in yeast and mammalian cells. P. pastoris has also
been used as a host for expression of GPCRs [109]. The mouse 5-HT5A receptor and the
human b2-adrenergic receptor were fused to the prepropeptide sequence of the S. cerevisiae a-factor, which enhanced the expression levels by a factor of three. Multiple chromosomal integrations further improved the expression twofold. In the case of the b2-adre-
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nergic receptor, addition of the antagonist alprenol to the culture medium increased the
number of specific binding sites. A similar but weaker effect was seen for the 5-HT5A receptor after addition of yohimbine. The binding activity for the b2-adrenergic receptor
and the 5-HT5A receptor were 25 pmol and 40 pmol, respectively, per milligram of membrane protein. The pharmacological profiles assayed by ligand-displacement analysis were
similar to those obtained from receptors expressed in mammalian cells.
1.5.1.5 Baculovirus

Heterologous gene expression has been studied to a great extent in insect cells with the
aid of baculovirus vectors. The popularity of the baculovirus system is mainly due to the
high expression levels obtained for various recombinant proteins resulting from the use
of strong viral promoters [110]. Generally, heterologous genes are expressed from the
polyhedrin promoter of Autographa californica in several insect cell lines such as Spodoptera frugiperda (Sf9), Trichoplusia ni (Tn), Mamestra brassicae and Estigmene acrea [111].
Although baculovirus vectors have been used for expression of various mammalian recombinant proteins, a limitation has been the differences in the N-glycosylation pathway
between insect and mammalian cells. However, Estigmene acrea cells can produce a similar glycosylation pattern as occurs in mammalian cells [112]. Moreover, modifications of
baculovirus vectors by replacing the polyhedrin promoter with a CMV promoter made it
possible to carry out expression studies in mammalian cell lines [113]. Using this socalled BacMam system, milligram quantities of a cellular adhesion protein (SAF-3) could
be produced in CHO cells [114]. Baculovirus vectors have been used extensively to express GPCRs and ligand-gated ion channels [115]. Expression levels up to 60 pmol receptor per milligram have been obtained, which has led to relatively efficient purification
procedures. In attempts to further enhance the expression level of the b2-adrenergic receptor, an artificial sequence was introduced, which resulted in approximately double the
receptor levels in insect cells [116].
1.5.1.6 Transient Mammalian Expression

Several approaches have been taken to develop efficient transient mammalian expression
systems. The most straightforward process has been to engineer expression vectors with
strong promoters. Relatively high expression levels for cytoplasmic and even some transmembrane proteins have been obtained in adherent cells on a small scale. However, a
major problem arises in the scale-up of these growth procedures, which are also relatively expensive [117]. In spite of this difficulty, transient transfection experiments using
a modified calcium-phosphate coprecipitation method have been carried out in HEK293
EBNA cells adapted to suspension cultures grown on a 100 L scale [118]. More than 0.5 g
of a monoclonal antibody was produced from this system, although similar methods
have yet to be developed for receptor expression.
1.5.1.7 Stable Mammalian Expression

Generation of various cell lines (BHK, CHO and HEK293) with the target gene inserted
downstream of a strong promoter into the genome is a common approach to achieve overexpression in mammalian hosts. However, one drawback is the time-consuming procedure
involved in the establishment of stable cell lines, which generally requires 6–8 weeks. Other
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problems associated with this approach are related to the relatively low expression levels and
the instability of generated cell lines. These issues have been addressed by engineering inducible expression systems, which are usually based on tetracyclin-based regulation (Tet onoff systems) [119]. A highly interesting development has been the generation of a cold-inducible expression system based on the Sindbis virus replicon [120]. Because of a point mutation in one of the replicase genes, the viral replicase complex is totally inactive at 37 8C,
whereas a shift in temperature below 34 8C results in high replication activity and high levels of heterologous gene expression. Using this approach, the serotonin transporter gene,
characterized by its low expression levels in any system tested, generated reasonable yields
(approximately 250,000 copies per cell) [121].
1.5.1.8 Viral Vectors

The two common features that have made viral vectors attractive for recombinant protein
expression are their high infection rates for a broad range of mammalian cell lines and
their strong promoters. Adenovirus vectors have shown high expression levels in, for instance, human embryonic kidney (HEK293) cells, but their use has been to some extent
restricted by the fairly complicated virus generation procedure [122]. Another potentially
useful class of viruses are the poxviruses. Recombinant gene expression of herpes simplex virus thymidine kinase (TK) has been established for vaccinia virus vectors [123].
Moreover, the engineering of a hybrid bacteriophage-vaccinia virus vector by applying the
T7 promoter has simplified and broadened the use of pox virus-based expression systems
[124]. However, vaccinia vectors are still quite complicated to use for rapid recombinant
protein expression, and they have instead found applications in the field of vaccine development. Alphavirus vectors have proven to be highly efficent for heterologous gene expression. Both Semliki Forest virus- (SFV) [125] and Sindbis virus-based [126] expression
vectors have been engineered to rapidly generate high-titer recombinant particles, which
are susceptible to a broad range of mammalian cell lines and primary cells in culture
[127]. Typically, both GPCRs and ligand-gated ion channels have been expressed at extreme levels, i. e. up to 200 pmol receptor per milligram protein [128]. Large-scale SFV
technology has been established, which has generated large quantities of, for instance,
mouse serotonin 5-HT3 receptor, purified to homogeneity and subject to structural characterization [129]. Moreover, several GPCRs have been expressed at levels of 5–10 mg receptor yields per liter suspension culture of mammalian host cells [130], which has provided material for large-scale purification.
Comparison of Expression Systems
Comparison between different systems for transmembrane protein expression are always
difficult to make, and they obviously reflect individual needs and are strongly influenced
by personal experience. It is, however, important to define the usefulness of each system
by taking into account different aspects such as ease of handling, expression levels, time
and labor requirements, safety, costs, and the quality of the produced recombinant protein (Tab. 1.3).
Obviously, prokaryotic systems are easy to use, the costs for their large-scale applications are low, and no safety risks are involved. The drawbacks are their limited capacity
for post-translational modifications and generally low yields of complex mammalian
1.5.2
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Tab. 1.3 Application of expression systems for mammalian membrane proteins

Vector

Handling

Expr./Scale-up Authenticity

Time/Labour

Safety

Costs

Halobacterium
salinarum
E.coli
Saccharomyces
cerevisiae
Schizosacharomyces pombe
Pichia pastoris
Baculovirus
Stable
mammalian
Transient
mammalian
Semliki Forest
virus

Easy

Low/easy

Short/easy

High

Low

Easy
Rel. easy

Moderate/easy Low
High/easy
Mod.

Short/easy
Mod./mod.

High
High

Low
Mod.

Rel. easy

High/easy

Mod.

Mod./mod

High

Mod.

Rel. easy
Mod.
Difficult

High/easy
High/mod.
Low/difficult

Acceptable
Rel. high
High

Mod./mod
High
Mod./mod.
High
Long/intensive High

Mod.
Rel. high
High

Difficult

Mod./difficult High

Mod./mod.

High

High

Easy

Extreme/easy

Short/easy

Of
concern

High

Low

High

transmembrane proteins. Yeast expression systems are competitive with bacterial vectors
with respect to scaleability, costs and safety. Although the time required from gene construct to expressed recombinant protein is slightly longer, the yields are significantly
higher. Yeast can also provide some post-translational and protein-processing capacity,
although not identical to mammalian cells. The thick yeast cell wall is of some concern,
because it makes the purification of intracellular and transmembrane proteins more complicated. Baculovirus vectors have the advantages of high expression levels in insect cells
and the fairly simple though more expensive scale-up procedure. Needless to say, the optimal host for expression of mammalian transmembrane proteins from the viewpoint of
a molecular biologist must be mammalian cell lines. Obviously, the drawbacks with the
conventional transient or stable expression approaches have been the labor intensiveness
and time-consuming procedures. The yields have also been disappointingly low and the
costs for large-scale production high. Viral vectors are therefore potentially very attractive
because of their high capacity for gene delivery and extreme expression levels of heterologous genes. Naturally, viral vectors always pose a higher safety risk of possible infection
of laboratory personnel. Not only have the rapidly generated replication-deficient SFV vectors been demonstrated to be free from any contaminating replication-proficient particles,
but also the amounts of residual infectious particles associated with cells or even in the
medium are negligible [131]. Today the SFV system is classified as BL1 level in several
European countries (Germany, Finland, Sweden, Swizerland, UK) but is currently BL2 in
the United States. Moreover, the broad host range provides an additional opportunity for
the study of gene expression and protein processing in several mammalian host cell lines
in parallel. Evidently, large-scale cultivation of mammalian cells is more expensive than
bacterial or yeast cell equivalents, but these costs are significantly reduced by using a serum-free medium for suspension cultures.

1.5 Alternatives to E. coli Expression Systems

1.5.3

Isotope Labeling and NMR

Recent developments in technologies within structural biology should also play an important part for transmembrane proteins. The potential to incorporate stable isotopes would
facilitate structure determination by NMR techniques. Although NMR technologies were
long considered to be applicable only to smaller proteins, the development of transverse
relaxation-optimized spectroscopy (TROSY) has made it possible to use NMR for larger
proteins also [5], even integral membrane proteins. For example, the OmpX and OmpA
integral membrane proteins of E. coli were labeled with 13C/15N/2H isotopes and overexpressed as inclusion bodies in bacterial cells. After solubilization in 6 M Gdn-HCl and reconstitution in detergent micelles, solution NMR techniques could be used to identify
regular secondary structural elements [132].
Proteins that require non-E.coli expression systems are generally too large in size to be
used for NMR studies without uniform 15N, 13C and and sometimes 2H labeling. Hence,
when using the expression systems described in this chapter, it is important to ensure
that cells can be grown on defined, isotopically enriched media. This fact at the moment
excludes, for example, the use of fetal calf serum. However, special isotope-enriched defined media are available from commercial suppliers which present fully rich, serum-free
(protein-free) media at reasonable costs containing labeled amino acids and carbohydrates and which can be used to effectively express heterologous proteins in insect cells
applying the baculovirus vector system [133]. Similarly, rich media are also available for
expression in S. cerevisiae [134]. Conversely, the methylotropic yeast P. pastoris can be
grown on minimal media, facilitating its use as a potential host for isotope labeling. In
fact, there have been a number of successful examples where P. pastoris was used to produce isotopically enriched samples for solution NMR studies, including a cysteine-rich
glycosylated domain of thromobomodulin [135], a glycosylated EGF module [136], domains from rat calretinin [137], and tick anticoagulant peptide [138]. Even more importantly, it was shown that expression in yeast enables the production of heterologous proteins in deuterated form [139], which would be very difficult or even impossible to
achieve in mammalian expression systems because of the cell toxicity of deuterated
water. Similarly, H. salinarum can easily be grown in D2O and on the above-described algae hydrolyzates. Moreover, residue type-specific labeling is possible in this host [26]. Examples of proteins expressed in this host in isotopically labeled form can be found in the
literature, e. g. Refs. [25] and [140]. In order to obtain proteins with more native-like glycosylation patterns, CHO mammalian cell expression systems have also been developed
for NMR sample generation [141–143]. However, the requirement for rich media in
mammalian cell-based expression systems combined with difficulties associated with generating high expression levels have to date prevented a more widespread utilization for
NMR. Nonetheless, considering the range of proteins that may be inaccessible to E. colibased expression systems as well as the potential information that can be gained by
studying the native-like post-translationally modified forms of proteins, the adaptation of
heterologous protein expression systems to the purpose of isotope labeling for solution
NMR clearly requires further development.
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Reconstitution of GPCRs in appropriate membrane mimetics or membrane preparations is still very difficult, and success requires efficient expression systems to yield enough protein material. As large quantities of an increasing number of recombinant proteins become available, it will be possible to develop techniques for solubilization, purification and reconstitution in a high-throughput format. The first global structural genomics project for membrane proteins, MePNet (Membrane Protein Network) was recently
initiated with the aim of comparing the overexpression of 100 GPCRs in three systems
based on E. coli, P. pastoris and SFV vectors [144]. The goal of this three year program is
to verify the expression levels for the 100 targets and establish platforms for solubilization, purification and crystallization technologies which should form a solid base for obtaining novel high-resolution structures of GPCRs. Technological developments arising
from this initiative should also benefit the field of solution and solid-state NMR.
1.5.4

Target Proteins

The choice of expression system is to a large extent dictated by the type of target protein.
In general, many soluble proteins, which are fairly easy to express and have a low molecular weight, are efficiently expressed from bacterial vectors. As a rule of thumb one can
suggest that E. coli-based expression should be used whenever possible. However, E. coli
vectors are not suitable for expression of many authentic mammalian transmembrane
proteins. Additionally, the near-completion of the human genome sequence has revealed
a multitude of genes as potential targets for structural analyses. Many of these include
transmembrane proteins, whose properties quite often make them more difficult to express. Many of these transmembrane proteins, including receptors and channels, are important targets for drug discovery. GPCRs alone stand for approximately 50% of drug targets today. Moreover, a quarter of the top 200 drugs in the United States are based on
GPCRs, and the annual sales in 2000 reached more than 18.5 billion US$ [145]. It is
therefore understandable that so much interest has been focused on transmembrane proteins today. At present, it is possible to express complicated transmembrane receptors in
several vector systems at reasonably high levels, cost-effectively in a near-to-native state.
As more recombinant proteins become available, the solubilization, purification and crystallization for NMR technology can also be developed, which will contribute to the
achievement of rates of structure determination similar to those common for soluble proteins today. However, the determination of high-resolution structures of membrane proteins, and particularly mammalian ones, has been modest compared to soluble proteins
(Tab. 1.4). Recently, methodological advances in NMR spectroscopy have significantly
raised the size limit amenable to NMR investigations, and hence membrane protein
structures determined by NMR have also appeared in the literature. The outer membrane protein A from E. coli was reconstituted in DPC micelles and the structure determined by heteronuclear multidimensional NMR [146]. Similarly, the structure of the outer membrane protein OmpX was elucidated in DHPC micelles [147]. Both proteins were
expressed in E. coli. However, in the case of OmpA, a series of selectively 15N-labeled
samples was prepared, whereas in the case of OmpX, spectroscopy was performed on a
single triply 2H,13C,15N-labeled sample. The best successes have been achieved when it
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was possible to isolate proteins from their natural sources instead of using recombinantly expressed forms. The results have been particularly poor for GPCRs, and the only
example of a mammalian 7-transmembrane protein for which a high-resolution structure
has been obtained is bovine rhodopsin [148].
1.6

The Use of Cell-Free Protein Expression for NMR Analysis

The expression of proteins usually requires optimization by trial and error, since conditions leading to production of high yields of active protein are difficult to predict. Therefore, additional time-consuming steps are often involved that may require changes in the
choice of expression system, of reaction conditions, and of tests for the expression of protein sub-domains. In structural genomics programs this problem was rapidly identified
as a major bottleneck, since high-throughput production of soluble proteins in milligram
amounts is essential for success. Hence, systems that allow rapid, productive expression,
are easy to manipulate, and can be run in a parallel format are highly desired in order to
rapidly screen for the best conditions.
Until recently, cell-free protein expression (also sometimes erroneously named in vitro
protein expression) did not exhibit the productivity required for preparation of NMR samples, especially considering the high cost of using isotopically labeled starting material.
Rather, it was exclusively used as an analytical tool that served to verify correct cloning or
to study promotor sites. Because of the very low yields, detection of the expressed product usually required incorporation of a radioactive label (usually via 35S-methionine).
This situation changed fundamentally when Spirin published his substantial improvements in 1988 that resulted in much higher product yields [149]. He developed a set-up
in which the coupled transcription/translation reaction could be continuously supplied
with all the essential low-molecular-weight components (nucleotides, amino acids, energy
components) while maintaining a constant reaction volume by continuously removing
the product through a membrane (continuous-flow cell-free system, CFCF). Under these
conditions, the system would remain active for more than 1 day, in contrast to the usual
upper limit of 2 h which was observed in the conventional batch system. The prolonged
expression period indicated that sufficient amounts of all factors necessary for translation
were still available in the system, although the membrane clearly allowed the leakage of
at least some of them. Soon, these findings were used to run the reaction in a more robust dialysis mode, keeping the reaction volume constant while feeding the system with
all necessary low-molecular-weight consumables.
In the following years the productivity of the method was tremendously improved, so
that milligram amounts of protein per milliliter of reaction mixture could be obtained
[150–154]. This finally opened the door to cell-free protein expression to be used for the
production of isotopically enriched proteins suitable for NMR analysis. However,
although widely considered to be a promising method for labeling proteins at specific positions and therefore facilitating the process of chemical shift assignment as well as reducing spectral overlap [155, 156], in fact it was used in very few laboratories worldwide.
This was mainly due to the fact that the preparation of the lyzate was tedious and the expression levels of each batch varied from lot to lot.
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Recently, a system for cell-free protein production has became commercially available
(the Rapid Translation System, RTS) [157]. In the following sections this system will be
described, and advantages as well as limitations will be discussed.
1.6.1

The Cell-Free Protein Expression System RTS

The RTS system includes two different technology platforms for cell-free protein expression as well as a number of tools for finding optimal conditions (Scheme 1.1). All expression systems use the T7-polymerase for transcription and an E. coli lyzate with reduced
nuclease and protease activity for translation. The conditions are optimized for a coupled
transcription/translation reaction so that the DNA can be directly used as the template.
The first platform (RTS 100 HY) is designed as a screening tool. It uses the batch format, so that the reaction time does not exceed 3 h. In particular, in the RTS 100 HY system the exonuclease activity is reduced, so that the direct use of PCR-generated DNA
templates is possible. To facilitate the generation of the PCR templates there is a special
product available (linear template kit), which introduces all regulatory elements [T7-promotor, gene10 enhancer sequence and the Shine-Dalgarno (RBS) sequence]. Consequently, RTS 100 HY can be used for the rapid evaluation of the best template, without
spending time with cloning, and for optimization of the reaction conditions (e. g. temperature, choice of additives like detergents, chaperones etc.). In addition, a bioinformatic
tool (the program ProteoExpert) facilitates the process of designing the optimal template
by analyzing and improving the secondary structure of the corresponding mRNA (without changing the amino acid sequence of the protein).

Scheme 1.1

From gene to protein structure via cell-free protein expression.

1.6 The Use of Cell-Free Protein Expression for NMR Analysis

Device of the RTS 500 format using the Continuous Exchange
Cell-Free principle.

Fig. 1.7

The second platform (RTS 500 HY) is designed for the production of proteins on a preparative scale. It is based on the CECF principle and utilizes a device with two chambers
(Fig. 1.7). This design, with a proper choice of reaction conditions, gives a reaction time
of 24 h, yielding up to 6 mg of protein per ml. A scaled-up version is also available (RTS
9000 HY), providing up to 50 mg protein per run.
In all formats, the amino acids are supplied separately, so they can be conveniently exchanged for labeled ones.
1.6.2

From PCR Product to

15

N-Labeled Protein

As an example of how cell-free protein expression can be used to rapidly generate a protein sample suitable for NMR analysis, an SH3-domain (8 kDa) was expressed using the
RTS system [158]. Since it was initially found that the yield using a template carrying the
wild-type sequence was too low, the sequence of the template was analyzed using the
ProteoExpert program. The suggested sequences were subsequently evaluated by running
expressions in the batch mode (RTS 100) using PCR-generated templates (linear template kit). As a result, all ten test sequences showed significantly higher yields than those
with the original wild-type RNA template (data not shown). One of these was selected
and ligated into the TOPO Cloning vector (Invitrogen Corp.) for expression in RTS
500 HY. Comparison with expression levels obtained with the wild-type template showed
that also by using a circular template the yield could be improved more than fivefold
(Fig. 1.8), resulting in approximately 3 mg product/mL reaction mix. In the next step,
uniformly 15N-labeled protein was produced by using a mixture of 15N-labeled amino
acids. Expression levels of the 15N-labeled reaction were identical to the first reaction performed with unlabeled amino acids. The product was purified to homogeneity, and a
[15N,1H]-HSQC spectrum was obtained (Fig. 1.9) to confirm the overall integrity of the
protein fold.
For the residue-type assignment of the cross peaks, the SH3 domain was expressed
with specifically labeled glycine or arginine residues by using amino acid mixtures where
only Gly and Arg were 15N-labeled. Again, yields for the labeled proteins were identical
to those of the unlabeled product. Analysis of the corresponding [15N,1H]-HSQC spectra
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Fig. 1.8 Western blot analysis (via His6-tag) of the expression of the SH3 domain using the wild-type DNA-sequence (lanes 1 and 2) or the optimized DNAsequence (lanes 3 and 4). On lanes 1 and 3 0.25 lL DNA were loaded on the
gel, while on lanes 2 and 4 0.125lL were applied.

[15N,1H]-HSQC spectrum of 15N-uniformly labeled SH3 domain (A) and of a sample selectively
labeled with only 15N-Gly (B) or 15N-Arg (C).

Fig. 1.9

(Fig. 1.9) verified that the numbers of cross peaks for the 15N-Gly as well as for the 15NArg labeled protein were identical to the predicted ones (10 for the 10 Gly and 6 for the
3 Arg, respectively). Importantly, no scrambling of the 15N-labels could be detected. All
cross peaks were contained in the [15N,1H]-HSQC spectrum of the uniformly labeled protein (Fig. 1.9) and no additional signals occurred. Therefore, by simply overlaying the
HSQC spectra, the cross peaks belonging to the glycine and the arginine residues could
be readily assigned.

1.6 The Use of Cell-Free Protein Expression for NMR Analysis

1.6.3

Discussion and Outlook

This example demonstrates how cell-free protein expression can be used to rapidly optimize the reaction conditions as well as to shorten the time for spectral assignments by
producing individually labeled proteins.
To discuss in general the applicabilities of cell-free protein expression technology [159],
two features are most valuable. First, only the protein of interest is produced, because the
highly active T7-polymerase is used for translation. Consequently, labeled amino acids
are almost exclusively incorporated into the newly produced protein. Since the labeled
amino acids can be supplied as a mixture or added individually, the time for assigning
the cross peaks to the particular amino acid(s) can be significantly reduced. This
approach will enable partial assignments to be made in molecules that are far too large
to allow spectral assignments from uniformly labeled protein by classical methods.
The second important feature is that cell-free protein expression can be considered as
an “open system”, meaning that no lipid membrane barriers are present. Consequently,
chemicals, proteins (e. g. chaperones) as well as PCR-generated templates can be added
directly to the reaction solution. Even major changes of the reaction conditions are possible (e. g. using a redox system to produce active proteins containing correctly formed disulfide bonds [160]). These features, as well as the ease of sample handling, dramatically
reduce the time for optimizing the expression conditions (in fact, pipetting robots can be
designed to run the reactions). Moreover, proteins can be synthesized which display cell
toxicity and which therefore can hardly be expressed in classical systems.
However, certain limitations do exist that need to be considered. Although enzymes
necessary for post-translational modifications can be added, in principle there is currently
no productive system available for the preparation of glycosylated proteins, although
some interesting results have already been obtained [161]. Also, the expression of functional membrane proteins in quantities necessary for structural analysis will be a challenging task for the future.
Nonetheless, the speed and flexibility of this emerging technology could provide the
key to meeting the demands of high-throughput structure determinations.
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