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Abstract 

A collective theme of the papers that make up this thesis is improving the efficiency of 

nuclear magnetic resonance (NMR) research. In the post-genomic era where many NMR 

spectroscopists are inundated with genomic and cellular data to work with, speeding up 

NMR sample production and experimental time is ever more important. Three methods 

are described in this thesis that reduce the time taken to obtain NMR data, and in doing so, 

also facilitate new applications. In total, five papers and one review are presented. 

Paper I is aimed at examining the binding mechanism of pyrin domains (PyD). This is 

achieved through studying the critical residues for self-association of the PyD from the 

inflammatory and cell-death signaling protein, ASC. An in vivo method was devised to 

track PyD filament formation, and the critical residues for filament formation were 

identified through site-directed mutagenesis. NMR spectroscopy was used to confirm the 

results in vitro and to ensure the structural fidelity of the mutants. 

Paper II presents a new method for calibrating NMR pulse lengths based on the concept 

of nutation spectroscopy. The method is performed in a single scan, making it many 

times faster than traditional procedures. The method was found to give the same 

accuracy as traditional procedures (-1%) and is robust and easy to automate. It is 

envisaged that it will become the new routine method for pulse calibration. 

Paper III describes SWET, a pulse sequence for solvent suppression on high-end 

spectrometers. SWET is resistant to radiation damping effects that become more 

prominent as spectrometer field strength and probe sensitivity increases. Therefore, in 

comparison, SWET was found to give similar solvent suppression but better selectivity 

than sequences susceptible to radiation damping, such as presaturation and WET. Also, 

solvent irradiation during evolution periods was found to significantly improve solvent 

suppression on high-field spectrometers, while having negligible effects on spectral 

appearance. 



Paper IV reviews current practical knowledge on using Escherichia coli cell-free protein 

expression systems to produce labeled proteins for NMR analysis. Cell-free protein 

expression confers many advantages for NMR spectroscopists over in vivo expression. 

The review describes the advantages and characteristics of cell-free protein expression 

relevant to isotopic labeling, as well as some applications. 

Paper V outlines a new labeling scheme to be used with cell-free protein expression. All 

19 amino acid types (proline excluded as it is not observable in '^N-HSQC spectra) can 

be assigned in the '^N-HSQC spectra of 5 samples. The whole procedure from sample 

production to assignment can be accomplished in two days. The experiment also reduces 

spectral overlaps. The technique was applied for the assignment of two proteins. 

Paper VI presents an advance that allows Escherichia coli cell-free protein expression to 

achieve the same yield using linear templates, such as those amplified from PCR, as for 

plasmid templates. The key is to construct linear templates with single-stranded 

overhangs which ligate upon addition to cell extracts. Besides saving time and cost in 

protein sample production, the advance has many practical applications. One example 

shown in the paper is that site-directed mutants could now be produced and ready for 

NMR analysis in less than a day. 
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1. General introduction 

The discovery of the phenomenum of nuclear magnetic resonance (NMR) dates back 

over 60 years (Bloch et al., 1946; Purcell et al., 1946). Much of the theoretical 

background of NMR is well understood and is described in textbooks (Abragam, 1961; 

Ernst et al., 1987; Goldman, 1988; Cavanagh et al., 1996). Applications of NMR, 

however, continue to expand particularly in biomolecular areas. The development of 

better instrumentation and more sophisticated molecular biology methods provides strong 

impetus for further progress. This thesis outlines new NMR techniques for modem 

spectrometers as well as applications of cell-free protein expression to sample production 

for NMR experiments. 

1.1 Background 

Nuclear magnetic resonance was first observed in independent experiments by Bloch and 

Purcell (Bloch et al., 1946; Purcell et al., 1946). It was quickly taken up by physicists as 

a model system for quantum mechanical theory. The theoretical treatment of NMR by 

statistical quantum mechanics is known for its elegance and comparative simplicity. 

Nevertheless, the full statistical quantum mechanics treatment is cumbersome for 

calculating the results of the complex pulse experiments used today. The concept of the 

product operator formalism provided a major simplification for calculations (Sorensen et 

a l , 1983). Spin mechanics can now be calculated by hand rather than requiring large 

computer matrix calculations. Relaxation effects are easily added as exponential factors 

(Cavanagh et al., 1996). This enables researchers to calculate the effects of pulse 

sequences rapidly and led to big improvements in pulse sequence design. 

Chemists first took up NMR for the study of solids and organic molecules. Early 

experiments employed continuous wave instruments. The development of Fourier 

Transform instruments was a tremendous improvement to NMR instrumentation (Ernst 



and Anderson, 1966). Recording times could be greatly reduced because the signal-to-

noise was much better and it opened up the possibility of manipulating nuclear spins 

using sequences of pulses, and subsequently, two-dimensional NMR (Ernst, 1975). The 

demonstration of these ideas earned Richard Ernst the 1991 Nobel Prize in chemistry. 

These developments were also instrumental for the first protein structure determination 

by NMR (Williamson et al., 1985; Kaptein et a l , 1985). NMR spectra of amino acids 

and peptides have been well studied since the 1960s. Protein spectra, however, were too 

complex for interpretation at the time. Research by Kurt Wiithrich's group showed that 

by using two-dimensional correlation spectroscopy, sufficient resolution could be 

obtained to assign all NMR resonances of a protein (WUthrich et al., 1982). This led to a 

strategy for de novo structure determination based on these sequential assignments. 

Nuclear Overhauser effect (NOE) measurements for distance information and scalar 

coupling measurements to obtain bond angle information (WUthrich, 1986). NOEs are 

the basis of almost all NMR structure determinations today. Prior to this accomplishment. 

X-ray crystallography was the only proven method for determining protein structures at 

the atomic level. 

The major limitation of NMR protein structure determination is a limit on molecular 

weight. Slow molecular tumbling and the spectral complexity of large proteins present 

major obstacles for NMR. Overcoming these issues has thus been a topical area for 

NMR research. The introduction of better molecular biology techniques and robust 

procedures for uniform '^N, '^C-labeling of proteins has been very useful in this regard 

(Ikura et al., 1990). The associated introduction of three and higher dimensional 

experiments provided the same jump in resolution as the transition from one- to two-

dimensional NMR (Ikura et al., 1990). 

The concept of TROSY, where magnetization pathways are selected in which dipole-

dipole (DD) and chemical shift anisotropy (CSA) relaxation destructively interfere, has 

also been vital for extending the molecular weight limit of NMR (Pervushin et al., 1997). 

It combines particularly well with protein deuteration which removes background dipolar 



relaxation (Kay and Gardner, 1997). The current largest monomeric protein structure 
solved by NMR is a low resolution structure of the 82 kDa malate synthase G (Tugarinov 
et al., 2005). 

The amount of information contained in NMR experiments means that NMR has also 
found applications in biomolecular research beyond three-dimensional structure 
determination. NMR has been particularly usefial for studies of protein folding, protein 
dynamics and protein ligand interactions, areas where X-ray crystallography cannot 
provide the same level of information (Lipari et al., 1982; Miranker et al., 1991; Balbach 
et al., 1996; Eberstadt et al., 1998; Liu et al., 2000; Klein-Seetharaman et al., 2002; 
Eisenmesser et al., 2005; Lindorff-Larsen et al., 2005; Oltersdorf et al., 2005; Sadqi et al., 
2006; Tang et al., 2006; Henzler-Wildman et al., 2007). 

1.2 Modern NMR instruments 

Modem NMR spectrometers are equipped with superconducting magnets producing 
highly homogeneous fields of up to 950 MHz (the first commercial 1 GHz NMR 
spectrometer will be installed this year). High magnetic fields confer useful advantages 
for NMR spectroscopists. Firstly, the magnitude of nuclear polarization and hence, 
signal-to-noise (S/N) in NMR experiments increase with the magnetic field strength to 

the power of 2.5 ( r, ) (Cavanagh et al., 1996). Therefore, a 20% increase in field 
JsJ 

strength provides an increase in S/N of 58%. Higher magnetic fields also afford better 
spectral resolution. To a first approximation, spectral dispersion increases linearly with 
magnetic field (Cavanagh et al., 1996). 

In contrast to the incremental S/N gains from magnetic field strengths, the introduction of 
cryogenic probes has provided a big leap in S/N for NMR experiments. The concept of 
cryogenic probes was first noted in 1976 by Hoult (Hoult and Richards, 1976). Due to 



the difficulty of cooling the radiofrequency (RF) circuitries to liquid helium temperatures 

while conforming to other stringent NMR probe requirements, the first experimental 

demonstration was not performed until 1984 (Styles et al., 1984). Commercial cryogenic 

NMR probes were launched in the late 1990s. In current cryogenic probes, both the 

preampher and the RF coil circuitries are cooled to -15-30 K. Thermal noise in the 

electrical circuits is thereby minimized. 

1.3 Escherichia co//cell-free protein synthesis 

Cell-free protein expression using Escherichia coli cell extracts was demonstrated in the 

1960s (Nirenberg and Matthaei, 1961). The early experiments were established for the 

study of protein translation. Therefore, the low yields of those early experiments were 

not of major concern. Spirin's introduction of a continuous flow system where the 

reaction buffer is continuously exchanged, providing fresh amino acids and dNTPs, gave 

a major improvement in yield (Spirin et al., 1988). Each mRNA in the cell-free mixture 

can be translated hundreds of times, making cell-free protein expression an interesting 

method for protein production. Further optimizations allow current E. coli cell-free 

expression systems to produce yields comparable with in vivo expression, and the use of 

cell-free expression has increased correspondingly (Kigawa et al., 1995; Kigawa et al., 

1999; Ozawa et al., 2004). The protocols for the preparation of E. coli cell-free extracts 

as well as reaction procedures are documented in numerous papers and reviews (see for 

instance, Kigawa et al., (2004); Apponyi et al., (2008)). Figure 1 shows my setup for a 

cell-free reaction. 
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Figure 1: My setup for a continuous flow cell-free expression system. 

Once cell extracts have been prepared and stored, cell-free protein expression is more 

convenient than in vivo expression. Toxic proteins which would otherwise affect the 

growth of E. coli cells can be expressed successfully using cell extracts. The user also 

has ready control of the reaction environment. The convenience and versatility makes 

cell-free expression increasingly of interest for high-throughput protein work such as 

structural genomics (Yokoyama, 2003). Another particularly advantageous application 

of cell-free protein expression is for selective isotope labeling of proteins. In cell-free 

protein expression, amino acids are directly supplied to the reaction. Therefore there are 

no dependencies on bacterial biosynthetic processes. A useful consequence is that amino 

acid inter-conversions are greatly diminished when labeling is performed in vitro 

compared to experiments in vivo (Kigawa et al., 1995). Moreover, the reaction volumes 

for cell-free expressions are in the order of milliliters in contrast to the hundreds of 

milliliters of culture media used for in vivo expression. This means that substantial cost 

savings can be achieved with expensive labeled amino-acids when making isotope 

labeled sample. 

The characteristics of cell-free protein expression make it a good sample production 

method for NMR spectroscopy. The ability to selectively label one amino acid type with 

spin '/2 nuclei greatly reduces spectral complexity. Guignard and co-workers have also 

demonstrated that due to the low levels of background expression in modem cell-free 



systems, heteronuclear labeled samples can be measured on an NMR spectrometer 

without any purification other than a dialysis to remove excess amino acids (Guignard et 

al., 2002). This is greatly assisted by the sensitivity of cryogenic probes. 

Cell-free protein expression is also increasingly recognized as a promising system for 

membrane protein expression. Klammt and co-workers have shown that by adding 

surfactants to cell-free reactions, membrane proteins can be expressed in their native 

folded states, saving time-consuming refolding processes (Klammt et al., 2004; Klammt 

et al., 2005; Klammt et al., 2006). 

1.4 Selective isotope labeling for NMR 

The demand to expand the range of NMR to larger proteins and proteins of poor spectral 

quality motivates the search for methods to obtain additional information and better 

resolution to facilitate assignments. Selective isotope labeling has become a major tool 

towards this end. One of the early applications of selective isotope labeling for NMR is 

the use of fractional '^C labeling (Neri et al., 1989). Amino acid biosynthesis in E. coli 

has the property that pro-R and pro-S methyl groups in valine and leucine originate from 

different pyruvate molecules. Therefore, by using a 9:1 mixture of '^C and '^C glucose 

as the sole carbon source for E. coli, the diastereomeric forms of valine and leucine 

methyl groups can be distinguished by their '^C-'^C couplings to the P or y carbons, 

respectively. More recently, it has been shown that isotope labeled a-keto acids can be 

used as biosynthetic precursors to achieve a variety of aliphatic amino-acid labeling 

schemes (Rosen et al., 1996; Goto et al., 1999). This has been applied to good effect for 

the study of large proteins (Tugarinov et al., 2006). 

While the biosynthetic pathways of E. coli can be advantageous, they can also be a major 

hinderance. Isotope labeling of specific amino acids reduces spectral overlap and 

identifies amino acid types. This strategy is now commonly used to assist with backbone 

assignment of larger proteins (see for example, Langer et al., (2004); Rodriguez et al.. 



(2006)). Unfortunately, the various transamination reactions that occur in E. coU lead to 

isotope scrambling and limit the usefulness of selective amino-acid labeling in in vivo 

expression. Cell-free protein expression enables the possibility of more complex labeling 

schemes. 

For example, a combinatorial '^C and '^N labeling scheme can distinguish between 

amino acid pairs based on six pairs of '^N-HSQC and 2D-HNC0 experiments (Parker et 

a l , 2004). This is possible by having a unique '^C labeling pattern for every amino acid 

across six samples. All amino acids are '^N labeled in all samples but the isotopic 

labeling is either 100% or only 50%. This is again unique for each amino acid. 

Therefore, inspecting peak intensities in the six '^N-HSQC spectra will reveal the amino 

acid residue type and inspecting the existence of peaks in the six 2D-HNCOs will reveal 

the amino acid type of the preceding residue. 

Recently, Kainosho and co-workers showed that using a specifically synthesized set of 

stereospecifically labeled amino acids, the complete stereospecific assignment and three-

dimensional structure of proteins up to 40 kDa can readily be obtained (Kainosho et al., 

2006). 



2. Studying interaction interfaces of death domain 
proteins 

2.1 The death domain superfamily of proteins 

The death domain superfamily is one of the largest protein domain superfamilies 

(McEntyre and Gibson, 2004). It comprises four principal family members, the death 

domain (DD), the death effector domain (DED), the caspase recruitment domain (CARD) 

and the pyrin domain (PyD). Every member is well represented in the human genome. 

They appear in proteins involved in inflammatory response and apoptosis (Park et al., 

2007). In general, their function seems to be to serve as adaptor domains to bring 

proteins into close proximity to facilitate the action of signaling enzymes such as kinases 

and caspases. Death domains take part in many major inflammatory and apoptotic 

signaling complexes, acting as anchors to hold them together. 

Given the function of death domains as molecular joints, their structure and their 

mechanism of interaction is of primary interest for understanding their function. Three-

dimensional structures are available for several proteins in every death domain subfamily. 

They all adopt homologous six-helix bundle structures (Figure 2). Differences lie in the 

length and orientation of the helices. Structural insight into the interaction mechanisms 

of death domains is harder to obtain as their role as molecular adhesives entails that they 

are prone to aggregation. Many of the currently available structures were determined at 

non-physiological pH values or using mutants that prevent the formation of 

intermolecular interactions. 
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Apaf-1 CARD ASC PyD 

Figure 2: Three-dimensional structure of a member from each DD subfamily. DD from 

Fas (Huang et al., 1996). DED from FADD, F25G mutant (Eberstadt et al., 1998). 

CARD from Apaf-1 (Zhou et al., 1999). PyD from ASC (Liepinsh et al., 2003). 

An interesting paradigm about death domain interactions is that members of each DD 

subfamily interact almost exclusively in homotypic interactions with other members of 

the same subfamily. Given the structural resemblance between subfamilies, this 

selectiveness is surprising. It also poses the question of whether the interaction 

mechanism might be different for each DD subfamily. Unfortunately due to the difficulty 

of working with DD complexes, only two DD complex structures have been solved thus 

far. They nevertheless provide some insights into these intriguing interactions. The two 

complex structures available are those of Tube and Pelle (DD:DD) and Apaf-1 and 

caspase-9 (CARD:CARD) (Qin et al., 1999; Xiao et al., 1999). They show clear 

differences in their interaction interfaces. The three-dimensional structure of MCI59 



provides some information on the likely mechanism for DED:DED interactions (Yang et 

al., 2005). The structure of MCI 59 shows its two DED domains tightly bound. Thus far, 

no direct structural information is available on PyD.PyD interactions, although the 

interaction interfaces have been inferred through modeling (Liepinsh et al., 2003). 

2.2 The oligomerisation interface of the ASC pyrin domain 
[Paper I] 

The Apoptosis-associated Speck-like protein with a CARD domain (ASC) was first 

identified as a proapoptotic protein that forms aggregates (specks) in some apoptotic cells 

(Masumoto et al., 1999; Conway et al., 2000). It was also found separately to be a target 

of methylation in human breast cancer cells (Conway et al., 2000). Since its 

identification, it has been implicated in numerous apoptosis and inflammatory pathways 

(see for example McConnell and Vertino, (2004)). 

ASC contains two domains, a CARD domain and a PyD domain. A solution state 

structure of the ASC PyD has been solved and the NMR assignments are available 

(Liepinsh et al., 2003), making it a suitable candidate for the investigation of PyD:PyD 

interactions. ASC PyD self-associates to form oligomers at neutral pHs. To perform the 

NMR assignment and structure determination, therefore, a pH of 3.7 was used to abolish 

oligomerisation. The structure of ASC PyD shows two charged patches on the surface of 

the protein, a positive and a negative patch (Figure 3). This, along with the fact that 

binding is disrupted at acidic pHs, led one to speculate that these charged patches are the 

interaction surfaces of PyD. The negative-positive association would also lead to 

concatenation, explaining the oligomerisation. The finding in paper I that mutations of 

the charged residues on these charged patches of ASC PyD abolish filament formation 

both in vivo and in vitro further support their role in PyD interactions. Based on this 

belief, it is anticipated that combining two ASC PyD mutants, each with a mutation on a 

differently charged surface, might yield a dimer which could be studied by NMR (see 

Figure 4). 

10 



Figure 3: Potential surface map of ASC PyD, showing distinct positive and negative 

surfaces. 

(b) 

Figure 4: (a) Hypothetical scheme of the mechanism for ASC PyD oligomerisation. 

ASC PyD concatenates by interactions between positive to negative surfaces, (b) A 

heterodimer obtained by disrupting different charged patches on the surface of ASC PyD 

through site-directed mutagenesis could be suitable for NMR studies. 
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Production and NMR spectroscopy of ASC PyD mutants 

Table 1: Summary of ASC PyD constructs studied 

Mutant Surface Expression Solubility (pH ) 

Wild-type N/A -1- -

K21A + + + 

L25A + + + 

R41A + + -1-

D48A - - 7 

D51A - + + 

Five mutants plus wild-type ASC PyD were expressed with N-terminal 6xHis tag for the 

study of their interaction. Three mutations were in the positively charged surface while 

the other two were in the negatively charged surface. All but the D48A mutant expressed 

well. Their solubility indicates a disruption of oligomerisation [paper I]. All mutants 

were at least partially soluble at pH 7.2. 

Following purification by nickel-NTA columns, mutants were subjected to NMR analysis. 

All mutants exhibited NMR spectra closely resembling that of the wild-type, indicating 

that the structures are conserved. The mutants were subsequently combined in all 

possible pairings in the hope of making a complex. Unfortunately, no peak shifts, which 

would be indicative of complex formation, were observed for any pairings. It is possible 

that ASC PyD interactions require the collective association of multiple monomers. This 

would support the in vivo observations that ASC oligomers appear to be the functional 

form of ASC (Mariathasan et al., 2004). 

12 



6^('H)/ppm 

Figure 5: Overlay of '^N-HSQC spectra from '^N-labeled ASC2 (green) and '^N-labeled 

ASC2 with unlabeled ASC PyD R41A mutant. The spectra were run in 10 mM tris 

buffer with 50 mM NaCl at pH 7.1 and 25°C. No peak shifts can be observed. 

The interaction of ASC PyD mutants with '^N-labeled ASC2 (supplied by Dr Justine Hill 

from the University of Queensland) was also tested. ASC2, also known as POPl and 

ASCI, is a pyrin-domain-only protein that fianctions as a regulator of inflammatory 

pathways (Natarajan et al., 2006). It appears to function as an inhibitor to NF-KB and 

caspase-1 activation (Stehlik et al., 2003). Its interaction with ASC plays a key role in 

this inhibitory function (Stehlik et al. 2003). By binding to the ASC pyrin domain, ASC2 

prevents the formation of complexes necessary for further downstream signaling. The 

structure of ASC2 is known through NMR (Natarajan et al., 2006). 

Despite much in vivo evidence of the ASC/ASC2 interaction, including GST-pulldown 

assays (J. Hill personal communications), my NMR experiments gave negative results. 

No peak shifts could be observed when any of the soluble ASC PyD mutants were added 

13 



to '^N-labeled ASC2. Addition of wild-type ASC PyD to ASC2 at pH 3.7 and 
subsequent adjustment of pH back to pH 7.1 resulted in the appearance of precipitate and 
no changes to the ASC2 spectrum. Recently, however, a group has succeeded to observe 
interactions between the L25A mutant of ASC PyD and ASC2 using different conditions 
and a slightly longer ASC PyD construct (Srimathi et al., 2008). 
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3. Development of new methods in NMR 

3.1 A fast, automated procedure for pulse length determination 
[Paper II] 

Modem biomolecular N M R experiments use complex trains of pulses and delays to 

channel nuclear magnetization through desired pathways. Theoretical calculations using 

the product operator formalism assume that the effective pulse lengths are exact and 

known. This is rarely the case in practice when a new sample is placed in a spectrometer. 

The pulse power absorbed by samples, especially in the case of protons, varies depending 

on sample conditions such as salt, sample concentration, and pH. Incorrect pulse lengths 

lead to signal loss and even spurious signals. Calculations show that a 10% error in the 

proton pulse length results in S/N loss of about 16% in a basic HSQC experiment. 

Losses increase for every proton pulse added to the experiment. Therefore, pulse length 

calibration is a routine part of the setup procedure for NMR experiments. 

The most frequently used method of pulse length calibration for high-resolution N M R 

used to be to search for minimum signal following a 180° or 360° pulse which leaves no 

magnetization in the transverse plane and then back-calculate the 90° pulse length 

(Bamaal and Lowe, 1963; Keifer, 1999). This method is robust and accurate to about 1%. 

This is within the errors caused by off-resonance effects, which causes spin off-resonance 

from a radiofrequency (RF) pulse to experience a slightly weaker RF pulse compared to 

spins directly on-resonance. 

The drawback of the traditional calibration procedure is that it is rather time consuming. 

Automation would involve a systematic scan of pulse lengths at small intervals to find the 

null point. This takes a few minutes, which is not of great concern for long three-

dimensional experiments, but represents a significant fraction of time for short HSQC 

experiments. The issue is particularly pertinent with the recent interest in fast multi-

15 



dimensional experiments (Frydman et. al., 2002, Freeman and Kupce, 2003). There are 

also other described methods for pulse calibration but these have not become popular due 

to their slow speed or lack of robustness (Sorensen et al., 1986; Nielsen et al., 1987). 

Paper II describes the use of nutation spectroscopy (Freeman and Kupce, 2003) for pulse 

length determination in high resolution NMR. The method is very effective. Proton 

pulse lengths can be evaluated in a single scan, the errors are no larger than those of the 

conventional procedure and the method lends itself to automation. It is also demonstrated 

in the paper that the method would work for samples with spectra containing many peaks, 

provided that there is one dominating resonance. An additional bonus is that the entire 

RF homogeneity profile can be checked from a simple nutation spectrum because Fourier 

transformation of a nutation spectrum delineates all of the frequencies observed in the 

sample. The procedure reported in Paper II has been implemented by the main 

spectrometer manufacturers Bruker and Varian as a standard pulse determination routine. 

3.2 A water suppression technique for modern NIVIR 
spectrometers [Paper III] 

Water suppression is an important element of biomolecular NMR pulse sequences. The 

solvent water signal in protein samples needs to be reduced by more than 10000 fold to 

become comparable in size to the protein signals. For heteronuclear experiments, this 

could usually be achieved by the separate manipulation of protein and water resonances. 

Water suppression tends to be more problematic for homonuclear pulse sequences, 

particularly the simple COSY experiment (Aue et al., 1976). In paper III, a new water 

suppression sequence for homonuclear experiments is proposed and examined. The aim 

was to devise a water presaturation sequence which is unaffected by radiation damping. 

Radiation damping describes the feedback mechanism between a strong solvent signal 

and the RF coil. In brief, a strong precessing solvent magnetization generates a current in 

the RF coil. This current in turn influences the trajectory of the solvent magnetization. 

16 



The resulting effect is that any transverse solvent magnetization is driven back to the Z 

axis with a rate constant o f Rrd ((Abragam, 1961; Mao and Ye, 1997). This effect is 

independent o f the solvent tranverse relaxation rate, R2, and the longitudinal relaxation 

rate, Ri. Rrd is directly related to the quality factor (Q) o f the probe by Rrd = knQ where n 

is the filling factor and k is proportional to the equilibrium magnetization and the nuclear 

gyromagnetic ratio (Bloom, 1957). Radiation damping has an adverse effect on water 

suppression and with modem NMR instruments having higher magnetic fields and probes 

o f higher quality factor, radiation damping is increasingly an issue. This provided the 

motivation to devise a water suppression scheme unaffected by radiation damping. 

3.2.1 Established water suppression techniques in homonuclear 
experiments 

Presaturation 

Presaturation (Figure 6) is the earliest solvent suppression method invented and is still 

often used for homonuclear experiments (Campbell et al., 1974). The concept follows 

logically from continuous wave experiments. A weak RF irradiation is applied at the 

frequency o f the solvent signal. The continuous irradiation during the recycle delay 

results in partial saturation o f the solvent signal. The RF inhomogeneity o f the probe is 

another major contributor to saturation (Figure 7). 

The quality o f solvent suppression in presaturation is limited by the extent o f saturation 

and recovery o f solvent magnetisation during the pulse sequence. The recovery o f 

solvent magnetisation is particularly problematic in two-dimensional experiments where 

a long t| evolution period would allow significant solvent signal recovery. 

Figure 6: Presaturation sequence. The solid bar represents a long continuous pulse. 
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Figure 7: Simulation of solvent magnetization during presaturation. The presaturation is 
set on resonance at 30 Hz nutation frequency, (a) Solvent presaturation assuming perfect 
RF homogeneity across the sample, (b) Solvent presaturation assuming a Gaussian 
distribution (1 Hz standard deviation) in RF homogeneity across the sample. Simulation 
was performed using Matlab. 

WATERGATE 

WATERGATE (Figure 8) is a popular solvent suppression technique for both 
homonuclear and heteronuclear experiments because it is very robust (Piotto et al., 1992; 
Sklenar et al., 1993). The idea is to first dephase all magnetization using a gradient pulse 
and subsequently apply a 0 or 360 degree pulse to the solvent magnetization while all 
other signals receive a 180 degree pulse. A second gradient rephases the signals of 
interest, while further dephasing the solvent signal. The selective 'H pulses in 
WATERGATE can be implemented in two ways, either using shaped selective pulses or 
using the 3-9-19 sequence which relies on differences in spin precession frequencies in a 
manner similar to jump-return sequences (Plateau and Gueron, 1982). 
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(a) 

'H 
9 0 I 9 0 J 

grad X 
G1 

i . 
G1 

(b) 
^ 

grad 
G1 

J _ 
0 1 

Figure 8: W A T E R G A T E sequences. Bars represent rectangular pulses. Open arches 

represent shaped pulses, grad = gradient. Gradient pulses are shown with filled arches, 

(a) W A T E R G A T E with shaped selective pulses, (b) W A T E R G A T E with the 3 - 9 - 1 9 

pulse. The rectangular pulses have relative power levels o f 3, 9, 19, 19, 9, 3. 

W E T 

W E T is a solvent signal suppression technique similar to presaturation in that the solvent 

signal is suppressed during the recycle delays o f the experiment (Ogg et al., 1994; 

Smallcombe et al., 1995). This is achieved by a train o f four solvent selective pulses and 

gradient pulses. The strength o f each gradient pulse is halved at every step from G1 to 

G4 (Figure 9) to prevent accidental refocusing. The strengths o f the solvent selective 

pulses have been optimized to account for R F inhomogeneity and water Ti relaxation 

(Ogg et al., 1994). 

9 0 1 1 T 78° 
178° 

grad 1. 
G1 G 2 G3 G 4 

Figure 9: W E T sequence. Open arches represent shaped pulses. The pulse flip angles are 

noted on top o f the selective pulses, grad = gradient. Gradient pulses are shown with 

filled arches. 
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3.2.2 SWET 

The SWET scheme (Figure 10) is a version of WET that compensates for some of the 

shortcomings of WET that have become more pronounced on high-field NMR 

spectrometers, specifically, its susceptibility to radiation damping and solvent Ti 

relaxation during pulse sequences. In SWET, the shaped selective pulses in WET are 

replaced by DANTE type pulses interspersed by bipolar gradients (Figure 10) 

(Bockmann and Guittet, 1996). The pulse sequence is thus much less affected by 

radiation damping while still maintaining selectivity. This allows lower pulse powers to 

be used, resulting in less saturation of protein signals. 

- p • - p • - P • - P -

grad 
G1 G2 G3 G1 G2 G3 G4 

90 112 78 178 

Figure 10: SWET sequence. Brackets represent repeated segments with the number of 

repetitions shown at the bottom right hand comer. Bars indicate square pulses with flip 

angle (3, with p being approximately 1° (to be adjusted for optimal water suppression), 

grad = gradient. Filled bars and arches represent square and shaped gradients, 

respectively. 

Besides presenting the SWET scheme, paper III also demonstrates that low power solvent 

irradiation during evolution periods can be beneficial to assist with solvent suppression. 

This idea was previously thought to be compromised by concomitant Bloch-Siegert shifts 

(Wider et al., 1983). These are peak shifts that occur as a result of limited selectivity of 

the RF pulses. As a consequence, if an RF field is applied during evolution periods, spins 

experience both the Bq field and the RF field. Their precession frequencies thus become 

influenced by both according to the formula co = -^Q^ , where (o is the precession 

frequency, Q is the offset of the Larmor frequency of the spin from the solvent frequency. 
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andft»| is the amplitude of the solvent irradiation field. Simulations and experiments in 

paper III show, however, that the Bloch-Siegert shifts induced by weak irradiations are 

negligible for modem high-field spectrometers. 
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4. Cell-free protein expression 

4.1 Review of cell-free labeling for high-throughput NMR 
applications [Paper IV] 

Controlled conditions for isotope labeling present one of the biggest advantages of cell-

free protein expression (Kigawa et al., 1995; Ozawa et al., 2005). Paper IV summarizes 

our current knowledge and experience with cell-free isotope labeling and optimal 

labeling schemes. 

4.2 Combinatorial labeling for fast identification of amino-acid 
types in HSQC spectra [Paper V] 

4.2.1 Combinatorial labeling 

Amino acid type identification is a very useful piece of information for protein NMR 

peak assignments. Some amino acids can be readily identified from their chemical shifts 

and cross-peak patterns in commonly used experiments (Wiithrich, 1986). Specialized 

experiments have been designed to identify other amino acids from NMR spectra based 

on J couplings between side-chain spins (Gehring and Guittet, 1995; Tashiro et al., 1995; 

Dotsch et al., 1996, Schubert et al., 1999). Not all amino acids, however, can be 

distinguished in this manner and many of the above-mentioned experiments suffer from 

poor signal-to-noise and ambiguities. Selective labeling of amino acids provides a much 

more robust way of identifying the individual amino acids (Yamazaki et al., 1991; Ozawa 

et al., 2004). Ultimately, however, it is cumbersome to produce all the samples required 

to identify all 20 amino acids (20 samples for 20 amino acids). 
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In combinatorial labeling, the mathematical concept of combinatorics is applied to 

isotope labeling. Each sample contains more than one labeled amino acid and the 

labeling pattern is varied from one sample to another. The number of distinct possible 

labeling patterns, therefore, increases combinatorially with the number of samples 

produced. Shortle applied this idea to assign 14 amino-acid residue types from five 

samples produced with partial '^N-labeling (Shortle, 1994). However, the isotope 

scrambling that occurs in in vivo expression limits the applicability of the procedure to 14 

amino acids. It is also very cumbersome to express and purify 5 in vivo samples for 

NMR analysis. 

In the implementation in Paper V, combinatorial labeling was applied using a cell-free 

protein expression system to assign all 20 amino acid types and also to track chemical 

shift changes between two constructs of a gene (domain V of the T subunit of E. coli 

DNA polymerase III (Gao and McHenry, 2001)). The labeling scheme was optimized for 

spectral resolution based on amino acid abundances compiled in the NCBI database. 

4.2.2 The T subunit of Escherichia coli DNA Polymerase III 

The E. coli DNA polymerase III holoenzyme is a complex composed of at least ten 

proteins (Figure 11) which are responsible for replication of the E. coli genome (Clover 

and McHenry, 2001). The x subunit forms part of the P clamp loading complex. 

Through its dimerisation, it holds the a core on both the leading and lagging strand in the 

appropriate orientation with respect to DNA and the p clamp, i contains five domains 

(Gao and McHenry, 2001). Domains I to III are shared with the y subunit and their 

structures are known through crystal structures (Jeruzalmi et al., 2001; Kazmirski et al., 

2004). Domains IV to V have resisted crystallization but are amenable to NMR studies. 

Domain IV plays a central role in T'S interaction with DNA and the P subunit (Gao and 

McHenry, 2001), while domain V is the unit responsible for the interaction with the a 

subunit (Gao and McHenry, 2001). The a interaction site has recently been mapped to 

the C-terminal 18 residues of domain V (Jergic et al., 2007). The solution structure of the 
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N-terminal 128 residues (TC14) of domain V has been determined (Su et al., 2007) 
(Figure 12). 

T~OnaB 

la^girig 
strand 

leading 
strand 

Figure 11: Schematic diagram of the E. co/i DNA polymerase III holoenzyme. The a and 
DnaB interaction regions of x are indicated. Diagram reproduced from Schaeffer et al., 
2005. 

Figure 12: Solution structure of TC14 (PDB - 2AYA) 
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4.2.3 The flexible interaction regions of T 

In paper V it is shown that the a-binding eighteen-residue polypeptide segment on the C-

terminus of x has a random-coil structure and is highly flexible. The P and DNA binding 

domain IVa was also examined for structural features using N M R chemical shifts and 

linewidths. A 22 kDa construct of t comprising domain IVa and tc14 was named tc22. 

Q 

0 ' vp Jr 

0 
a c» 

0 

8 4 8 2 

I . 

8 0 7 8 
6/H)/ppm 

V. ppm 

120 

122 

124 

'126 

128 

7 6 7 4 

Figure 13: Overlay of the '^N-HSQC spectra of '^N-Ala, -Lys, -Arg, -Phe, -Gin, -Met, -

Cys and -Trp labeled tc14 (in green) and '^N-Aia labeled Xc22 (in red). Both were 

expressed by cell-free protein synthesis. tc22 was purified on a DEAE sepharose column 

after expression to remove bound DNA. The overlaid spectra show that the tc14 

resonances appear at the same position in the spectrum of the tc22 construct and that the 

additional resonances from t domain IVa all appear in random coil regions. 
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Remarkably, all the peptide segments of i domains IV and V that have been shown to be 

involved in intermolecular binding interactions appear to be intrinsically unstructured 

(Figure 13). This includes domain IVa (x residues 430-496), which binds to DNA and 

DnaB helicase, and T residues 625-643 which is involved in binding with the a subunit of 

DNA polymerase III (Gao and McHenry, 2001; Jergic et. al., 2007). 

4.3 High-yield E. coli cell-free protein expression from PGR 
products [Paper VI] 

4.3.1 DNA and RNA stability in Escherichia coii cell-free extracts 

Conventionally prepared E. coli cell-free S30 extracts contain a series of endogenous 

nucleases (Pratt et al., 1981). Exogenous DNA and RNA added to the extracts are 

therefore prone to rapid degradation. Exogenous mRNAs for instance are known to have 

half-lives of less than two minutes in S30 extracts (Hirao et al., 1993). This can be 

increased by adding stem loop sequences to the termini of the mRNAs (Hirao et al., 1993; 

Lee and Cohen, 2001). E. coli strains containing genetic RNase mutations can also 

prolong mRNA lifetimes (Ahn et al., 2005). Even with a combination of approaches, 

however, mRNA lifetime in E. coli extracts cannot be extended sufficiently to make it a 

practical starting point for E. coli cell-free protein expression. Instead DNA templates 

are used as inputs for reactions in a coupled transcription/translation protocol (Kudlicki et 

al., 1992; Kigawa et al., 2004). 

DNA is not perpetually stable either in the nuclease-rich environment. Circular double-

stranded plasmid DNA is, however, sufficiently stable over the time of the cell-free 

reaction. Therefore, plasmid DNA is currently the most frequently used template for 

cell-free reactions. Linear DNA is much less stable (Yang et al., 1980). Numerous 

exonucleases exist in E. coli, the most prominent of which is exonuclease V which is 

encoded by the recBCD gene in E. coli (Wright et al., 1971; Amundsen et al., 1986). In 
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addition, helicases present in E. coli unwind linear DNA, forming single-stranded 

overhangs which are highly susceptible to degradation (Korangy and Julin, 1993; Yu et 

al., 1998). 

4.3.2 Stabilizing linear double-stranded DNA in E. co//extracts 

The possibility of using linear DNA as template for cell-free reactions is very attractive 

because linear DNA is a direct product of PCR reactions whereas the production of 

plasmid DNA requires further cloning work. Several groups have attempted to exploit 

the convenience of direct expression from PCR products using cell-free expression but 

the protein yields have been low due to instability of linear DNA (Kung et al., 1978; 

Yates et al., 1980; Burks et al., 1997; Ohuchi et al., 1998). Accordingly, researchers have 

attempted to improve the stability of linear DNA in E. coli extracts. 

The first paper published on this topic was by Yang et al. (1980). They found that by 

using a K-12 coli strain which contains a recB mutation (Barbour and Clark, 1970) to 

produce their cell extract, the half lives of linear DNA were greatly improved and 

consequently expression yields also improved (Yates et al., 1980). A problem, however, 

was that the recB protein is an important part of the recBCD recombination complex, 

participating in both helicase and nuclease activity (Korangy and Julin, 1993). Mutating 

recB greatly diminished its activity. Consequently, the resulting strain grows poorly. A 

RecD mutant strain which suppresses endonuclease V activity but does not inhibit 

recombination is a good alternative for cell extracts (Amundsen et al., 1986; Biek and 

Cohen, 1986; Lesley et al., 1991). The resulting stabilization effect for linear DNA is, 

however, limited (Michel-Reydellet et al., 2005). Michel-Reydellet and co-workers 

instead removed the whole recBCD operon from an A19 coli strain and introduced a X 

phage recombination system to replace its fiinction (Michel-Reydellet et al., 2005). They 

found that this led to increased stability of linear DNA and healthy cells. A different 

approach attempts to suppress the recBCD activity in the cell extracts using inhibitors. In 

particular, the addition of moderate concentrations of X phage Gam protein, which is a 
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known inhibitor of the recBCD complex, was found to significantly improve DNA 

stability (Sitaraman et al., 2004). A recent investigation showed that reducing the 

incubation temperature during the production of E. coli cell extracts also reduces 

subsequent nuclease activity (Seki et al., 2008). Finally, there are ways to prolong the 

lifetime of the mRNA. For example, expression from PCR templates could be 

significantly improved using cell extracts from the E. coli strain BL21*(DE3) which 

contains a genetic mutation that truncates and inactivates RNase E, a major RNase in E. 

coli (Ahn et al., 2005; Hahn and Kim, 2006). 

Although important improvements in protein yields could be achieved by these 

approaches, cell-free expression from linear DNA has yet to achieve the yields reported 

for the optimized continuous flow cell-free system using plasmid DNA as templates 

(Kigawa et al., 1999). In Paper VI, we approached the problem from a different angle. 

Rather than modifying cell extracts, we modified our PCR protocol to produce linear 

DNA templates capable of cyclization to achieve the lifetimes of plasmid DNA. This 

approach led, for the first time, to identical yields in a continuous flow cell-free system 

irrespective of whether PCR templates or plasmid DNA were used. 

The process to make sticky-end DNA capable of cyclization follows that used by other 

research groups to avoid restriction enzymes (Ailenberg and Silverman, 1996). The 

process is shown in Figure 14. A different idea using abasic sites to stall polymerases in 

order to generate overhangs (Gal et al., 1999) was also tested. However, the ligation 

efficiency over these abasic sites was not sufficient to achieve good yields in a cell-free 

system. 

PCR product 1 
" - — Reanneal 

PCR product 2 

Figure 14: Process to make sticky-end DNA templates capable of cyclization. PCR 

product 1 and PCR product 2 are made in two separate PCR reactions. The template 
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DNA is shown in green. Reannealling can be achieved by heating at 96°C for 5 minutes 

with no formamide needed. 

5. Conclusions and future perspectives 

In this thesis four new NMR methods were developed with a focus on biomolecular 

applications. A review of cell-free isotope labeling and a study of the ASC pyrin domain 

were also undertaken. The new methods developed are: 

A new pulse length calibration procedure - The nutation pulse calibration procedure 

requires only a single scan and is easy and robust to automate. It is comparable in 

accuracy to the traditional pulse calibration method. Its speed and simplicity has seen it 

adopted as the standard pulse calibration method for both Bruker and Varian instruments. 

It will be particularly useful in the future as ultra-fast NMR experiments become more 

prevalent and pulse calibration will represent an increasingly significant portion of 

spectrometer time. The speed and ease of automation also makes the method ideal for 

exchange experiments where dead time is a concern and in LC-NMR where many 

samples are processed sequentially. Varian has already developed a heteronuclear 

version to extend the method to non-proton nuclei (Murali, 2006). 

A new water suppression sequence - SWET is designed to suppress radiation damping 

effects during presaturation. This means that for high-end spectrometers where radiation 

damping is prevalent, SWET is a good alternative to conventional presaturation in order 

to achieve solvent suppression with higher selectivity. On higher-end spectrometers, this 

results in significantly reduced saturation of protein signals. As NMR spectroscopists 

continue to improve their equipment, SWET should become more prominent as a water 

suppression method for homonuclear experiments. Furthermore solvent irradiation 

during ti evolution periods should become a standard feature in all homonuclear 2D 

NMR experiments as it substantially improves water suppression while having negligible 

effects on spectral appearance. 

29 



Amino acid type assignment in '®N-HSQC spectra using ceil-free protein expression 

and combinatorial labeling - The combinatorial labeling scheme devised can assign all 

20 amino acid types using only 5 samples. The scheme is also designed to reduce the 

number of cross-peaks in the '^N-HSQC experiments by about 2/3, which considerably 

aids assignment. Using cell-free protein expression, the whole process from sample 

production to amino acid type assignment can be performed in less than 2 days. The 

information obtained is highly complementary to standard heteronuclear sequential 

assignment experiments. The speed and information garnered from the method would 

make it a good routine tool for future NMR backbone assignment processes, saving 

valuable spectrometer time from having otherwise to run complex 3D experiments. I 

have shown that the 14 kDa tc14 can be assigned using the amino acid type information 

and an HNCA experiment alone. 

As demonstrated in the paper, the method is also useful for observing chemical shift 

changes such as those presented by mutants or ligand binding. The amino acid type 

information makes tracking large peak shifts much easier, while the reduced spectral 

overlaps assist in identifying peaks. 

Using PCR produced DNA templates for cell-free protein expression - The new 

method enables the same yields to be achieved in an E. coli cell-free expression system 

independent of whether PCR products or whole plasmids are used as templates. The 

method frees users from time consuming cloning steps. NMR protein samples can 

therefore be prepared from genes in a day, needing only a PCR reaction, cell-free 

expression, and dialysis. 

The method is ideal for high-throughput protein studies, particularly as it is easy to run 

both PCR and cell-free reactions in parallel. For example, the method could be employed 

in the future to perform high-throughput NMR screens from cDNA libraries to identify 

targets suitable for structure determination or ligand-binding experiments. It could also 

be combined with a front-end directed evolution technique to screen for protein mutants 

of desired properties, such as solubility, ligand binding ability, or structure. 
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The method also makes it very quick to produce and study protein mutants. In paper VI, 

this was employed to assign a protein exhibiting very poor NMR spectra. The 

assignment technique can assign proteins that would be impossible to work with using 

normal sequential assignment procedures. We are working on automating the whole 

procedure using pipetting robots so that tens, even hundreds of site-directed mutants can 

be produced automatically and quickly. The rapid production and NMR studies of site-

directed mutants would also be usefial for many other purposes, particularly for functional 

analysis of proteins. For example, the method could be used to search for critical ligand 

binding residues or residues critical for protein folding or to manipulate dynamic 

movements of a protein. The possible insights gained from these should greatly support 

future protein engineering endeavors. 
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Role of Charged and Hydrophobic Residues in the Oligomerization of the PYRIN 
Domain of ASC+ 
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ABSTRACT: Apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) is an 
adaptor protein composed of two homophilic protein—protein interaction domains, a PYRIN domain (PYD) 
and a caspase recruitment domain. PYD-dependent oligomerization of ASC is thought to play a crucial 
role in formation of a molecular platform, the inflammasome, which activates caspase-1. When expressed 
in cells, the PYD of ASC was shown to form cytoplasmic filaments through self-association. Over 70 
single point mutants were analyzed for filament formation in cells expressing the mutant proteins. The 
set of mutations comprised every single amino acid residue with a charged side chain (Arg, Lys, Asp, 
and Glu) and a large hydrophobic side chain (He, Leu, Met, Phe, Pro, and Val). Filament formation of the 
ASC PYD was prevented by mutation of Lys21, Leu25, Lys26, Pro40, Arg41, Asp48, and Asp51 of 
helices 2, 3, and 4. These data identify a coherent interaction surface, establishing a molecular model of 
PYD—PYD complexes with an important role for charge—charge interactions. 

We previously identified A S C as a proapoptotic protein 
containing a caspase recmitment domain (CARD) that 
formed a large aggregate (called a "speck") in apoptotic cells 
(7). ASC (also termed TMSl or Pycard) is an adaptor protein 
composed of two protein-protein interaction domains, an 
N-terminal PYRIN domain (PYD), and a C-terminal CARD, 
and has been implicated in apoptosis, inflammation, and 
cancer (2 -7 ) . The PYD, also called PAAD or DAPIN, is a 
new member of the six-helix bundle death domain-fold 
superfamily that includes the death domain (DD), death 
effector domain (DED), and CARD In humans, more 
than 30 PYD-containing proteins have been identified, 
including the causative gene products of autoinflammatory 
diseases, pyrin and cryopyrin {9—11). 

ASC interacts with the proform of caspase-1 via C A R D -
CARD interactions and stimulates its conversion to its active 
form (12—15). The induced proximity model for apoptosis 
signaling pathways is based on evidence that adaptor protein-
induced oligomerization of initiator caspases is essential for 
their proteolytic activation (16, 17). It is thought that PYD-

* This work was supported in part by the Japan Society for the 
Promotion of Science (16021218) and the Australian Research Council 
for a Federation Fellowship (G.O.). 

* To whom correspondence should be addressed: Telephone: 
-1-81-263-37-2723; Fax: -1-81-263-37-2724. E-mail: sagara® 
sch.md.shinshi-u.ac.jp. 

^ Shinshu University Graduate School of Medicine. 
" Australian National University. 

Karolinska Institute. 
' Abbreviations: ASC, apoptosis-associated speck-like protein con-

taining a CARD; CARD, caspase recruitment domain; DD, death 
domain; DED, death effector domain; PYRIN domain, pyrin N-terminal 
homology domain; PYD, PYRIN domain; PAAD, pyrin, AIM2, ASC 
and death domain-like; DAPIN, domain in apoptosis and interferon 
response; GFP, green fluorescence protein; NMR, nuclear magnetic 
resonance. 

mediated oligomerization of ASC is a critical prerequisite 
for assembly of the signal complex activating caspase-1. 
Therefore, it is important to determine the PYD structure 
and the critical residues for PYD oligomerization. Recently, 
the PYD stmctures of Nalpl and ASC have been determined 
by NMR spectroscopy (18, 19). These structures allowed 
an improved sequence alignment between different PYDs, 
identifying a number of conserved surface residues that may 
play a role for a conserved mode of oligomerization. The 
conservation of PYD surface residues is, however, incom-
plete, and experimental verification has been missing. 

Overexpression of the ASC PYD in cells has been shown 
to result in filamentous structures in the cytoplasm through 
self-oligomerization (4, 5). Such cytoplasmic filament-like 
structures have been observed for many domains of the death 
domain superfamily (20—23). For example, overexpression 
of the DEDs of FADD and caspase-8 results in cytoplasmic 
filaments, and the CARDs of caspase-2 and mElO have also 
been shown to form intracellular filaments through ho-
mophilic interactions. 

In the present study, we used the generation of filaments 
to determine the role of each amino acid of the ASC PYD 
in P Y D - P Y D interactions. No other assay is currently 
available that would allow efficient assessment of the activity 
of a large number of ASC PYD mutants. Seventy-two single 
point mutants of the charged (Asp, Glu, Arg, and Lys) and 
hydrophobic (Leu, He, Met, Val, Phe, and Pro) residues of 
the ASC PYD were prepared and analyzed with respect to 
production of PYD filaments. Combined with the solvent 
exposure of the respective amino acid side chains in the 
three-dimensional structure, a continuous surface area with 
positively and negatively charged residues was identified, 
which seems to be crucial for oligomerization of the ASC 
PYD. The data further support the notion that the R42W 

10.1021/bi048374i CCC: $30.25 © 2005 American Chemical Society 
Published on Web 12/09/2004 
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mutation in the pyrin PYD associated with familial Mediter-
ranean fever (FMF) interferes with intermolecular p ro t e in -
protein interactions. 

MATERIALS AND METHODS 

Expression Plasmids and Mutations. ASC cDNA encoding 
the full-length polypeptide (195 residues) was inserted into 
pcDNA3 (Invitrogen) and pEGFP-c2 (Clontech) as described 
(1, 4). Constructs encoding GFP-tagged truncated ASC 
mutants (amino acids 1 - 1 0 0 , 1 - 9 5 , 1 - 9 0 , and 1 - 8 5 ) were 
produced by PCR using pEGFP-c2 ASC (amino acids 
1 - 1 9 5 ) as the template (24). The primers were designed 
according to the human ASC mRNA sequence (GenBank 
Accession No. AB023416). In this study, ASC (amino acids 
1 - 9 0 ) is referred to as ASC PYD. A construct encoding 
C-terminally HA-tagged ASC PYD was produced by PCR 
using the template plasmid pcDNA3 ASC (amino acids 
1 — 195) and two primers encoding the HA tag sequence 
(YPYDVPDYA). An N-terminally Flag-tagged ASC PYD 
construct was made by insertion of the PCR product (amino 
acids 1 - 1 0 0 ) into the EcoRl and Sail sites of pFLAG-
CMV-4 (Sigma) as described (4). Point mutations were 
introduced into pEGPF-c2 ASC PYD by PCR using primer 
sets that included the mutations. Mutations in the ASC PYD 
were confirmed by sequencing. The Expand High-Fidelity 
system (Roche Molecular Biochemicals) was used for the 
PCR. The restriction enzymes, T4 polynucleotide kinase, T4 
DNA ligase, Klenow Fragment, and M-MLV reverse tran-
scriptase were purchased from Takara Biotechnology (Tokyo, 
Japan). 

Expression and Observation of GFP-Tagged ASC PYD 
Filaments. Coil cells were cultured in Dulbecco's modified 
minimal essential medium supplemented with 10% fetal 
bovine serum. One day before transfection, Cos? cells were 
seeded on a Lab-Tek 8-chambered coverglass (Nalge Nunc 
International). A total of 0.1 - 0 . 2 fig of pEGFP-c2 ASC PYD 
and 0.3 fiL of the transfection reagent Fugene 6 (Roche 
Molecular Biochemicals) were mixed and added to cell 
cultures (0.25 mL of medium) according to the manufac-
turer's instructions. Fluorescent cells were observed from 
12 to 72 h after transfection in the living state using a 
fluorescent microscope, Axiovert SI00 (Carl Zeiss Corpora-
tion). Expression levels were measured by Western Blotting 
as follows. One day before the transfection, Cos7 cells were 
seeded on 24-well culture plates (Becton Dickinson Lab-
ware). A total of 0.3 fig of plasmid DNA and 0.6 of 
Fugene 6 were mixed and added to the cell cultures (0.5 
mL of medium) according to the manufacturer's instructions. 
Twenty-four hours after transfection, the cells were lysed in 
0.1 mL of a 1% SDS solution and boiled for 5 min. The cell 
lysates (20 fig of protein) were electrophoresed in a 10% 
SDS polyacrylamide gel and electroblotted on a PVDF 
membrane (Millipore). After the blots were blocked in Tris-
buffered saline containing 5% nonfat skim milk, they were 
incubated with rabbit anti-GFP antiserum (Santa Cruz 
Biotechnology) and finally detected with the ECL Western 
blotting detection system (Amersham). The percentage of 
PYD filament-producing cells was determined by the number 
of PYD filament-producing cells divided by the total number 
of fluorescent cells. For each experiment, more than 200 
fluorescent cells from randomly chosen fields were counted. 
The PYD filament-positive mutants usually produced fila-

Moriya et al, 

mentous structures in over 10% of the fluorescent cells, while 
the negative mutants produced filaments in none or much 
less than 1% of the fluorescent cells. 

Immtmostaining. One day before transfection, Cos7 cells 
were seeded on a coverglass in 30-mm culture dishes. A total 
of 1 n g of plasmid DNA and 2 f i h of Fugene 6 (Roche 
Molecular Biochemicals) were mixed and added to cell 
culmres (2 mL of medium). Twenty-four or forty-eight hours 
after transfection, cells were fixed with 3.7% formaldehyde 
for 15 min at room temperature. The fixed cells were 
permeabilized with 0.2% Triton X-100 and then soaked for 
15 min with Tris-buffered saline containing 1% bovine serum 
albumin and 2% fetal bovine serum at room temperature. 
The filaments of HA- and Flag-tagged ASC PYDs were 
stained with rabbit anti-HA and anti-Flag antibodies, respec-
tively (Santa Cruz Biotechnology). A rhodamine-conjugated 
goat anti-rabbit immunoglobulin antibody (Amersham Bio-
sciences) was used as the secondary antibody. Antibodies 
against tubulin, actin, vimentin, and cytokeratins were 
purchased from Sigma. 

Expression of ASC PYD Mutants in E. coli. The wild-
type and a set of mutant ASC PYD genes were inserted into 
the phage T7 promoter vector pETMCSIII (25) between the 
Ndel and EcoRI restriction sites for subsequent expression 
with a N-terminal (His)6 tag. The nucleotide sequences were 
verified using an ABI 3730 sequencer. The proteins were 
produced in the Escherichia coli strain BL21(DE3)/pLysS 
{26). The cells were grown at 37 °C in Luria-Bertani broth 
containing ampicillin (50 ptglmL) and chloramphenicol (33 
/<g/mL) and gene expression induced by addition of isopro-
pyl-/3-D-thiogalactoside (0.5 mM) when the OD595 had 
reached between 0.5 and 0.8. After further growth for 3 h, 
the cells were harvested by centrifugation, resuspended in 
lysis buffer (50 mM Na phosphate at pH 7.7, 300 mM NaCl, 
2 mM /J-mercaptoethanol) containing spermidine (10 mM), 
and lysed in a French press. Solubility was determined by 
comparing the amount of protein in the cell lysate with that 
in the supernatant fraction on an SDS—PAGE gel. For 
purification, His6-tagged soluble recombinant proteins from 
the supematants were batch loaded onto Ni-NTA (Qiagen) 
affinity resins and washed with 20 column volumes of lysis 
buffer containing 25 mM imidazole, followed by elution in 
lysis buffer containing 250 mM imidazole. 

NMR Measurements. Purified ASC PYD mutants were 
exchanged into pH 7.2 phosphate buffer (10 mM Na 
phosphate, 50 mM NaCl, 0.2% NaNj) . D2O was added to 
10% v/v prior to NMR analysis. One-dimensional 'H NMR 
spectra were recorded on a Bruker Avance 800 MHz NMR 
spectrometer at 25 °C. 

Solvent Accessibility. Solvent accessibilities of the side 
chains were calculated with a probe of 1.4 A radius and 
compared with the hypothetical accessibility of a fully 
extended side chain in a helix, where both neighboring 
residues are Gly (27). 

RESULTS 

PYD Filaments. To determine the minimal segment of 
ASC required for PYD filament formation, different C-
terminal deletion mutants (amino acids 1 - 1 0 0 , 1 - 9 5 , 1 - 9 0 , 
and 1 - 8 5 ) of ASC were expressed as fiision'proteins with 
GFP in Cos7 cells. Except for the deletion mutant including 
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ASC c: 
1 

P Y D 
exon 1 exon 2 

C A R D 
exon 3 

Table 1: Filament Formation by ASC PYDs Containing Mutations 
of Charged Residues" 

GFP ~ J • 

c GFP d 1 
C- GFP J - 1 

cr GFP > 1 
(Pi iE 

195 (a a.) 

(a-a.) Filament 

1-100 + 

1-95 + 

1-90 -I-

1-85 

1-100 
J h ^ 1-90 

F I G U R E 1: P Y D filaments, (a) The domain structure of ASC. ASC 
is encoded by three axons and the P Y D resides in exon 1. (b) 
Filament formation of GFP-tagged and HA-tagged PYD of ASC. 
ASC deletion mutants lacking the C A R D were fused to GFP, Flag, 
or HA as indicated and expressed in Cos7 cells. Filament formation 
of GFP-tagged P Y D was observed in vivo by f luorescence 
microscopy. Flag-tagged and HA-tagged PYD filaments were 
observed by immunostaining after fixation. All fi lament-positive 
(-(-) constructs produced P Y D fi laments in more than 20% of cells 
expressing each construct. Fi lament-negative ( - ) P Y D constructs 
showed no filamentous structure, (c) Morphology of PYD filaments. 
GFP-tagged ASC PYD (residues 1 - 9 0 ) was expressed in Cos7 cells 
and photographed 24 h after transfection of the plasmid. Left 
panel: example of a living cell producing GFP-tagged PYD 
filaments (arrow) as seen by f luorescence microscopy. Right 
panel: photograph at a higher magnification. (Nu): nucleus. Bars: 
10 urn. 

amino acids 1—85 of ASC, all the mutants produced PYD 
filaments (Figure 1). PYD filaments were observed in more 
than 10% of cells expressing the GFP-tagged ASC PYD 24 
h after transfection. This result demonstrates that the 
polypeptide comprising amino acids 1—90 is sufficient for 
the filament formation. 

Since GFP (27 kDa) is larger than the ASC PYD (~10 
kDa), the large GFP tag could conceivably affect oligomer-
ization of the ASC PYD. Therefore, we also explored the 
use of two small tags. Flag and HA, instead of GFP. When 
fused to a N-terminal Flag or a C-terminal HA (Figure 1), 
both Flag-tagged and HA-tagged ASC PYDs produced 
filamentous structures 24 h after transfection in more than 
20% of the cells expressing them. The morphology of both 
Flag-tagged and HA-tagged PYD filaments was indistin-
guishable from that of GFP-tagged PYD filaments. These 
observations suggested that GFP did not interfere with PYD 
filament formation. The GFP-tagged ASC PYD (amino acids 
1 - 9 0 ) was subsequently used for the point mutation study. 

PYD Filaments and Cytoskeletons. The pattern of ASC 
PYD filaments resembles that of cytoskeletal structures. To 
examine the relationship of ASC PYD filaments with the 
cytoskeleton, we immunostained cells expressing ASC PYD 
with anti-tubulin, anti-actin, or anti-vimentin antibodies. We 
also used anti-cytokeratin antibodies recognizing cytokeratins 
1, 4, 5, 6, 8, 10, 13, 18, and 19. None of these cytoskeletal 
markers were co-localized with ASC PYD filaments (data 
not shown). Although we cannot rule out association of ASC 
PYD filaments with some unknown cytoskeletal component, 
PYD filament formation seems to be driven by self-

mutant filament 

solvent 
accessibility 

(%) mutant filament 

solvent 
accessibility 

(%) 

R.3A -1- 69 r R 4 I A 46 
R5A -1- 30 1 R4IQ 
D6A -1- 50 R41K • 

DlOA -1- 64 . R41W' -

E13A -1- 60 1 r D48A - 57 
E18A 4- 68 1 D48N -

r E 1 9 A - 39 1 D48E -

E19Q -1- 1 L D48R'' -

r K21A - 48 1 r D51A — 53 
K21Q - D51N -

1 K21R -1- D51E 4-
I K21E'' - 1 L DSIK* -

K22A -1- 49 K54A 4- 49 
K24A -1- 8 K55A 4- 40 

• K26A - 28 • E62A - 47 
K26Q - . E62Q 4-

. K26R -1- • E67A - 61 
R33A 4- 82 . E67Q 4-
E34A 4- 98 R74A 4- 69 
R38A 4- 41 D75A 4- 32 

E80A 4- 71 

" GFP-tagged ASC PYD mutants were expressed in Cos7 cells and 
their filament formations were examined. Positive mutants (-I-) showed 
filamentous structures in more than 10% of the fluorescent cells, while 
negative mutants ( - ) showed no filamentous structures. The solvent 
accessibility reports the accessibility of the side chain of the unmutated 
residue X in the three-dimensional structure of the ASC PYD compared 
with the solvent accessibility in a helical Gly—X—Gly peptide with a 
fully extended side chain. * This mutation introduces a residue present 
in the protein pyrin (Figure 3). •• The corresponding R42W mutation 
of pyrin is a cause of FMF disease (3J). 

association of ASC PYDs rather than association with the 
cytoskeleton. 

Mutations of Charged Residues. On the basis of the 
pronounced electrostatic dipole moment present in the 
structure of the ASC PYD and the important role of charged 
residues played in complexes between DDs and CARDs {28, 
29), charged residues are likely to be of great importance 
also for P Y D - P Y D interactions (5, 18, 19, 30). To verify 
this prediction, we replaced all the residues with charged 
side chains in the PYD of human ASC with alanine and 
examined whether these alanine mutants produced filamen-
tous structures in transfected cells. Filament formation of 
each mutant was tested at least five times by using various 
amounts of plasmid DNAs for transfection and the expression 
levels measured with fluorescence intensity and immuno-
biotting. Immunoblotting analyses of total cell extracts of 
the transfected cells showed that all the ASC PYD mutants 
were expressed at almost the same levels as the wild-type 
ASC PYD. The mutants E19A, K21 A, K26A, R41A, D48A, 
D51 A, E62A, and E67A produced no filamentous structures 
(Table 1). To assess the importance of a negative charge at 
these positions, we subsequently generated eight point 
mutations, where these amino acid residues were substituted 
with glutamine (Q) or asparagine (N) (Table 1). The mutants 
E19Q, E62Q, and E67Q were found to produce PYD 
filaments. Clearly, the charge of these residues is not required 
for filament formation, suggesting that their mutation to 
alanine compromised filament formation by disturbing the 
structure of the domain. In contrast, the mutants K21Q, 
K260, R4IQ, D48, and D51N did not show filaments. 
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helix 4 helix 5 helix 6 
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b ASC L B A V B L T D K L V S Y Y L E A Y G A E L T A L V L R D M G M Q E V A E Q L Q E T M S 
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FIGURE 2: A m i n o acid sequence of A S C P Y D s and overv iew of the present muta t ion analysis of the h u m a n A S C P Y D . The P Y D sequences 
of human (h), m o u s e (m), rat (r), and bovine (b) A S C are a l igned. As te r i sks ident i fy charged and h y d r o p h o b i c res idues re ta in ing the ability 
of f i lament format ion upon muta t ion to alanine. The fo l lowing colors were used for the a m i n o acid res idues w h e r e filament fo rmat ion was 
prevented by muta t ion to alanine: blue, posi t ively charged residues; red, nega t ive ly cha rged res idues ; ye l low, h y d r o p h o b i c residues. Filled 
circles above the a l ignment ident i fy g lu tamic acid res idues w h e r e the size of the s ide cha in s e e m s to be m o r e impor tan t than its charge, as 
muta t ion to a lanine and g lu tamine abol ishes and retains the capabi l i ty of filament fo rmat ion , respect ive ly . A n open circ le m a r k s L45. 
A l though this residue is so lvent -exposed and muta t ion to a lanine suppressed filament fo rma t ion , it does not s eem to be di rect ly involved 
in in termolecular interact ions, since filament format ion w a s retained af te r muta t ions to larger res idues , inc lud ing hydroph i l i c and charged 
res idues (Table 1). Bars at the top mark the helices de te rmined by N M R spec t roscopy (18). 

indicating that the charges provided by the side chains of 
K21, K26, R41, D48, and D51 play critical roles in PYD 
filament formation. To confirm this hypothesis, we substi-
tuted each charged residue with another amino acid of the 
same charge. The K21R, K26R, R41K, and D51E mutants 
produced PYD filaments, highlighting the importance of 
charge at these positions, whereas the D48E mutant did not. 
Table 1 and Figure 2 provide a summary of these results. In 
the case of D48, it appears that both the size and negative 
charge of its side chain are critical for PYD filament 
formation in human ASC despite high solvent exposure 
(Table 1). Interestingly, sequence alignment of human and 
viral PYD proteins shows that, unlike D51, D48 is never 
substituted with E in any of the PYDs (Figure 3). 

Comparison of the Charged Residues of ASC with Those 
of Pyrin. Of the five charged residues identified as critical 
for filament formation in the PYD of ASC, only K26 and 
R41 are conserved in the PYD of pyrin (Figure 3). To check 
whether correct charges are sufficient for filament formation, 
K2I , D48, and D51 of ASC were substituted with the 
charged residues E, R, and K, respectively, present in the 
PYD of pyrin (Figure 3). As shown in Table 1, the K2IE, 
D48R, and D51K mutants produced no filamentous struc-
tures. FMF is caused by point mutations in pyrin. One of 
these FMF-associated mutations, R42W, is located in the 
PYD of pyrin {31). This residue corresponds to R41 in ASC. 
R41W mutant of ASC PYD produced no filamentous 
structures in cells. 

Mutations of Hydrophobic Residues. To probe the possible 
role of hydrophobic interactions in P Y D - P Y D interactions, 
all residues with large hydrophobic side chains were replaced 
by alanine in single point mutations except for the N-terminal 
methionine. Fifteen mutants (ISA, L12A, L15A, L20A, 
F23A, L25A, L27, P40, L45A, M47, L52, L56, L68, V72, 
and M76) of a total of 30 mutants lost the ability to form 

filamentous structures (Table I and Figure 2). Immunoblot-
ting analyses of total cell extracts of the transfected cells 
confirmed that all the ASC PYD mutants were expressed at 
almost the same levels as the wild-type ASC PYD (data not 
shown). Most of the filament-deficient mutants displayed a 
diffuse cytoplasmic and nuclear distribution. 

The NMR structure of the PYD of ASC shows that many 
of the hydrophobic residues contribute to the hydrophobic 
core of the three-dimensional structure, displaying very little 
solvent exposure. Mutations of these residues to alanine are 
thus likely to prevent filament formation by affecting the 
three-dimensional structure of the domain. For example, F23 
in helix 2 is completely buried in the PYD of ASC (Table 
1) and its conservation among PYD proteins (Figure 3) 
suggests that it is structurally important. Disruption of 
filament formation observed for the F23A mutant may thus 
be explained by a disturbed protein structure, whereas the 
F23L mutant seems to be structurally sufficiently conserved 
to maintain filament formation (Table 2). 

Disruption of filament formation upon mutation to alanine 
was observed for three hydrophobic residues, which display 
at least 30% solvent accessibility in the N M R structure of 
the ASC PYD (L25, P40, L45; Table 2), indicating their 
potential involvement in P Y D - P Y D interactions. P40 is 
spatially close to R41, which is also critical for filament 
formation (Table 1). P40 is thus likely to be involved in 
P Y D - P Y D interactions. L25 and, especially, L45 are only 
poorly conserved in PYDs (Figure 3). Therefore, additional 
mutants were made for these two residues to assess their 
importance in P Y D - P Y D interactions (Table 2) Hydro-
phobic mutants (M, I, V, F) of L25 produced filamentous 
structures. In contrast, filament formation was suppressed 
after mutation to glycine (G) or hydrophilic residues (Q N, 
K, E), indicating that filament formation depends on a large 
hydrophobic side chain at this site. This pattern would be 
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Figure 3: Amino acid sequence alignment of PYDs from human and viral proteins. The amino acid sequence data of the PYDs were 
obtained from the NCBI gene bank (http://www.ncbi.nlm.nih.gov) and previous reports (/O, 11, 30). The alignment highlights the charged 
and hydrophobic residues found to be critical for PYD filament formation in the present study. White letters with black backgrounds 
identify nonpolar residues that are identical or similar to hydrophobic residues critical for PYD filament formation. White letters with gray 
backgrounds identify charged residues that have the same charge as charged residues critical for filament formation in human ASC PYD 
(K21, K26, R41, D48, and D51). Black letters with gray backgrounds identify glutamic acid (E) and glutamine (Q) residues corresponding 
to E19, E62, and E67 in human ASC PYD for which the charge is not required for PYD filament formation. The residue numbers of the 
ASC PYD are shown above the alignment. 

e x p e c t e d , if L 2 5 w e r e i n v o l v e d in a h y d r o p h o b i c in ter -
m o l e c u l a r c o n t a c t b e t w e e n P Y D s . In con t ras t , h y d r o p h i l i c 
a n d c h a r g e d m u t a n t s (E, Q ) o f L 4 5 r e t a ined the capab i l i t y 
o f f i l a m e n t f o r m a t i o n . S i n c e c h a r g e d r e s i d u e s a re d i f f i cu l t 
to a c c o m m o d a t e in p ro te in—prote in in terac t ion su r faces , L 4 5 
is p r o b a b l y loca t ed o u t s i d e the P Y D — P Y D in te r face . S u p -

p r e s s i o n o f filament f o r m a t i o n b y the L 4 5 A m u t a n t m a y b e 
exp la ined by a s t ructural c h a n g e i nduced by the smal l a l an ine 
s ide cha in . 

A l t h o u g h M 4 7 is no t ve ry so lven t a cce s s ib l e in the N M R 
s t ruc tu re o f the A S C P Y D , the a b o l i s h m e n t o f filament 
f o r m a t i o n b y the M 4 7 A m u t a t i o n m a y ind ica t e i n v o l v e m e n t 
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Table 2; Filament Formation by ASC PYDs Containing Mutations 
of Nonpolar Residues" 

solvent 
accessibility 

solvent 
accessibility 

mutant filament (%) mutant filament (%) 
I8A - 0 L44A -1- 0 
L9A -1- 24 • L45A - 32 
L12A - 0 L451 -1-
L15A - 2 L45E -1-
L20A - 16 . L45Q -1-

r F 2 3 A - 0 ' M47A - 7 
. F23L -1- M47L -1-
' L25A - 45 M47I -H 

L25M -1- M47V -1-
L25I -1- M47Q -

L25V -1- . M47N -

L25F -h L50A -1- 65 
L25G - L52A - 1 
L25Q - L56A - 0 
L25N — V57A -1- 3 
L25K - F59A -1- 33 

, L25E - L61A -1- 57 
L27A - 1 L68A - 1 
L28A -1- 38 V72A - 2 
V30A -1- 40 L73A -1- 0 
P31A -1- 88 M76A - 2 
L32A -f- 9 L78A + 10 
I39A -1- 1 M81A -1- 16 
P40A - 67 L85A -1- 0 

" GFP-tagged ASC PYD mutants were expressed in Cos? cells and 
their filament formations were examined. The criterion for positive 
filament formation was the same as in Table 1. Side chain solvent 
accessibilities were also calculated as in Table 1. 

of this residue in PYD—PYD interactions, as this residue is 
replaced by alanine in a large number of other PYDs (Figure 
3), apparently without disturbing their structure. Additional 
mutations of M47 showed that a large hydrophobic side chain 
at this site is critical for filament formation (Table 2), 
suggesting that this residue contributes hydrophobic contacts 
at the PYD-PYD interface. 

Localization of Filament-Deficient ASC PYD Mutants in 
Specks Produced by Full-Length ASC. Overexpression of 
full-length ASC in cells by transfection with expression 
plasmids produces large, irregularly distributed structures 
called "specks" (7, 4, 5). Since PYD proteins interacting with 
ASC localize in ASC specks when they are cotransfected 
with full-length ASC (1, 5,14), ASC specks might also play 
a role under physiological conditions. In contrast to ASC, 
intracellular expression of pyrin alone results in a diffijse 
cytoplasmic distribution. However, pyrin localizes in ASC 
specks when cotransfected with full-length ASC (5). To 
examine whether filament-deficient alanine mutants localize 
in ASC specks, we coexpressed GFP-tagged ASC PYD 
mutants with Flag-tagged fiill-length ASC in Cos? cells. All 
filament-deficient ASC PYD mutants of charged and hy-
drophobic residues were localized in ASC specks (data not 
shown), indicating the conservation of an intact surface for 
the interaction with ASC specks. This result suggests that 
the overall structure of the ASC PYD is still intact after the 
introduction of point mutations that disturb the structure 
sufficiently to abolish filament formation. 

In vitro Studies of ASC PYD Mutants. To check the degree 
of structural perturbation introduced by the point mutations 
in in vitro experiments, His6-tag constructs were made of 
the wild-type ASC PYD and a number of selected mutants. 
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The proteins were produced in E. coli and purified. The 
selected mutants comprised the mutants K21 A, L25A, R41A, 
D48A, and D51A, which appear to be involved in inter-
molecular PYD-PYD interactions according to the filament 
formation assay. All constructs except D48A expressed 
protein in high yields. The remaining four proteins were 
found in the soluble fraction of the cell lysates. In contrast, 
the wild-type protein was in the insoluble fraction. These 
data indicated that the mutant proteins were significantly 
more soluble at neutral pH than the wild-type. 

NMR spectra recorded of the purified mutants at pH 7.2 
showed the chemical shift dispersion and line widths 
characteristic of monomeric folded PYD domains (data not 
shown). The solubility of the mutant D51A was barely 
sufficient to record a NMR spectrum at neutral pH, but the 
characteristic spectrum of a folded PYD domain was easily 
verified at pH 3.7. 

DISCUSSION 

The data of this study present a comprehensive survey of 
the roles of different amino acid residues for the self-
association of ASC PYDs. Systematic mutation of charged 
and hydrophobic residues of ASC PYD to alanine revealed 
that filament formation was abolished by point mutations in 
8 of 24 charged residues and 15 of 30 hydrophobic residues. 
PYD proteins interacting with ASC localize in ASC specks, 
and this phenomenon has been used as evidence for their 
specific interactions with ASC (5—7). We observed, how-
ever, that all alanine mutants of ASC PYD concentrated in 
specks produced by full-length coexpressed ASC, indepen-
dent of their capability to form filaments. Therefore, we used 
filament formation as a more sensitive assay of ASC PYD 
self-association. Disruption of filament formation could be 
affected in two ways: (i) by mutation of residues located at 
the protein—protein interface and (ii) indirectly by the 
structural disruption resulting fi-om mutation of a buried 
residue. Several measures were taken to ascertain the 
identification of interfacial residues. First, data from residues 
with buried side chains were disregarded, unless mutation 
to alanine could reasonably be expected not to disrupt the 
three-dimensional fold of the domain, based on the frequent 
presence of alanine residues at these positions in other PYD-
containing proteins. Second, several residues were probed 
by further mutations to different polar and nonpolar residues 
to establish the importance of charge or hydrophobicity at 
the respective sites. Third, a few key mutants of the ASC 
PYD were expressed with a His-tag, purified, and analyzed 
by NMR spectroscopy, confirming that their three-dimen-
sional structure was still intact. The residues identified in 
this way were distributed over coherent surface areas of the 
three-dimensional ASC PYD structure (Figure 4), lending 
additional support for their involvement in direct PYD-PYD 
interactions. 

Notably, the NMR structure of the wild-type ASC PYD 
had to be determined at pH 3.7 from refolded protein (18), 
because the protein precipitated at neutral pH. In contrast, 
all His-tagged mutants expressed in E. coli in high yield in 
the present study (K21A, L25A, R41A, and D51A) were 
found in the soluble fi-action of the cell lysate at neutral pH. 
These in vitro results confirm that the mutants are less likely 
to aggregate compared to the wild-type ASC PYD, strongly 
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K21 
K26 

K21 
K26 

FIGURE 4: Stereoviews of the human ASC PYD, summarizing the mutation resuhs. Side chains are shown only for those residues that were 
mutated to Ala in the present study. The following colors were used for the amino acid side chains: blue, positively charged side chains 
(K, R); red, negatively charged side chains (E, D); yellow, hydrophobic side chains (I, L, M, F, P, V). The N- and C-terminal ends of the 
domain are labeled, (a) View of mutated amino acid side chains with less than 20% average side chain solvent accessibility in the N M R 
structure. For these residues, mutations may have resulted in loss of function due to structural perturbation of the hydrophobic core. Among 
the mutated residues, K24 was the only charged residue with less than 20% side chain solvent accessibility. Mutation of M47 resulted in 
loss of f i lament formation either because of disruption of the protein structure or because of its location near the putative P Y D - P Y D 
interaction surface. The helices are identified with numbers, (b) View of mutated amino acid side chains with more than 20% average side 
chain solvent accessibility. Side chains that disrupted fi lament formation upon mutation are labeled with their one-letter amino acid symbol 
and their sequence number ; for the charged residues among these, mutations to Ala as well as loss-of-charge mutations resulted in loss of 
filament formation. Mutations of unlabeled side chains did not disrupt fi lament formation. Black spheres identify the side chains of three 
Glu residues which led to loss of f i lament formation upon mutation to Ala but not upon mutation to Gin. The charge of these residues thus 
does not seem critical for P Y D - P Y D interactions in ASC. Similarly, a circle identifies the side chain of L45, which led to loss of fi lament 
formation upon mutation to Ala but not upon mutation to He, Gin, or Glu. 

suggesting that the filament formation observed in vivo is 
based on direct P Y D - P Y D interactions and not mediated 
by other factors. 

Interactions between residues of opposite charge are 
determinants of homo- and heterophilic interactions between 
DDs, DEDs, and CARDs (28, 29, 32, J J). Our present results 
provide experimental proof for earlier predictions that 
charged residues also play a crucial role for the self-
association of PYDs (5, J8, 19, 30). In particular, the 
mutation data demonstrate the importance of K21, K26, R41, 
D48, and D51 for the production of ASC PYD filaments. 

On the basis of the PYD structure of ASC, the positively 
charged side chains of K2I , K26, and R4I form a positively 
charged cluster. Similarly, the negatively charged side chains 

of D48 and D51 are close together (Figure 4b). These two 
clusters of opposite charge are separated by the backbone 
of helix 3. It would thus be plausible that intermolecular 
electrostatic interactions between the positively charged side 
chains of K21, K26, and R41 in one molecule and the 
negatively charged side chains of D48 and D51 in another 
molecule drive the polymerization and filament formation. 
As these interactions affect only a relatively small fraction 
of the surface area of the PYD at the far end of the N- and 
C-termini, it is not surprising that fusion proteins with GFP 
and other domains retain the propensity for filament forma-
tion. 

FMF is caused by point mutations in pyrin. One of these 
FMF-associated mutations, R42W, is located in the PYD of 
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pyrin {31). This residue corresponds to R41 in ASC. In the 
context of the ASC PYD, the mutat ion R 4 1 W was found to 
abolish filament formation. It would be intriguing if the 
molecular mechanism behind the F M F mutat ion R 4 2 W of 
pyrin were based on a disrupted interaction between the 
PYDs from pyrin and ASC. This interaction is known to be 
of functional importance since pyrin interacts with A S C to 
inhibit ASC-mediated caspase-1 activation (5, 34, i 5 ) . 
Notably, however, the sequence conservation between the 
PYDs f rom ASC and pyrin is limited. For example, of the 
five charged residues found to be essential for filament 
formation of ASC PYD, only two are conserved in pyrin. 
Furthermore, mutation of the nonconserved residues K21, 
D48, and D51 in ASC to the oppositely charged residues E, 
R, and K, respectively, found in pyrin (Figure 3) abolished 
the formation of filamentous structures (Table 1). Point 
mutations of ASC are thus not sufficient to simulate the ASC-
binding function of pyrin. A more thorough mutational study 
of the P Y D of pyrin will be required to shed light on the 
role of these oppositely charged residues of pyrin for its 
inhibitory activity. 

The PYD—PYD interactions between residues of opposite 
charge are supported by hydrophobic interactions. Among 
the 30 mutants of hydrophobic residues of the A S C PYD, 
15 mutants lost the filament-forming activity. Three of these 
(L25A, P40A, L45A) affected residues for which the side 
chains are highly solvent exposed in the N M R structure of 
the domain (Table 2). In particular, L25 and P40 could 
plausibly be involved in direct PYD—PYD contacts, since 
mutation of L25 to hydrophilic or charged residues sup-
pressed filament formation and both residues are spatially 
close to K 2 I , K26, and R41 identified as important for 
filament formation (see above). In contrast, L45 is less likely 
to be located in the P Y D - P Y D interface, as mutation to 
glutamate and other residues of similar size did not abolish 
filament formation. 

Overall , our results underline the role of helices 2 and 3 
in P Y D - P Y D interactions and suggest that the binding 
between the ASC PYDs is supported by hydrophic inter-
actions. M47 and, possibly, K24 also form part of this 
interaction surface. Both residues are barely solvent acces-
sible, yet only the M47A mutation interfered with filament 
formation (Tables 1 and 2). Although the side chain of M47 
contributes to the hydrophobic core of the protein only 
superficially (Figure 4a), it cannot be ruled out that the M47A 
mutation affects the structure of the PYD. Notably, however, 
this residue is substituted by alanine in a large number of 
naturally occurring PYDs (Figure 3), suggesting that it is 
not a structurally important residue. 

The extent of the present mutational analysis al lows us to 
exclude a role of helix 1 for filament formation. Crystal 
structures of the complex between the C A R D domains of 
the procaspase-9 prodomain and Apaf-1 and the complex 
between Pelle and Tube death domains showed that helix I 
was involved in both complexes of these members of the 
death domain superfamily {28, 29). Our results thus indicate 
that P Y D - P Y D interactions of human A S C use a different 
binding mode. As also helices 2, 3, and 4 are engaged in 
the interface of the complex between the procaspase-9 
prodomain and Apaf-1, and residues from these three helices 
are also required for filament formation of ASC PYD, it may 
be tempting to model a P Y D - P Y D complex based on this 
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structure. Helix 1 is, however , so deeply involved in the 
p r o d o m a i n - A p a f - 1 interface that very little contact area 
would be left without it. 

IS, L12, L15, L20, F23, L27, L52, L56, L68, V72, and 
M76 are buried residues, which contribute to the hydrophobic 
core of the protein {18). Their mutat ions to alanine resulted 
in loss of P Y D filaments presumably due to perturbation of 
the P Y D structure. Most of these 11 hydrophobic core 
residues are highly conserved among h u m a n and viral PYD 
family proteins (Figure 3), indicative of a conserved structural 
role. 

P42 of the NalpI P Y D is located in an unstructured 
polypeptide segment replacing helix 3 in the Na lp l PYD 
{19). The corresponding residue in A S C P Y D (P40) im-
mediately precedes helix 3 (Figure 4). Whi le there is no 
regular secondary structure in the polypept ide segment 
between helices 2 and 3 of the ASC P Y D , this segment does 
not show enhanced mobil i ty as in N a l p l PYD. Figure 3 
shows that the presence of a proline residue at position 40 
correlates with the presence of a longer linker peptide 
between helices 2 and 3. Our mutat ion study shows that P40 
but not the linker peptide plays a role in filament formation 
(Figure 2). It is thus uncertain whether homologous P Y D -
P Y D interactions depend on the presence of a long connect-
ing linker be tween helices 2 and 3. 

While the present study suggests a particular mode of 
P Y D - P Y D interactions in ASC, other modes may occur 
between other members of the P Y D family. For example, 
viral and interferon-inducible P Y D proteins ( IFI I6 , AIM2, 
and M N D A ) do not have the critical proline residue at 
position 40 and may thus engage in different protein—protein 
interactions. PYDs also have the capability of binding to non-
P Y D proteins, as demonstra ted by the A S C PYD-Bax 
interaction {36). Considering the structural similarity between 
proteins of the death domain fami ly of proteins and the 
documented variability of their intermolecular associations 
{37), the structure of a complex be tween P Y D s presents an 
intriguing question. The present data provide the basis for 
the construction of a homodimer ic complex between ASC 
PYDs, which will yield more detailed insight into P Y D -
P Y D interactions. 
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Abstract 
T h e 9 0 ° ( ' H ) p u l s e l e n g t h c a n b e d e t e r m i n e d in a single scan u s i n g a s i m p l e h o m o - g a t e d d e c o u p l i n g / n u t a t i o n e x p e r i m e n t . W e 

s h o w t h a t t h e m e t h o d is f a s t , a c c u r a t e a n d r ead i ly a m e n a b l e t o a u t o m a t i o n . 
© 2005 Elsev ie r Inc. All r i g h t s r e se rved . 

Keywords: Nutat ion spectroscopy; 90° pulse; Homo-gated decoupling; Automat ion 

1. Introduction 

The sensitivity of ' H N M R exper iments depends on 
the accura te knowledge of the 90° pulse length. On 
high-field N M R spectrometers , this pulse length critical-
ly depends on the chemical proper t ies of the sample, in 
part icular its ionic s t rength. Tradi t ional ly , the 90° pulse 
length is determined by a series of one-dimensional 
N M R exper iments tha t aim to measure either the 180° 
or 360° pulse length [1,2], Four ie r t r ans fo rma t ion of a 
series of exper iments recorded with systematically incre-
mented pulse length can be used to derive the rad iof re-
quency field s trength f rom peak posi t ions in a 
frequency spec t rum [3], A l though pulse length determi-
nat ions are easy to pe r fo rm and take little time, they 
have to be pe r fo rmed so frequent ly tha t a u t o m a t i o n 
would be desirable. In the present project , we explored 
a nu ta t ion m e t h o d that delivers the 90° ( 'H) pulse length 
in a single scan. Pulse length de te rmina t ion by nu ta t ion 
spectroscopy is an established me thod in M R imaging 
[4,5]. O u r results show tha t the me thod p roduces accu-
rate results with an accuracy of a b o u t 0 .5% under the 
stringent condi t ions of high-resolut ion N M R spectros-
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copy for different s i tuat ions of multi- l ine N M R spectra 
and is readily amenab le to au toma t ion . 

2. Results and discussion 

Nuta t ion spectroscopy is closely related to homo-
gated decoupl ing [6], i.e., the sample is i r radiated dur-
ing the da ta acquisi t ion by dividing each dwell t ime 
into a par t for rad iof rcquency ( R F ) i r radiat ion and a 
par t for sampling a da ta point [7]. N o excitat ion pulse 
precedes the scan. If the sample conta ins only a single 
resonance and the carr ier f requency is posi t ioned on-
resonance, the magnet iza t ion nuta tes a r o u n d the axis 
of the R F pulses. T h e resulting F I D records the projec-
tion of the magnet iza t ion o n t o the t ransverse plane. 
Four ie r t r ans fo rma t ion of the F I D yields the nu ta t ion 
spec t rum (Fig. 1). In the absence of ofT-resonance sig-
nals, the project ion of the magnet iza t ion oscillates 
a long a single axis, result ing in a nu ta t ion spec t rum 
that is symmetr ic a r o u n d zero f requency. T h e peak sep-
a ra t ion reflects the average nu ta t ion f requency dur ing 
the scan and its inverse is p ropor t iona l to the du ra t ion 
of a 360° pulse. 

Several points must be observed to obta in the 
accura te 90° hard pulse, i.e., the length of the 90° pulse 
at high power , (i) It is r ecommended t o pe r fo rm the 
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Fig. 1. Nutat ion spectrum of a 3.6 m M solution of hen egg white lysozyme in 90% H j O / l 0% DoO, pH 7.0 acquired at 25 °C on a Bruker Avance 
800 MHz N M R spectrometer. The spectrum was recorded with a power level at tenuated 16-fold compared to that of the hard 90° pulse, using a duty 
cycle of 80%. A magnitude spectrum was calculated after Fourier t ransformation. A hard 90° pulse of durat ion Tgo = 10.65 |js was derived using 
Tw = rf/(32 X Av), where d is the duty cycle and Av the frequency difference between the peaks identified by arrows. Fo r comparison, a conventional 
pulse length determination searching for the null point of the water after a 360° pulse yielded T90 = 10.63 [is. 

nutat ion experiment with reduced power to avoid sam-
ple heating. In addit ion, cryogenic probes may not toler-
ate the application of high power during the full 
dura t ion of the F I D in the case of large duty cycles, 
(ii) Calculation of the 90° hard pulse f rom an experiment 
recorded with at tenuated power requires linear amplifi-
ers or, alternatively, a calibration procedure. On our 
N M R spectrometer, the linearity of the amplifiers is 
achieved by software correction tables, resulting in pre-
dictable and accurate scaling of the R F power, (iii) The 
duty cycle must be taken into account. We use to record 
all N M R spectra with a digital filter and oversampling 
[8], i.e., the dwell times are 32-fold shorter than they 
would be without oversampling. In our hands, accurate 
pulse lengths were obtained with an 80% duty cycle (i.e., 
RF-i r radia t ion during 80% of each dwell time), but not 
with 20% duty cycle. The duty cycle actually used by the 
spectrometer (displayed by the status parameter H D D -
U T Y in the file acqus on our Bruker AV800 N M R spec-
trometer) was about 1% shorter than its nominal value 
in the parameter file acqu. Consequently, the value cal-
culated for the hard 90° pulse length assuming an 80% 
duty cycle should have been too long by 1%. This effect 
was fortuitously compensated by the fact that the nuta-
tion peak shows a weak tail towards lower frequencies, 
corresponding to regions in the sample, where the R F 
field is both weak and inhomogenous . The magnetiza-
tion in these regions dephases rapidly during the nuta-
tion experiment. Therefore, the maximum of the 

nuta t ion peak is primari ly determined by the most 
homogeneous region of the R F field distr ibution and 
the corresponding pulse length tends to be shorter than 
that determined f rom a 180° or 360° ro ta t ion , compen-
sating the error made by assuming that the duty cycle 
was 1% longer than the actually used value. Keeping 
these deviations in mind, duty cycles o ther than 80% will 
work too. To mainta in control over the actually used 
duty cycle, it is recommended to use the same acquisi-
tion parameters for all pulse length determinations, 
(iv) The nuta t ion spectrum must be recorded with the 
carrier frequency at or close to an N M R signal. If the 
carrier frequency is off-resonance, the eflective rotation 
frequency Weff increases according to 

ftjcff = (1) 

where w, denotes the R F field strength and Q the differ-
ence between the R F and the L a r m o r frequency. Small 
off-resonance effects are well tolerated. F o r example, 
for a nuta t ion frequency of 1000 Hz, a 100 Hz off-set 
creates less than 0.5% error in the pulse length determi-
nation. (v) Radia t ion damping dur ing the nutation 
experiment reduces the average nu ta t ion frequency. 
However, the magnet izat ion defocuses dur ing the nuta-
tion experiment due to R F inhomogenei ty [9-11], elimi-
nat ing radiat ion damping towards the end of the FID. 
The posit ions of the peak maxima in the nuta t ion spec-



Communication / Journal of Magnetic Resonance 176 (2005) 115-119 117 

trum are thus hardly affected by radiation damping, 
making pulse length determinations that use the water 
resonance particularly straightforward and accurate. 

The nutation method also yields accurate 'H pulse 
length determinations for organic compounds in deuter-
ated solvents which often display many ' H N M R peaks 
of similar intensity without a dominant solvent reso-
nance. In this situation, the nutation spectrum displays 
several peaks and the 90° pulse must be derived f rom 
the symmetric pair of peaks with the lowest frequency 
(disregarding any peak at zero frequency). The carrier fre-
quency must be placed at the frequency of one of the res-
onances, since any off-resonance peak will appear at an 
increased frequency, regardless of whether it is located 
high-field or low-field f rom the carrier (see Eq. (1)). An 
example is shown in Fig. 2. Placing the carrier frequency 
on the most intense resonance, several signals are ob-
tained. The correct pulse length is derived from the peak 
shoulder near the peak maximum. Using the peak maxi-
ma instead, a 0.5% shorter pulse length would have been 
derived. This value still is within the error of pulse length 
determination by the conventional method of minimizing 
the signals after a 360° pulse, considering that off-reso-

nance effects result in different effective flip-angles at dif-
ferent offsets Eq. (1). For example, a 360° pulse based 
on the pulse length derived from the inner shoulders in 
Fig. 2B yielded the spectrum of Fig. 2C, where the reso-
nances near the carrier frequency have nearly disap-
peared. Shortening the duration of the 360° pulse to 
minimize the integral of the off-resonance signals required 
an almost 1% shorter pulse (Fig. 2D). Picking the peak 
maxima instead of the peak shoulders in the nutation 
spectrum of Fig. 2B would thus have yielded the 90° pulse 
length with perfectly adequate accuracy. 

The nutation method would be expected to become 
less accurate when the signal overlap is severe and there 
is no dominant line in the N M R spectrum. Yet, using a 
solution of hen egg white lysozyme in D2O and placing 
the carrier frequency on the biggest methyl signal (Fig. 
3A), the pulse length determined by the nutation meth-
od was only 0.3% shorter than that determined by a con-
ventional 360°-pulse determination, because the signals 
from different methyl groups could not be resolved in 
the nutation spectrum (Fig. 3B). 

It is an important advantage of the nutation method 
that it is readily amenable to automation. This works 
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Fig. 2. ' H N M R spectra of an organic compound, C.^HssOsSii, in deuterobenzene. (A) ID N M R spectrum acquired after a 90° pulse. The arrow 
identifies the R F carrier frequency used for the acquisition of the nutation spectrum. (B) Phase-sensitive nutation spectrum. The arrows identify the 
peak shoulders used for the pulse length calculation, yielding 9.81 us for the width of the hard 90° pulse. Using the peak maxima would have yielded a 
hard 90° pulse of 9.76 ^ls. (C) I D N M R spectrum recorded after application of a 360° pulse of 4 x 9.81 us durat ion. The carrier frequency is identified 
by an arrow. (D) I D N M R spectrum acquired after a pulse of 4 x 9 . 7 3 us duration. The pulse minimized the residual intensities of the methyl 
resonances at 1.2 ppm, but was a bit too short for the resonances near the carrier frequency (arrow). Spectra (C and D) were vertically expanded 
about 25-fold compared to the spectrum in (A). 
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Fig. 3. ' H N M R spectra of a 4 m M solution of hen egg white 
lysozyme in D2O. (A) I D N M R spectrum acquired following a 90° 
pulse. The arrow identifies the carrier frequency used for the 
acquisition of the nutation spectrum. (B) Phase sensitive nutation 
spectrum. Arrows identify the peaks used for the pulse length 
calculation. The residual H D O signal gives rise to the signals at 
±3246 Hz. 

particularly well with samples containing large solvent 
peaks of known chemical shift. A single nutation scan 
followed by Fourier transformation, magnitude calcula-
tion and automatic peak picking of the two biggest sig-
nals provides the necessary information to calculate the 
90° pulse length (Fig. 1). In the case of N M R spectra 
with multiple signals, a single-scan ID 'H N M R spec-
trum must be recorded first in order to identify the fre-
quency of the biggest signal. In the presence of two or 
more intense signals, the relevant nutation peaks can 
be distorted by a magnitude calculation and may not 
be the most intense signal in the nutation spectrum 
(Figs. 2B and 3). In this situation we recommend a Fou-
rier transform without magnitude calculation, picking of 
the peaks with the lowest absolute frequency that can be 
found in the nutation spectrum in the prospective re-

gions of interest and determination of their frequency 
with respect to the carrier frequency. If a small potential 
error in pulse length is acceptable, picking the largest 
peak in the relevant region of the nutat ion spectrum 
and its mirror image on the other side of the carrier fre-
quency will be easier to automate. 

Knowledge of the 90°( 'H) pulse length is required for 
the optimal performance of a myriad of N M R experi-
ments. Automation of its determination is important 
for experiments performed non-interactively with auto-
matic sample changers and in L C - N M R , when different 
solvent and buffer compositions result in different ionic 
strength. In addition, automated determination of the 
90°( 'H) pulse length widens the scope of N M R spectros-
copy for non-experts by automating the entire setup of 
N M R experiments, since parameter sets are usually 
available that only require an update of the 90°('H) 
pulse length. Tuning, matching, and shimming of the 
probe head is already highly automated on current 
N M R systems. The nutation method may also be used 
for the determination of ' ' C - and '^N-pulses, if a suffi-
ciently intense signal is available. These pulse lengths, 
however, are much less sensitive with regard to sample 
properties, and heteronuclear experiments usually can 
be successfully performed by the use of default values 
for '^C- and '^N-pulse lengths. 

Finally, the exceptional speed with which the 90° 
pulse can be determined by nutation spectroscopy can 
be exploited, for example, to minimize the dead time 
in H / D exchange experiments which are initiated by dis-
solving a dry compound in D2O. 

3. Conclusions 
Although nutation spectroscopy may not be the only 

way to automate the determination of the 90°('H) pulse, 
it is particularly fast, straightforward, and accurate. It 
accelerates an essential but uninteresting part of the set-
up of advanced N M R experiments. 
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Abstract 

Water suppression by selective preirradiation is increasingly difficult to achieve on probeheads with high 
quality factor because of the opposing forces of radiation damping. Here we show that a simple modification to 
the WET scheme provides reliable water suppression in aqueous solutions of proteins and peptides with 
minimal saturation of the H" protons. The scheme is shown to work also with dilute peptide solutions. It is 
recommended to maintain the water suppression during the evolution time of COSY experiments by weak 
selective irradiation that causes only minimal Bloch-Siegert shifts. The new water-suppression scheme sup-
presses the water magnetization by spatial scrambling. Traditional water suppression by preirradiation is 
similarly based more on water scrambling due to the radiofrequency inhomogeneity than on relaxation effects. 

Abbreviations: D A N T E - delays alternating with nutations for tailored excitation; rf - radiofrequency; 
SWET - secure WET; W A N T E D Water selective D A N T E using gradient; WET water suppression 
enhanced through T, effects 

Introduction 

Among many different water suppression schemes 
(Price, 1999), water suppression by selective irra-
diation (Campbell et al., 1974) stands out as one of 
the most universally applicable schemes. The high 
quality factor, Q, of modern probeheads on high-
field N M R spectrometers, however, makes water 
suppression by selective irradiation an increasingly 
difficult proposition due to the counteracting force 
of radiation damping (Abragam, 1961; Gueron 
et al., 1991; Vlassenbroek et al., 1995; Augustine, 
2002). The radiation damping field created by 
transverse water magnetization increases with the 
static magnetic field and the quality factor of the 
probehead. In order to rotate the water magneti-
zation by on-resonance irradiation, the radiofre-

*To whom correspondence should be addressed. E-mail: 
go t t f r i ed .o t t ing@anu.edu .au . 

quency (rf) power needs to overcome the radiation 
damping field. Using a room-temperature triple-
resonance, triple-axes gradient probehead on our 
800 MHz N M R spectrometer, preirradiation field 
strengths of 75 Hz can be required to overcome 
the radiation damping field created by a dilute 
peptide sample in 90% H20/10% D j O and obtain 
adequate water suppression. Clearly, such a strong 
preirradiation field causes considerable saturation 
of H^ resonances and, hence, bleaching in homo-
nuclear 2D N M R spectra (Wider et al., 1983). The 
problem becomes correspondingly more severe on 
cryogenic probes. 

Due to the vagaries of water suppression by 
selective pre-irradiation, the much more robust 
Watergate scheme (Piotto et al., 1992; Sklenaf 
et al., 1993) has become very popular. Unfor tu-
nately, it fails as a water suppression scheme in 
COSY (Aue et al., 1976) and DQF-COSY (Pian-
tini et al., 1982) experiments, because the basic 
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phase cycles of these experiments occasionally 
invert the water magnetization. Inverted water 
magnetization presents an unstable situation, 
where a minor disturbance creating some trans-
verse magnetization triggers the return of the wa-
ter magnetization to its equilibrium position along 
the positive r-axis by radiation damping, with fully 
transverse magnetization on the way (Otting and 
Liepinsh, 1995a; Augustine, 2002). In probeheads 
with high g- fac tor this happens quickly and dur-
ing the acquisition time of the COSY experiments. 
Although radiation damping during acquisition 
can, in principle, be suppressed by Q-switching 
(Maas et a l , 1995), bipolar gradients applied be-
tween individual sampling points (Zhang and 
Gorenstein, 1996), addition of glycine in high 
concentrations (Rodriguez et al., 2002) or a feed-
back-loop to counteract radiation damping 
(Broekert and Jeneer, 1995; Louis-Joseph et al., 
1995), all these schemes either reduce sensitivity, 
require special sample conditions or depend on 
specialized hardware that is not widely available. 
Furthermore, the non-uniform excitation profile of 
Watergate would affect any H^-H"^ COSY cross-
peak for which the H"" spin is not rotated by a 
multiple of 180° during the Watergate sequence. 
DQF-COSY spectra recorded with gradient selec-
tion during the double-quantum filter deliver 
outstanding water suppression (Hurd, 1990; Davis 
et al., 1991; John et al., 1992; van Zijl et al., 1995), 
but at the price of up to 4-fold reduced sensitivity 
compared with conventional COSY spectra. A 
similar reduction in sensitivity is observed in 
ZZCOSY (Zuiderweg, 1987). 

Here we propose a variant of the WET scheme 
(Ogg et al„ 1994; Smallcombe et al., 1995) as a 
generally applicable strategy to replace water sat-
uration by selective preirradiation. The original 
W E T scheme is based on a series of water-selective 
excitation pulses followed by pulsed field gradients 
to defocus the transverse water magnetization. On 
systems with high ^- fac tor , water-selective pulses 
are difficult to apply and they must be sufficiently 
intense to overcome radiation damping (Otting, 
1997; Cutting et al., 2000). In our approach, each 
selective pulse is broken up in the D A N T E fash-
ion, inserting bipolar pulsed-field gradients in the 
delays (Bockmann and Guittet, 1996). The result-
ing scheme, dubbed secure WET (SWET), pro-
vides reliable water suppression with much less 
power than selective water preirradiation. In 

addition, the Bloch-Siegert shifts (Ramsey, 1955) 
resulting f rom water irradiation during the evolu-
tion time of COSY experiments (Wider et al., 
1983) were assessed and the water suppression 
mechanism behind conventional water preirradia-
tion was investigated. 

Materials and methods 

Experiments were performed on a Broker Avance 
800 M H z N M R spectrometer equipped with a 
triple-resonance ( 'H / ' ^C/ ' ^N) probe operating at 
room-temperature. Measurements were performed 
at 25 °C using a 3.5 mM sample of hen egg-white 
lysozyme in 90% H20/10% D2O at pH 7.0 and a 
100 nM sample of C-peptide (31 residues, Ohtomo 
et al., 1998) in 90% H20/10% D2O at pH 6.9, 
using conventional 5 mm N M R tubes. In all 
experiments, the carrier frequency was at the water 
frequency. The radiation damping field strength 
was determined by fitting the F I D observed after a 
90° pulse with the equation (Mao et al., 1994) 

My{t) = Mo s e c h ( / / r , ) Jll 

where My, is the magnetization along the y axis, 
A/o the equilibrium magnetization, T^ the radia-
tion damping time constant, and t the observa-
tion time of the F ID. Measurements of the 
signal-to-noise ratio as a function of receiver 
gain, using the standard ethylbenzene sample in 
chloroform, showed that the sensitivity was 
invariant for receiver gain settings above 512, 
with about 15% loss in sensitivity for a receiver 
gain of 128. A receiver gain of 128 was subse-
quently deemed acceptable. Nutat ion experiments 
were performed by pulsing during the acquisition 
in homogated decoupling mode with a duty cycle 
of 20%. COSY spectra were baseline corrected in 
the spectral region 5, = 1.0-6.5 ppm/52 = 5.5-
10.0 ppm by subtracting 5th order polynomials in 
both dimensions in order to remove dispersive 
tails from the diagonal peaks. 

Results 

Radiation damping field strength 

The rate of rotation cOrd of the water magnetization 
due to the radiation damping field depends on the 
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angle 9 between the water magnetization and the 
main magnetic field (the z-axis) (Abragam, 1961) 

Wrd = 
— sin 0 

' t T 
(2) 

On our spectrometer, fitting of the F I D observed 
for a 90% H20/10% D j O sample after a 90° pulse 
(Equation 1) yielded a T, value of 4.3 ms, corre-
sponding to a rotational frequency a)rd/2Tt of about 
37 Hz for fully transverse water magnetization. 
Any selective water irradiation scheme must be 
applied with a higher field strength to overcome 
the radiation damping. For field strengths little 
above 37 Hz, radiation damping will significantly 
slow down the overall rate of rotation. 

Conventional water preirradiation 

Conventional water saturation by preirradiation 
typically uses about 1 s of selective irradiation 
before the first pulse of the experiment, combined 
with at least two dummy scans to achieve a steady 
state. A nutation experiment performed with data 
acquisition in homo-gated decoupling mode 
showed that the water signal was strongly attenu-
ated after about 40 rotations (Figure 1). This 
at tenuation was achieved in a time much shorter 
than the F, and T j relaxation times of the water 
which are about 2 s (Denisov and Halle, 2002). 
The same number of rotations produced a very 
similar at tenuation also when much higher power 
levels were used, confirming that the decay is due 
to rf-inhomogeneity. Accordingly, a 2 ms trim-
pulse applied at a rf-field strength of 20000 Hz 
provides good water suppression and is better 
than a 1 ms trim-pulse (Otting and Wiithrich, 
1988; Otting, 1994). If relaxation effects can be 
neglected, Fourier t ransformation of the nutation 
data yields the rf-frequency distribution that 
reflects the rf-inhomogeneity. Figure lb shows 
that the frequency distribution is narrow but of 
finite width. The width of the signals scaled with 
increasing nutation frequency, as expected for 
negligible effects f rom water relaxation (data not 
shown). The splitting of the peaks corresponds to a 
difference in nutation frequency of no more than 
1.1%. The peaks are asymmetric with long tails of 
weak intensity towards zero frequency. 

In principle, 40 nutations within a recovery 
delay of 1 s require a water-irradiation field 
strength of 40 Hz. In the presence of radiation 

1000 500 -500 •1000 Hz 

Figure I. N u t a t i o n expe r imen t fo r the m e a s u r e m e n t of rf-
i n h o m o g e n e i t y . T h e d a t a were acqu i r ed as a single F I D while 
the ' H N M R signal of a s ample of 90% H , 0 / 1 0 % 0 , 0 w a s 
i r r ad ia ted with h o m o g a t e d decoup l ing , (a) Real pa r t o f the 
F I D . T h e r e w a s a lmos t n o signal in the imag ina ry pa r t , (b) 
F o u r i e r t r a n s f o r m of the F I D in (a), s h o w i n g the d i s t r i bu t ion of 
n u t a t i o n f requenc ies in the expe r imen t . 

damping, however, the field has to be higher, 
because the presence of a radiation damping field 
of up to 37 Hz slows down the overall nutation 
frequency according to 

dO sin 0 
— = Wrf + Urd = COrf - - y - (3) 

Integration between 0 and 2n for Wrf/27t = 40 Hz 
and rr = 4.3 ms yields an average nutation fre-
quency of only 18 Hz. 

Bilevel water irradiation 

The necessity of at least 40 nutations for optimal 
water suppression by preirradiation combined 
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with reduced radiation damping once the water 
magnetization is partially defocused suggests that 
improved selectivity could be obtained by division 
of the preirradiation period into an initial period 
of increased irradiation power to minimize the 
radiation damping effects followed by a period 
with weaker irradiation to complete the number of 
nutations while allowing recovery of the magneti-
zation of solute signals near the water resonance. 
We found that such a bilevel irradiation scheme 
worked adequately for a concentrated lysozyme 
sample, reducing the number of H" signals 
bleached by the preirradiation. However, unac-
ceptably high preirradiation powers were still re-
quired to record spectra with our dilute peptide 
sample. 

Swel 

The WET scheme (Ogg et al., 1994; Smallcombe 
et al., 1995) provides good water suppression 
independent of sample concentration, but radia-
tion damping on probeheads with high Q factor 
limits its selectivity. This drawback is overcome by 
the SWET scheme (Figure 2), where each of the 
selective water pulses is delivered as a train of 
small flip-angle pulses interleaved with bipolar 
gradients as in WANTED-type water excitation 

•H 1" 1 
•P • •p • 

r 1 
90" $ go'v 

grad 1 A A 
G1 G2 G3 • G4 

78 178 

Figure 2. COSY pulse sequence preceded by SWET. Typical 
parameters for the S W E T scheme are: flip-angle p » i l ° with 
1.4 us dura t ion; the flip-angle must be interactively fine-tuned 
for max imum water suppression; ampl i tude of the bipolar 
gradients: 10 G/cm, with each pulsed field gradient of rectan-
gular shape of 50 us dura t ion and followed by a 50 us recovery 
delay; gradient pulses G1-G4: sine shaped of I ms dura t ion 
each and with ampli tudes of 32, 16, 8 and 4 G/cm, respectively; 
each gradient pulse was followed by a 100 us recovery delay. 
Instead of bipolar gradients, a Q-switch could be used to 
suppress radiat ion damping (Otting and Liepinsh, 1995b). The 
pulse spacing must be less than twice the dwell time to avoid 
excitation sidebands within the spectral width. Con t inuous 
irradiat ion on the p ro ton channel at a power level of 15 Hz 
dur ing the fi evolution period of the COSY pulse sequence 
serves to maintain the water suppression for long r, values. 
Phase cycle: (j) = x , x , - x , - x : >|/ = x , -x ; receiver = x , x , - x , - x , with 
quadra tu re detection achieved by States-TPPI. 

(Bockmann and Guittet , 1996). W A N T E D pulses 
suppress radiation damping and can be made 
highly selective. In our hands, rectangular 
W A N T E D pulses with an average field strength of 
15 Hz provided adequate water suppression in the 
SWET scheme. This value, found by experimental 
optimization for best water suppression, was 
somewhat higher than predicted from the nominal 
flip angles of the SWET sequence which could be 
explained by finite rise and decay times of the 
pulses and by incomplete suppression of radiation 
damping by the bipolar gradients; doubling the 
duration of the SWET pulses by doubling the 
number of pulse-delay elements yielded adequate 
water suppression only if the pulse amplitudes 
were reduced by less than 50%. The flip-angles 
proposed for the WET sequence optimized for T, 
and rf imperfections (Ogg et al., 1994) yielded the 
best water suppression with SWET. One-dimen-
sional N M R spectra recorded of C-peptide with 
water suppression by SWET or conventional 
selective water irradiation with significantly in-
creased power resulted in residual water signals of 
comparable size. While the intensities of the ali-
phatic signals of the peptide were indistinguish-
able, the signals of the exchangeable amide 
protons were more intense with SWET due to 
reduced saturation transfer, since SWET took up 
only the last 96 ms of the recovery delay between 
scans (Figure 3). 

Since 2D N M R experiments are invariably 
recorded with recycling delays that allow only 
incomplete relaxation of the water magnetization, 
the remaining steady-state magnetization is less 
prone to radiation damping. In the case of the 
dilute solution of C-peptide on our 800 M H z 
N M R spectrometer, the steady-state water mag-
netization was at least 15% of the equilibrium 
water magnetization after recovery during 0.5 s of 
data acquisition and the water magnetization had 
grown to about 50% of its equilibrium value after 
1.5 s. In this situation, a conventional WET 
scheme containing four Seduce-shaped pulses of 
20 ms duration each (Smallcombe et al., 1995) did 
no longer yield adequate water suppression. In 
principle, the W E T sequence could be imple-
mented by replacing the first selective W E T pulse 
by a radiation-damping compensated shaped pulse 
(Chen et al., 1999; Cutting et al., 2000), but this 
would require that the shape of the pulse is 
adjusted to the steady-state magnetization of the 
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Figure 3. I D N M R spectra recorded of a 100 ^M solution of 
C-pept ide in 90% H 2 0 / I 0 % D . O at pH 6.9 and 25 °C, using 
water suppression by 1 s of prei r radia t ion with an ampl i tude of 
75 Hz (a and c) or S W E T with a total dura t ion of 96 ms using 
an average pulse ampl i tude of 15 Hz (b and d), followed by a 
hard 90° pulse. Both spectra were recorded with an acquisition 
time of 0.51 s, using 128 scans, eight d u m m y scans and the same 
total recycling delay. N o postacquisi t ion processing was used to 
suppress the water resonance in (a) and (b). whereas the 
baseline was corrected manual ly near the water resonance in (c) 
and (d). (a) Residual water signal in the spectrum recorded with 
prei r radia t ion. (b) Residual water signal in the spectrum 
recorded with S W E T plotted on the same scale as (a), (c) 
Solute signals in the spectrum recorded with preirradiat ion. The 
vertical scale was expanded 1000-fold in the al iphatic region 
and 16700-fold in the amide region compared to the spectra in 
(a) and (b). (d) Solute signals in the spectrum recorded with 
SWET, plotted with the same magnificat ion as in (c). S W E T 
resulted in virtually identical signal intensities in the aliphatic 
region of the spectrum and less signal a t tenuat ion of the amide 
protons. 

water present at the start of the WET sequence 
which in turn depends on the acquisition time and 
recycling delay used. Adequate water suppression 
was possible, when the shape of the first WET 
pulse was kept unchanged but its duration was 
shortened to 5 ms. This, however, would have 
resulted in substantial saturation of a wide band of 
H" resonances. SWET combines the advantages of 
a simple setup with selectivity of water suppres-
sion. 

Water suppression in COSY 

Although the SWET scheme provided adequate 
water suppression in I D and 2D N M R experi-
ments recorded with short evolution times, the 
water suppression deteriorated significantly during 
long ti evolution times of COSY and DQF-COSY 
experiments due to the recovery of equilibrium 

water magnetization. This problem was solved by 
application of weak selective water irradiation 
during t] (Figure 2). A rf-irradiation strength of 
15 Hz (i.e., of similar average power as the SWET 
pulses) was sufficient to maintain adequate water 
suppression throughout the 2D experiments. The 
scheme of Figure 2 was used to record a COSY 
spectrum of a 100 |iM solution of C-peptide 
(Figure 4). For consistent water suppression 
throughout the 2D experiment, the pulse power 
used for SWET was optimized using a one-
dimensional experiment based on the pulse 
sequence SWET 90°-pulse - acquisition. Baseline 
corrections in both dimensions removed the dis-
persive tails from the diagonal peaks, yielding a 
perfectly flat baseline. Conventional water preir-
radiation during 1 s combined with the same 
acquisition time (293 ms) required the use of a 
75 Hz irradiation field to allow the same receiver 
gain setting and selective water irradiation during 
t\ would still have been necessary to maintain the 
water suppression for long t\ values. 

Figure 4. Fingerprint region of a COSY spectrum recorded 
with the pulse scheme of Figure 2, using a 100 | jM sample of C-
peptide in 90% H20 /10% D2O at pH 6.9 and 25 °C. The a r row 
identifies the frequency of the water resonance. The spectrum 
was recorded with rimax= 100 ms and '2max = 293 ms, using 28 
scans per F I D , spectral widths of 7000 Hz in bo th dimensions, 
a total recycling delay of I s (excluding the acquisit ion t ime but 
including the S W E T dura t ion of 96 ms) and a total experi-
mental time of 16 h. 
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The shorter duration and the lower power 
needed for SWET compared to water suppression 
by selective preirradiation translates into reduced 
saturation of H^ resonances near the chemical 
shift of the water. This effect was experimentally 
verified by COSY spectra recorded of hen egg-white 
lysozyme using, respectively, a 96 ms SWET 
sequence at 15 Hz average power or water preir-
radiation with 40 Hz field strength during I s, 
respectively (Supplementary material). 

Bloch-Siegert shifts 

Water irradiation during evolution periods have 
been shown to result in frequency shifts of signals 
near the irradiation frequency (Wider et al., 1983). 
Since they are based on the same mechanism as 
frequency shifts due to the counter-rotating field 
contained in a linearly polarized radio-frequency 
field (Ramsey, 1955), we refer to these shifts in 
the following as Bloch-Siegert shifts. For the 
small irradiation power used in our experiments, 
however, these frequency shifts are small and would 
hardly interfere with the analysis of protein N M R 
spectra. Since the C-peptide has no signals near the 
water resonance, this effect was studied by com-
parison of a COSY spectrum of hen egg-white 
lysozyme recorded with 15 Hz water irradiation 
during the t\ evolution with a TOCSY spectrum 
recorded without water irradiation during the 
evolution period (Figure 5). Except for the cross-
peak of Arg68 which was very close to the water 
chemical shift at 4.765 ppm, no significant fre-
quency shifts were evident in the indirect dimen-
sion of the COSY spectrum. Frequency shifts due 
to heating effects by the TOCSY mixing period 
were at least as pronounced as the frequency 
shifts induced by the water irradiation during the 

period of the COSY experiment. 
Any Bloch-Siegert shifts of cross-peaks 

in spectra recorded with 30 Hz irradiation ampli-
tude were still smaller than the widths of the H" 
multiplets (Figure 5b). The small magnitude of the 
frequency shifts to be expected from water irradi-
ation during the evolution time is confirmed by the 
quantitative prediction presented in Figure 6. For 
example, a frequency shift of less than 3 Hz is 
predicted for any cross-peak further than 30 Hz 
from the water resonance, if the irradiation 
amplitude is 15 Hz. 

4 8.3 8.2 8.1 8 0 7 9 7 8 7.7 7 6 5 , / p p m 

Figure 5. Frequency shifts due to water irradiation during the 
evolution time. Selected spectral region f rom the fingerprint 
region of homonuclear COSY and T O C S Y spectra recorded 
with a 3.5 m M solution of hen egg-white lysozyme in 90% H2O/ 
IO%D20 at pH 7.0 and 25 °C. The ar row identifies the 
frequency of the water resonance, (a) Superposit ion of a COSY 
spectrum recorded with continuous irradiation at 15 Hz during 
the evolution period with a TOCSY spectrum recorded 
without water irradiation during The T O C S Y spectrum 
contains additional cross-peaks at the water frequency due to 
chemical exchange. Only the two lowest contour lines are 
shown for the TOCSY spectrum. Water suppression in the 
TOCSY experiment was achieved by weak preirradiation 
during the recycle delay and a Watergate sequence following 
the mixing period. The H ' - H ^ cross-peak of Arg68 is identified 
by a star, (b) Superposition of the spectral regions f rom two 
COSY spectra recorded using irradiation during t̂  evolution 
with amplitudes of 30 and 15 Hz. respectively. The spectrum 
with 15 Hz irradiation was plotted on a logarithmic scale with a 
factor of 1.4 between subsequent contour levels. Only the lowest 
contour level is shown for the COSY spectrum recorded with 
irradiation strength of 30 Hz. The latter spectrum was shifted 
horizontally to facilitate comparison with the COSY spectrum 
recorded with 15 Hz irradiation. 

Discussion and conclusions 

H" H"^ COSY cross-peaks contain valuable 
information for the resonance assignment of 
unlabelled proteins (Wathrich, 1986). Since COSY 
spectra have a high intrinsic sensitivity, some 
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Figure 6. Predict ion of the f requency shift of a protein spin as 
a funct ion of its offset f rom the water i rradiat ion frequency. 
The curves were calculated for water irradiation ampli tudes of 
45 ( ), 30 ( ) and 15 Hz ( ), respectively, using 

the relation mbs = + (oj - Q. where Wbs is the frequency 
shift, £) is the offset of the La rmor frequency of the spin f rom 
the water f requency, and o)] is the ampl i tude of the water 
i rradiat ion field. The graph approximates the relation mbs = ^ 
for a » 0), (Ramsey. 1955). 

attenuation of the protein signals by saturation 
transfer is often acceptable. For the spectral region 
containing the H^-H*^ cross-peaks, the dispersive 
tails of the diagonal peaks can readily be removed 
by baseline correction. The present study was 
prompted by the difficulty to record COSY spectra 
with conventional water suppression by selective 
preirradiation. 

On N M R spectrometers 30 years ago, water 
suppression by selective irradiation relied on 
rf-inhomogeneity (Hoult, 1976) more than on the 
interplay of T, and T j relaxation (Torrey, 1949). 
Our present data show that this situation still 
holds today for the short irradiation times usually 
used in 2D N M R experiments. Therefore, the 
spatial scrambling of the water magnetization 
achieved by the W E T or SWET schemes is con-
ceptually not different from the spatial scram-
bling resulting from selective irradiation. In this 
situation, a W E T scheme appears superior since 
the irradiation is shorter, giving rise to less sat-
uration of solute resonances. For concentrated 
protein solutions and in the presence of com-
pounds undergoing proton exchange with the 
water, the water resonance is broadened by the 
chemical exchange. In this case, conventional 
water irradiation can yield better water suppres-

sion than SWET because the effective T2 relaxa-
tion time of the water resonance is shortened by 
the exchange-broadening of the water, adding 
saturation of the water resonance (Torrey, 1949) 
as a significant mechanism of water suppression. 
With the advent of increasingly more sensitive 
N M R spectrometers, however, ever more dilute 
samples are being investigated, where the water 
resonance is little affected by the solute. Particu-
larly under those circumstances, SWET provides 
superior water suppression compared with the 
conventional water preirradiation scheme by 
allowing the use of the same receiver gain setting 
with less power applied for a shorter time period 
resulting in reduced saturation of protein reso-
nances. 
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Supplementary Material 

Peter S. C. Wu and Gottfried Otting 

SWET for secure water suppression on probes with high quality factor 

Figure SI. Comparison of the selectivity of water suppression by (a) SWET and (b) 

selective water preirradiation. The curves were simulated using the NMRSIM program in 

TOPSPIN and present the remaining z-magnetization after the two water suppression 

schemes. The SWET profile was approximated by a WET profile, simulating the 

selective pulses as continuous rectangular pulses rather than DANTE pulses and 

disregarding radiation damping effects. The profile was calculated by selecting the z-

component of the magnetization after each of the four selective pulses, applied with flip-

angles of 81.4, 101.4, 69.3 and 161.0 degrees and durations of 18.0, 22.4, 15.6 and 35.6 

ms, respectively, followed by multiplication of the four profiles. The profile resulting 

from preirradiation was calculated by averaging ten profiles calculated for pulses of 1 s 

duration and amplitudes of 75.0, 75.1, 75.2, ..., 75.9 Hz, respectively, in order to 

simulate the radiofrequency inhomogeneity. 75 Hz was the experimentally determined 

field-strength required for adequate water suppression with a 100 (iM solution of C-

peptide in 90% H20/10% D2O. A more accurate simulation of preirradiation would have 

to take into account the precise frequency distribution of the rf-field (Figure 1), the 

presence of radiation damping arising from steady-state magnetization after a number of 

dummy scans, and the T\ and T2 relaxation of the water magnetization during the 

irradiation. Several of these parameters are dependent on the sample and experimental 

parameters used. It is unlikely that such a simulation would change the overall conclusion 

that the selectivity of SWET is at least as good as that achieved by preirradiation. The 

selectivity of the SWET scheme could further be enhanced by the use of Seduce-shaped 

rather than rectangular pulse profiles as proposed for WET (Smallcombe et al., (1995) J. 

Magn. Reson. A,\\l, 295-303). 
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Figure S2. COSY spectra recorded of a 3.6 mM solution of hen egg-wiiite lysozyme in 

90% H20/10% D2O at pH 7.0 and 25 "C. The spectra were recorded under identical 

conditions on a Bruker 800 MHz N M R spectrometer, except that different water 

suppression schemes were used. The common parameters were: /imax = 51 ms and /2max = 

102 ms, 16 scans per FID, sweep widths of 10000 Hz in both dimensions, recycle delay 

1.1 s (excluding the acquisition time but including the water suppression period by 

selective water irradiation or SWET, respectively), and selective water irradiation during 

the evolution time with an amplitude of 15 Hz. The water signal was reduced by 

subtraction of a 5"̂  order polynomial from each FID and the dispersive tails of the 

diagonal peaks were minimized by multiplication of the data with an unshifted sine-bell 

window function in both dimensions prior to Fourier transformation. No baseline 

correction was applied after Fourier transformation. In both spectra the contours were 

plotted at the same heights, using an exponential scale with a factor of 1.4 between 

subsequent contour levels, (a) Overview of the COSY spectrum recorded with water 

suppression by preirradiation during 1 s immediately prior to the first 90° pulse with an 

amplitude of 40 Hz. (b) Overview of the COSY spectrum recorded with water 

suppression by SWET during the 96 ms immediately prior to the first 90° pulse with an 

average irradiation amplitude of 15 Hz. The pulse sequence of Fig. 2 was used, (c) and (d) 

Expansions of the spectra shown in (a) and (b), respectively. The position of the water 

resonance in the indirect dimension is indicated by an arrow. Water suppression by 

SWET resulted in less attenuation of the H^-H*^ cross-peaks at chemical shifts near the 

water resonance and less saturation transfer to some of the H" resonances at other 

chemical shifts. 
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['^N]-heteronuclear single quantum coherence (HSQC) spectra provide a 
readily accessible fingerprint of ["N]-labelled proteins, where the backbone 
amide group of each nonproline amino acid residue contributes a single 
cross-peak. Cell-free protein synthesis offers a fast and economical route to 
enhance the information content of ["N]-HSQC spectra by amino acid 
type selective ["Nl-labelling. The samples can be measured without chro-
matographic protein purification, dilution of isotopes by transaminase 
activities are suppressed, and a combinatorial isotope labelling scheme can 
be adopted that combines reduced spectral overlap with a minimum num-
ber of samples for the identification of all ["N]-HSQC cross-peaks by 
amino acid residue type. These techniques are particularly powerful for 
tracking ['•''N]-HSQC cross-peaks after titration with unlabelled ligand 
molecules or macromolecular binding partners. In particular, combinatorial 
isotope labelling can provide complete cross-peak identification by amino 
acid type in 24 h, including protein production and N M R measurement. 

Introduction 

Cell-free protein synthesis in both the Escherichia coli 
coupled transcription-translation system and the wheat 
germ translation system has been remarkably improved 
so that milligram quantities of protein can routinely be 
prepared [1-6]. Compared to conventional recombin-
ant protein production in vivo, cell-free protein synthe-
sis offers a number of decisive advantages for the 
preparation of stable isotope labelled protein samples 
for analysis by N M R spectroscopy. 

(a) The target protein is the only protein synthesized 
and labelled during the reaction. Consequently the iso-
tope-labelled amino acids are used very efficiently, and 
because no new metabolic enzymes are expressed in 
the medium, isotope scrambling is kept to a minimum. 
Moreover, isotope-filtered N M R experiments allow the 

selective observation of the isotope-labelled proteins 
without chromatographic purification. 

(b) The reaction is fast. This is advantageous for the 
synthesis of proteins that are sensitive to proteolytic 
degradation and for high-throughput applications. 

(c) The reaction can be carried out in small volumes. 
Therefore, isotope-labelled starting materials are used 
more efficiently and economically than for conven-
tional in vivo labelling methods [7]. 

(d) The reaction is independent of cell growth. 
Therefore, toxic proteins and proteins containing non-
natural amino acids can be made efficiently [8-10], 
With the advent of cryogenic probe heads, hetero-
nuclear single quantum coherence (HSQC) spectra of 
proteins made by cell-free expression can be recorded 
quickly at the concentration delivered by the reaction 
mixture. 

Abbreviations 

HSQC, heteronuclear single quan tum coherence. 
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(e) T h e reaction mixture is accessible. This allows 
the synthesis of proteins in the presence of o ther pro-
teins provided in excess at the start of or dur ing the 
reaction, e.g., for the purpose of rescuing nascently 
produced insoluble proteins into soluble complexes 
with soluble binding par tners [11]. 

This review summarizes our recent experience with 
cell-free protein synthesis, in par t icular with regard to 
the p roduc t ion of selectively ['"^N]-labelled proteins. 

Isotope scrambling 

Selectively ["Nl- label led protein samples have long 
been m a d e f rom a mixture of unlabelled and [ " N ] -
labelled amino acids by in vivo protein synthesis in 
E. coli [12-15]. However, the amino acid metabol ism 
of live E. coli cells can cause serious isotope scram-
bling for many of the amino acids, mostly due to 
t ransaminase activities [12,15-17]. In principle, this 
problem can be overcome by the use of auxot rophic 
E. coli s trains [13], but this requires protein prepara-
t ions f rom different strains. 

Cell-free protein synthesis systems are far more inert 
with regard to isotope scrambling because the pool of 
metabol ic enzymes present in the cell extract is not 
regenerated. Thus , cell extracts f rom nonauxo t roph ic 
E. coli strains such as A19 have been shown to yield 
selectively labelled proteins without significant interfer-
ence f rom transaminases , except that conversion of 
[ "N]aspa r t i c acid to [ "N]aspa rag ine was still found to 
occur [18]. This conversion can, however, be sup-
pressed by heat t reatment of the E. coli S30 cell extract 
[7,19] or by replacing the originally recommended glu-
t ama te buffer [1] by acetate [7,18]. Different amino 
acids are susceptible to ['-' 'N]-scrambling in the wheat 
germ system than in E. coli. In part icular , interconver-
sion between Ala and Glu, Glu and Asp, and Glu and 
G i n is efficient in wheat germ extract but can effect-
ively be suppressed by inhibitors of t ransaminases and 
glutamine synthase [20]. 

A m o n g the mul t i tude of metabolic enzymes present 
in the cell extract , only those leading to t ransfer of 
[ '^N]-amino groups to o ther amino acids can interfere 
with the subsequent N M R analysis. The N M R reso-
nances of [ " N ] - a m i n o groups, for example, are at a 
different chemical shift than the protein amide reso-
nances and therefore do not interfere with the protein 
fingerprint represented by the amide cross-peaks in 
the ['"' 'N]-HSQC spectrum. Remaining free [ ' ' 'N]-amino 
acids are equally unproblemat ic because the amino 
p ro tons of amino acids exchange too rapidly at neutral 
p H to yield a signal observable in [ " N j - H S Q C spectra. 
It is thus possible to obta in clean N M R spectra 

directly of the reaction mix ture wi thout pr ior removal 
of low-molecular mass c o m p o u n d s [18,21,22]. 

Selective [^^IMMabelling 

N M R resonance ass ignments and t rack ing of chemical 
shift changes is much easier if each amide cross-peak 
in the [ ' ^N] -HSQC spectrum of a protein can be a t t r ib-
uted a priori to one of the 19 nonpro l ine a m i n o acid 
types. (Proline residues do not conta in b a c k b o n e 
amide pro tons . ) Bacterial g rowth and in vivo overpro-
duct ion of 19 different protein samples, each selectively 
['^N]-labelled with a different [ ' ' N ] - a m i n o acid, has 
been a t tempted [16] but is impractical because of t rans-
amina t ion reactions, the expense associated with ['^N]-
labelled amino acids and the necessity to pur i fy each 
individual sample. In cont ras t , cell-free systems allow 
the synthesis of ['•'^N]-labelled prote ins with very small 
quanti t ies of [ " N ] - a m i n o acids and they can be 
directly measured by N M R without c h r o m a t o g r a p h i c 
isolation or concent ra t ion [21]. The much improved 
selectivity of ["N]- label l ing achieved by cell-free pro-
tein synthesis has been demons t ra ted for each of the 
19 nonprol ine residues [18]. T ime and expense can be 
drastically reduced by use of cell-free systems 
[11,18,21], opening m a n y avenues for s trategic applica-
t ions of selectively isotope-labelled a m i n o acids in pro-
tein product ion [23,24]. Because selective ['"''N]-amino 
acid labelling by cell-free protein synthesis can be car-
ried out in parallel, it is possible in a single day to pro-
duce a complete set of 19 selectively isotope-labelled 
samples that are of sufficient concen t ra t ion to record 
adequa te N M R spectra in one hou r per spec t rum or 
less [10,22]. 

Combinatorial selective [^^N]-amino 
acids labelling 

In general, proteins tha t can be p roduced in high 
yields in vivo are also suitable for efficient p roduc t ion 
by cell-free synthesis. In o rder to compensa t e for the 
increased effort and expense required for the p roduc-
tion and selective isotope labelling of less efficiently 
produced proteins, a combina tor ia l labelling strategy 
can be adopted . Combina to r i a l labelling minimizes the 
number of samples that need to be p repared and ana -
lyzed in order to obta in the same in fo rma t ion as tha t 
obta ined f rom a much larger set of selectively labelled 
samples. 

Different combinator ia l strategies have been des-
cribed. Figure 1 illustrates the most basic scheme, 
where the prepara t ion of five samples leads to the 
assignment of every [ • ' N ] - H S Q C cross-peak t o one of 

FEBS Journal 273 (2006) 4 1 5 4 ^ 1 5 9 © 2006 The Authors Journal compilation © 2006 FEES 4155 



^N-label led prote ins by cell-free synthesis K. Ozawa et at. 

Res. Type Sample No. Preq. (%) 
1 2 3 4 5 

Leu • 9.9 

Ala o 8.3 

Gly • 6.9 

Ser o 6.8 

Glu • 6.3 

Val o • 6.7 

He • o 6.0 

Lys o • 5.6 

Arg • o 5.5 

Thr • • 5.4 

Asp • • 5.3 

Pro 4.7 

Asn • • 4.2 

Phe o • 4.1 

Gin o o 3.9 

Tyr • o 3.1 

Met o o • 2.4 

His • • o 2.2 

Cys • o • 1.3 

Trp o • o 1.2 

Fig. 1. Combinatorial isotope labelling scheme. Oval symbols iden-
tify the '^N-labelled amino acids used in the cell-free preparation of 
the five different samples. The last column displays the average 
amino acid abundance in proteins according to the NCBI database. 

19 amino acid residue types [10]. The five samples are 
prepared with different combinat ions of ['"^NJ-labelled 
amino acids. The most abundant amino acids are 
labelled in only one of the samples, while the least 
abundant amino acids are labelled in up to three of the 
samples. The pattern of occurrence and nonoccurrence 
of any particular cross-peak in the [ " N ] - H S Q C spectra 
recorded of these five samples identifies the amino acid 
residue type associated with this cross-peak (Fig. 2). 

Fig. 2. '®N-HSQC spectra of five combinatorially ^^N-labelled sam-
ples of the C-terminal 16kDa domain of the E. coli DNA poly-
merase III subunit T. (A) Overview of the spectra. Numbers in the 
top left corner refer to the five different labelling patterns of Fig. 1. 
(B) Selected spectral region wi th all five spectra superimposed. The 
pattern of peak occurrence in the different spectra identifies the 
amino acid type. 
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This analysis will be misleading only in situations 
where there is complete overlap between two or more 
cross-peaks so that they can no longer be distin-
guished from one another . Notably, cross-peak over-
lap is less likely to occur in these spectra, because 
each contains only about one third of the cross-peaks 
present in the [ '^N]-HSQC spectrum of the corres-
ponding uniformly labelled sample. Not a single case 
of complete cross-peak overlap was encountered in the 
case of the C-terminal domain of the i subunit of 
D N A polymerase III f rom E. coli, a 16 kDa a-helical 
protein [10], 

Combinator ia l ['•''N]-labelling depends on suppres-
sion of t ransaminat ion reactions that would otherwise 
obscure the labelling pattern. Thus, an early at tempt 
of combinatorial labelling in vivo had to exclude gluta-
mine, glutamate, asparagine and aspartate f rom the 
labelling scheme because of excessive cross-labelling 
[17], In order to avoid the use of expensive [ "N]-
amino acids, this particular in vivo labelling scheme 
was designed for ' ["N]-unlabell ing' , where the protein 
was produced on a medium containing inexpensive 
" N H 4 C I and the [ ' 'N]-labelling of selected residues 
was suppressed by the addition of amino acids at nat-
ural isotopic abundance [17]. In the case of cell-free 
protein synthesis, however, the costs of the ['^N]-
labelled amino acids are hardly limiting, considering 
that adequate protein yields can be obtained f rom, at 
most, a couple of milligrams of each amino acid [18]. 

A more sophisticated combinatorial labelling scheme 
has been proposed by Parker et al. [25] based on dual 
amino acid selective [ '^C/'^N]-labelling [12,26]. Five 
protein samples were produced where each sample 
contained a different combination of 16 [ " N ] or 
[ '^N/'^C]-labelled amino acids. The ['^N]-labelled 
amino acids were used in 50% dilution with amino 
acids at natural isotopic abundance, whereas the dou-
bly labelled amino acids were used undiluted. By 
recording [ '^N]-HSQC and 2D H N C O spectra of each 
sample, ['®N]-HSQC cross-peaks could be assigned not 
only by amino acid type, but also by the amino acid 
type of the residue preceding it in the amino acid 
sequence. Sequence specific resonance assignments of 
the [ " N ] - H S Q C peaks are obtained in this way so long 
as the corresponding amino acid pairs are unique in 
the amino acid sequence. The drawback of this 
approach is the significantly larger cost of doubly 
labelled amino acids, the requirement for more than 
five samples if all 20 amino acids are to be included in 
the labelling scheme, the spectral overlap in the ['^N]-
H S Q C spectrum which is the same as for a uniformly 
['^N]-labelled sample, the need to quantify cross-peak 
intensities, and the fact that the sequence specific 

assignments will almost always be incomplete because 
many amino acid pairs occur more than once in the 
amino acid sequence. 

The basic combinatorial ['^N]-labelling scheme of 
Fig. 1 provides the benefit of improved spectral resolu-
tion, cost-efficiency and sensitivity (as no dilute label-
ling is employed and no experiments other than 
[ " N ] - H S Q C spectra are required). It has been shown 
that once the residue type assignment of the 
[ ' ' 'NJ-HSQC cross-peaks has been achieved by combi-
natorial ['"^NJ-labelling, a single 3D H N C A spectrum 
recorded of a uniformly [ " N / " C ] - l a b e l l e d sample can 
be sufficient to complete the sequence specific reson-
ance assignment of the backbone amides [10]. 

Applications 

The speed with which cell-free protein synthesis deliv-
ers [ ' ' N ] - H S Q C spectra of selectively ['^Nj-labelled 
proteins makes it an attractive tool for preliminary 
studies prior to the product ion of uniformly 
labelled samples for in-depth N M R analysis. Much 
information can be gleaned already f rom a single selec-
tively labelled sample. For example, binding interac-
tions with other (unlabelled) proteins can readily be 
assessed (Fig. 3), as the increase in effective molecular 
mass decreases the signal intensities in the [ '^N]-HSQC 
spectrum [II]. 

Similarly, the presence of flexible polypeptide seg-
ments in the protein construct can be assessed by the 
observation of intense and narrow [ " N ] - H S Q C cross-
peaks. Often, these unstructured segments can be 
localized in the amino acid sequence of the protein by 
their amino acid composit ion, which can be derived 
f rom all narrow [ " N ] - H S Q C cross-peaks observed in 
samples prepared with combinatorial ["N]-labell ing, 
without the need of sequence specific resonance assign-
ments [10]. 

One of the most attractive applications of combina-
torial [ ' 'N]-labelling, however, may be for the identifi-
cation of ligand binding sites on proteins with 
established sequence specific resonance assignments of 
the [ " N ] - H S Q C spectrum, where it is of ten difficult to 
assess the magnitude of chemical shift changes upon 
ligand binding in [ ' ' N ] - H S Q C spectra of uniformly 
labelled proteins due to severe spectral overlap [27]. In 
this situation, combinatorial ['^N]-labelling allows the 
tracking of the cross-peaks at an effective spectral 
resolution equivalent to that of samples prepared with 
single ['^N]-labelled amino acids [10]. Al though combi-
natorial labelling requires at least five samples to 
obtain complete residue type informat ion, the p ro t e in -
ligand interaction can be probed by [ '^N]-HSQC 
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A 

-115 
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<0 
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-115 
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-120 

<3 
-125 

0 
9.0 8.5 8.0 

5,('H)/p.p.m. 
7.5 7.0 

Fig. 3. Analysis of protein-protein interactions by NMR spectro-
scopy without sequence specific resonance assignment. This 
example shows ^^N-HSQC spectra of selectively '^N-Ala labelled 
in complex with x and y, where % and y are subunits of the 
E. coli DNA polymerase III complex. (A) v(/ was produced by cell-
free synthesis in the presence of separately purified, unlabelled %, 
v|/ produced in the absence of % is insoluble. A cross-peak is 
observed for each of the 15 Ala residues of The most intense 
cross-peaks are from residues with increased mobility. The wide 
chemical shift distribution is indicative of a globular folded struc-
ture. The spectrum was recorded at pH 6.9 and 25 °C on a 
600 MHz NMR spectrometer (Varian, Palo Alto, CA). The molecular 
mass of the v|/-x complex is about 32 kDa. (B) Spectrum of the 
v|<-X complex recorded in the presence of y. v|( was selectively 
labelled with ^^N-Ala, whereas x and y were unlabelled. Due to the 
high molecular mass of the complex (about 150 kDa), most cross-
peaks of <\i are broadened beyond detection, except for two cross-
peaks from flexible residues. Signals near 112 p.p.m. in the ^^N 
dimension arise from highly mobile NH2 groups of y at natural 
isotopic abundance. The spectrum demonstrates that the v|/-x 
complex binds to y. It was recorded at pH 6.9 and 25 "C on a 
800 MHz NMR spectrometer (Bruker, Karlsruhe, Germany) 111). 

spectra of the react ion mixtures , which are quick to 
p repare [21]. 

Conclusion 

Over the past few years, cell-free prote in synthesis has 
been developed into a fast and inexpensive tool for 
the p roduc t i on of stable isotope enriched proteins . 
Increased a m i n o acid incorpora t ion yields, reduced iso-

tope scrambl ing and easier sample hand l ing c o m p a r e d 
to in vivo prote in p roduc t ion render cell-free protein 
synthesis par t icular ly a t t rac t ive for h igh - th roughpu t 
p roduc t ion of prote ins and selective isotope labelhng 
s tar t ing f r o m relatively expensive isotope labelled 
a m i n o acids. A s t ra igh t fo rward combina to r i a l [ " N ] -
labelling scheme carries par t icular promise fo r acceler-
ated studies of prote ins by N M R spectroscopy by 
assigning residue type in fo rma t ion to every amide 
cross-peak observed in ['"^NJ-HSQC spectra . W e antici-
pa te tha t high yield cell-free protein synthesis and 
combina tor ia l i sotope labelling will become rout ine 
techniques in h igh- th roughpu t N M R studies of pro-
teins. 
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Abstract 

The efficiency of cell-free protein synthesis combined with combinatorial selective ' '^N-labelling provides a 
method for the rapid assignment of " N - H S Q C cross-peaks to the 19 different non-proline amino-acid types 
from five " N - H S Q C spectra. This strategy was explored with two different constructs of the C-terminal 
domain V of the T subunit of the Escherichia coli D N A polymerase III holoenzyme, TC16 and TC14. Since 
each of the five '^N-HSQC spectra contained only about one third of the cross-peaks present in uniformly 
labelled samples, spectral overlap was much reduced. All '"^N-HSQC cross-peaks of the backbone amides 
could be assigned to the correct amino-acid type. Availability of the residue-type information greatly 
assisted the evaluation of the changes in chemical shifts observed for corresponding residues in TC16 vs. 
those in TCM, and the analysis of the structure and mobility of the C-terminal residues present in TC16 but 
not in Tel4. 

Abbreviations: TC14 residues 499 625 of the z subunit o f f . coli D N A polymerase III with an additional 
N-terminal methionine; TCI6 same as TC14, but including the C-terminal 18 residues 626-643 of T. 

Introduction 

'^N-HSQC spectra provide well-resolved finger-
print information and are the cornerstone of 
backbone resonance assignments of "N-labelled 
proteins. With the advent of high-yield cell-free 
protein synthesis systems, the preparation and 
N M R spectroscopic analysis of selectively '^N-la-
belled proteins has become both fast and inexpen-
sive (Kigawa et al., 1995; Ozawa et al., 2005a). 
While maximal information could be obtained 
from 19 different samples, where each of the 19 
non-proline residues is selectively '^N-labelled 

*To whom correpondence should be addressed. E-mail: 
gottfried.ott ing@anu.edu.au 

(Yamazaki et al., 1991; Ozawa et al., 2004), the 
same information can be retrieved with much less 
effort by the use of combinatorial "N-labelling, 
where several amino acids are simultaneously '"''N-
labelled in a limited number of samples (Shortle 
1994; Parker et al., 2004). Combinatorial isotope 
labelling results in ambiguities only if chemical shift 
degeneracies lead to perfect superposition of the 
cross-peaks of two or more amino-acid residues. 

Here we present a different combinatorial 
'^N-labelling scheme which delivers complete 
residue-type identifications for the '^N-HSQC 
cross-peaks from all 19 non-proline residues 
and where each '^N-HSQC spectrum produces 
only a third of the peaks generated by uniformly 
'•''N-labelled protein. It was used for the structural 
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characterization of the C-terminal 16 kDa domain 
of the T subunit, tc16, from the Escherichia coli 
replisome (Gao and McHenry, 2001). The protein 
is toxic to E. coli and could not be purified in 
stable form due to pronounced sensitivity with 
respect to proteolysis, whereas a shorter 14 kDa 
fragment, tc14, that is missing the C-terminal 18 
residues of Tel6, was sufficiently stable to allow 
the determination of its three-dimensional struc-
ture by N M R spectroscopy (X.-C. Su, S. Jergic 
and G. Otting, unpublished). We show that five 
combinatorially '^N-labelled samples, freshly pre-
pared of each of the two proteins, readily identifies 
the '^N-HSQC cross-peaks of the C-terminal 18 
residues, allowing their characterization from 
spectra containing only about one third of the 
cross-peaks that would be observed for a uni-
formly '^N-labelled protein. 

Materials and methods 

Sample preparation 

Selectively '^N-labelled samples of tc14 and tc16 
were synthesized in a cell-free E. coli coupled 
transcription-translation system, following a pre-
viously described protocol (Ozawa et al., 2005b), 
modified by heat treatment of the S30 extract prior 
to use as recommended by Klammt et al. (2004). 
Protein synthesis was programmed with plasmids 
pK01296 and pSH 1062 (K. Ozawa, S.M. Hamdan 
and N.E. Dixon, unpublished), which contain 
genes encoding xc l4 and tc16, respectively, in the 
phage TT-promoter vector pETMCSI (Neylon 
et al., 2000). T7 R N A polymerase was provided by 
non-competitive transcription/translation using 
plasmid p K O l 166 (Ozawa et al., 2005b). Five '^N-
labelled samples were prepared of each protein 
following the combinatorial labelling scheme of 
Table 1, using a dialysis system with 0.7 ml of 
reaction mixture in 7 ml of outside buffer. '^N-
labelled amino acids (Cambridge Isotope Labo-
ratories, Andover, MA, USA) were supplied in 
concentrations of 0.05, 0.15, 0.35 or 1 mM, 
depending on the K^ values of the respective 
aminoacyl-tRNA synthetases (Ozawa et al., 2004), 
except for Ala, which was supplied at 2 m M con-
centration to account for the large number of 
alanine residues present in the amino-acid se-
quence of T7 R N A polymerase and Glu, which 

was supplied at 1.5 m M for improved protein 
yields. Unlabelled amino acids were supplied at a 
concentration of 1 mM. The reaction bufTer con-
tained 208 m M potassium glutamate except for 
the preparation of '^N-Glu labelled samples where 
only 1.5 mM of '®N-labelled glutamate was pres-
ent. The reactions were carried out for 8 h at 
37 °C. The product mixtures were subsequently 
centrifuged at 30000 x ^ for 60 min. Preparations 
1 were dialyzed overnight at 4 °C against 2 1 of 
N M R bufTer (10 mM sodium phosphate, 100 m M 
NaCl, 1 mM DTT, 0.1 m M N a N j , pH 6.8), using 
the same beaker of buffer for all four samples, 
whereas the fifth sample was prepared later and 
dialyzed against freshly prepared N M R bufTer. 
Except during N M R measurements the samples 
were kept frozen to minimize proteolytic digestion. 

NMR spectroscopy 

Following addition of D j O to 10% (v/v), '^N-
HSQC spectra were recorded at 25 °C on a Bruker 
AV800 N M R spectrometer equipped with a 
'H/ '^N/'^C-triple-resonance cryoprobe. All spec-
tra were recorded using rimax = 3 2 m s , r2max = 
158 ms and total recording times of 2.5 and 5 h for 
the Tel6 and tc14 samples, respectively. The 
program Sparky (Goddard and Kneller, 2004) was 
used to overlay differently coloured contour plots 
of the N M R spectra recorded of the different 
samples. coupling constants of tc16 
were measured with the C T - H M Q C - H N experi-
ment (Ponstingl and Otting, 1998), using 
r = 7 . 5 m s , rimax = 2 0 m s , r2max = 256 ms, water 
suppression by SWET (Wu and Otting, 2005) and 
Watergate (Piotto et al., 1992) and a total 
recording time of 7.3 h per sample. Measured 

coupling constants were uniformly 
increased by 10% to account for different relaxa-
tion rates of antiphase and in-phase magnetization 
(Ponstingl and Otting, 1998). 

Results 

Cell-free protein synthesis 

The protein yields obtained by cell-free protein 
synthesis were approximately 2 mg/ml of reac-
tion mixture for samples 1-4 and 1 mg/ml for 
the N-glutamate labelled sample 5. This was 
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Table 1. Resolution-optimized 
scheme 

combinatorial '^N-labelling 

Res. Type Sample Freq. (%) " 

1 2 3 4 5 

Leu X 9.9 
Ala X 8.3 
Gly X 6.9 
Ser X 6.8 
Glu X 6.3 
Val X X 6.7 
lie X X 6.0 
Lys X X 5.6 
Arg X X 5.5 
Thr X X 5.4 

Asp X X 5.3 

Pro 4.7 

Asn X X 4.2 

Phe X X 4.1 

Gin X X 3.9 

Tyr X X 3.1 

Met X X X 2.4 

His X X X 2.2 

Cys X X X 1.3 

Trp X X X 1.2 

" Data taken from the NCBl database, (http://www.ncbi.-
nlm.nih.gov/Class/Structure/aa/aa_explorer.cgi) 

sufficient to observe all '"'^N-HSQC cross-peaks 
with recording times of 2.5 h per spectrum without 
concentrating the reaction mixture prior to mea-
surement. The peak positions of residues labelled 
in more than one sample were extremely well 
reproduced in the spectra recorded of samples 
but less so in sample 5. This was attributed to the 
fact that sample 5 had been dialyzed against a 
similar but not the same sample of N M R buffer as 
the first four preparations. The preparation of the 
five samples was achieved in a day, followed by 
overnight dialysis into N M R buffer. 

The peak intensities from amino acids labelled 
in more than one of the samples were closely 
reproduced. Differences in peak intensities, how-
ever, were observed between different amino-acid 
types as a consequence of undesired side reactions 
that diluted the pool of '^N-labelling for some but 
not all of the amino acids. The most pronounced 
effects were observed for glutamine residues for 
which the '^N-HSQC cross-peaks were consis-
tently weaker (about 4-fold) than those of the 
other residue types. Furthermore, a transaminase 

activity generated weak cross-peaks of glutamine 
in the samples prepared with '^N-glutamate, as 
reported previously for wheat germ cell extracts 
(Morita et al., 2004). 

Combinatorial labelling scheme 

A minimum of five different samples is required to 
assign the '"^N-HSQC cross-peaks to the 19 dif-
ferent types of amino acids with backbone amide 
protons. Since five combinatorially labelled sam-
ples would allow the discrimination of 2^ = 32 
different amino acid types, different combinatorial 
labelling schemes are possible. Our labelling 
scheme (Table 1) was designed to minimize the 
number of cross-peaks in the '^N-HSQC spectra 
by labelling abundant amino acids only in a single 
one of the five samples. For general applicability, 
the scheme was based on the average amino-acid 
frequencies in proteins reported in the NCBI 
database. In addition, the scheme was designed to 
avoid any simultaneous "N-labelling of Gin and 
Asn, because those residues increase the chance of 
signal overlap due to the cross-peaks from side-
chain amides. Since backbone amides of threonine 
residues can sometimes overlap with the cross-
peaks from side-chain amides, in at least one of the 
five samples Thr was labelled when Asn and Gin 
were not labelled and vice versa. Finally, the 
scheme labelled only one of the samples with " N -
Glu, since the protein yields were about 2-fold 
lower when the glutamate concentration, usually 
present at about 200 mM in the reaction buffer 
(Kigawa et al., 1999), was reduced to 1.5 mM. 
Given the amino-acid frequencies of the NCBI 
database, our scheme would label only about 
31.5% of the residues in each of the five samples. 
For Tel6, the scheme resulted in five samples with, 
respectively, 32, 38, 21, 29 and 29% of the amino-
acid residues labelled with " N . The percentages of 
labelled residues were closely similar for TCI4. 
Accordingly, the overlap observed in the '^N-
HSQC spectra of the five combinatorially labelled 
samples of TC16 and TC14 was greatly reduced 
compared to that expected for uniformly '^N-la-
belled samples (Figure I). 

Residue-type identification 

Figure 2 illustrates how cross-peaks that are 
overlapped in one of the samples are well 
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Figure J. ' ^N-HSQC spectra recorded of samples of tc14 and Tc16 produced with combinatorial '^N-labelling. The spectra were 
recorded at 25 °C and pH 6.9 at a ' H - N M R frequency of 800 MHz. Numbers in the top left corner of each spectrum correspond to the 
five different labelling patterns of Table 1. Circles identify cross-peaks in samples 3 and 5 that did not belong to the proteins of interest. 
The bot tom panel illustrates the 3-fold increased density of cross-peaks expected in uniformly labelled samples. 
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Figure 2. Spect ra l region selected f r o m the ' ' ^N-HSQC spec t ra 
of t c l G s h o w n in F igure I. All five spect ra of t c I G were 
over la id , with spect ra 1 - 5 p lo t t ed with red, yellow, green, cyan 
and pu rp l e c o n t o u r lines, respectively. T h e selective labell ing 
scheme resolves s o m e of the spectra l ove r l ap be tween the cross-
peaks of Asp94 , A s p 9 5 (purp le a n d red c o n t o u r s ) a n d G l u 5 0 
(purp le c o n t o u r s only) . 

resolved in other samples made with a different 
combination of "N-label led amino acids. The 
cross-peaks of Asp94 and Asp95 (purple and red 
contours) can be distinguished f rom that of 
Glu50 (purple contours only). In the case of 
T c l 4 a n d T c l 6 , no '"''N-HSQC cross-peaks were 
so badly overlapped that the assignments to 
amino-acid types would have been wrong or 
ambiguous. Only few signals were observed that 
did not seem to belong to the protein, including 
an apparent glycine peak in sample 3 and two 
glutamate peaks in sample 5 (circled in Figure 1). 
These additional peaks were identified as non-
protein peaks by their narrower line shape and 
smaller intensities. The transaminase activity 
converting glutamate to glutamine did not lead to 
confusion between '"'N-Gln and '"^N-Met (Ta-
ble 1), since all the " N - M e t peaks consistently 
had much higher intensities in samples 2, 4 and 5 
than any of the '^N-Gln peaks. 

The present combinatorially labelled samples 
of Tel4 allowed us to correct an error in the 
amide assignment made from a uniformly 
'-^N/'^C-labelled sample (X.-C, Su and G. Otting, 
unpublished). The error involved a swap of the 
'-'^N-frequencies of His6 and Glu7 (Figure 3a), 
where chemical shift degeneracies had resulted 
in ambiguities in the H N C A C B / C B C A ( C O ) N H 
pair of 3 D - N M R experiments. 

Sequence-specific resonance assignments and 
structure of t c 16 

Availability of the residue-type identifications of 
the spectra allowed the confident evaluation of 
chemical shift changes of corresponding residues 
present in xc \4 and tc16, even in those situations 
where cross-peaks moved to quite new positions in 
the N M R spectrum. Using the assumption that 
cross-peaks moved as little as possible between 
T c l 4 a n d x c l 6 , the sequence-specific resonance 
assignments of t c14 were transferred to tc16. 
Figure 3b shows that the presence of the additional 
C-terminal segment in t c16 only affected the cross-
peak positions of residues in the first and last helix 
of the structure of i:cl4. The amide chemical shifts 
of the 18 additional residues present in t c16 were 
characteristic of random-coil shifts and their signal 
intensities were significantly increased (Table 2), 
indicating increased mobility of the polypeptide 
chain towards the C-terminus (Figure 3c). 

The combinatorially labelled protein samples 
were used to measure the coupling 
constants of t c16 with an experiment that en-
codes the coupling constant in different peak 
intensities observed in two " N - H M Q C - t y p e 
spectra (Ponstingl and Otting, 1998). Particularly 
accurate values could be measured for the intense 
peaks of the C-terminal residues. Most of the 
coupling constants measured for these residues 
were about 7 Hz, confirming the random-coil 
character of this peptide segment (Figure 3d). 
Increased coupling constants measured for lie 143 
and He 146 attested to the propensity of isoleu-
cine for extended conformations. Notably, the 

couplings of the C-terminal segment 
were overestimated due to the multiplication 
factor of 1.1 used to compensate for differential 
relaxation between antiphase and in-phase mag-
netization (Ponstingl and Otting, 1998). This 
multiplication factor is appropr ia te for a rota-
tional correlation time of more than 10 ns but 
not for highly mobile peptide segments. 

In conclusion, all available data indicate that 
the C-terminal segment of t c16 is a random-coil 
peptide, and the small chemical shift changes ob-
served for the N-terminal helix probably reflect 
non-specific transient interactions arising f rom the 
close proximity between the N- and C-terminal 
helices in the three-dimensional structure of t c14 
(X.-C. Su and G. Otting, unpublished). 



(a) MKALEHEKTP ELAAKLAAEA lERDPWAAQV SQLSLPKLVE QVALNAWKEE 
SDNAVCLHLR SSQRHLNNRG AQQKLAEALS MLKGSTVELT IVEDDNPAVR 
TPLEWRQAIY EEKLAQARES IIADNNIQTL RRFFDAELDE ESIRM 

20 40 60 80 100 120 140 

0 20 40 60 80 100 120 140 
Residue Number 

Figure J. A m i n o - a d d sequences of Tc14 a n d tc16 a n d exper imenta l s t ruc tura l i n f o r m a t i o n p lo t t ed agains t res idue n u m b e r . Lys2 of 
t c 1 4 a n d t c 1 6 co r r e sponds to Lys499 in ful l - length x. (a) Amino-ac id sequences of Tc14 a n d Tc16. T h e t w o sequences dif fer only by 
the C- te rmina l 18 residues as indicated. In the present w o r k , the residues were n u m b e r e d M e t l - G l n l 2 8 fo r Tc14 a n d M e t l - I l e l 4 6 fo r 
Tc16. (b) C h a n g e s in chemical shif ts of the N- te rmina l 128 residues of Tc16 c o m p a r e d with the s a m e res idues in Tc14. T h e vert ical axis 
repor t s [(A6„)^ + ( 0 . 1 A 6n ) Y ^ Bars indicate the locat ion of helices (H) a n d P-s t rands (S) in the s t ruc tu re of Tc14 (X . -C . Su a n d G . 
Ot t ing , unpubl i shed) , (c) Intensit ies of " N - H S Q C cross -peaks of the b a c k b o n e amides of tc16. Di f fe ren t label l ing efficiencies of 
di f ferent amino-ac id types were accoun ted fo r by no rma l i za t ion of each of the peak intensit ies by the ave rage fo r the c o r r e s p o n d i n g 
amino-ac id type. D a t a a re s h o w n only for residue types tha t occur at least five t imes in the amino-ac id sequence a n d t h e r e f o r e al low 
a d e q u a t e no rma l i za t ion . See Tab le 2 for the ass ignments of the C- te rmina l 18 residues used, (d) coup l ing c o n s t a n t s 
m e a s u r e d f r o m the C T - H M Q C - H N exper iment . 

Discussion 

Complete residue-type identification of the back-
bone amide cross-peaks of ' ^N-HSQC spectra 
greatly facilitates sequence-specific resonance 
assignments. M o r e important , it greatly enhances 

the assessment of chemical shift changes observed in 
crowded spectral regions upon ti tration with bind-
ing partners and in mutan t or chemically modified 
proteins, as illustrated by the compar ison between 
Tel6 and t c14 . Completeness of residue-type iden-
tification is of key importance for these applications. 
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Table 2. Assignment of C-terminal residues of Tel6" 

Residue Chemical shifts (ppm) 

l ^N i^N 

Thr l29 8.03 115.0 
Leu130 8.07 123.7 
Argl31 8.10 120.9 
Argl32 8.19 121.0 
Phel33 8.11 120.1 
Phel34 8.09 119.8 
Aspl35 8.19 121.7 
Ala 136 8.13 124.0 
Glul37 8.35 119.0 
Leu138 8.03 121.9 
Asp 139 8.25 121.3 
GluMO 8.40 121.6 
GluMl 8.43 120.7 
Serl42 8.15 116.0 
Ilel43 7.93 121.6 
Argl44 8.23 126.4 

Ilel46 7.71 125.2 

" Sequence-specific assignments for residues occurring more 
than once in the sequence are tentative and based on the 
assumption of increasing peak heights towards the C-terminus 
due to increased mobility (Figure 3c). 

In vivo product ion, purification and measure-
ment of at least 15 different samples, each 
containing just one of the common amino acids in 
'""N-labelled form, has been achieved (Yamazaki 
et al., 1991), but it is both t ime-consuming and 
costly. Pulse sequences have been developed to 
achieve the selective observation of '"''N-HSQC-
type cross-peaks f rom different amino-acid types 
in '^N/'^C-labelled proteins (Yamazaki et al., 
1995; Schmieder et al., 1998; Schubert et al., 
1999, 2001a, b, c, 2005). Other experiments were 
designed for the classification by groups of amino-
acid types or by residue type of the preceding 
residue (Gehring and Guit tet , 1995; Tashiro et al., 
1995; Dotsch and Wagner , 1996). Most of these 
experiments suffer f rom poor sensitivity and are 
applicable only to small proteins for which back-
bone resonance assignments are anyway easy to 
obtain. With the advent of efficient cell-free syn-
thesis systems that require only small amounts of 
'^N-labelled amino acids and no chromatographic 
protein purification prior to N M R measurement 
(Guignard et al., 2002; Ozawa et al., 2004), the 
prepara t ion of '^N-labelled protein samples has 
become much more attractive. Combinator ia l 

'^N-labelling fur ther shortens the sample prepa-
ration and analysis time. Al though erroneous 
residue-type identifications could arise if two 
cross-peaks precisely overlap, not a single example 
of this occurred in the 146-residue protein tc16. 

Previous combinatorial labelling schemes 
(Shortle 1994; Parker et al., 2004; Trbovic et a l , 
2005) did not a t tempt residue-type identifications 
for all 19 non-proline residues. In the most ambi-
tious scheme (Parker et al., 2004), all residues are 
labelled with " N and pairs of sequential residues 
are identified using protein samples prepared with 
" N - and '-^C-labelled amino acids in different 
combinat ions and concentrat ions. As a drawback, 
spectral overlap is reduced only in the 2 D - H N C O 
spectra required to identify the type of the previous 
residue and cross-peak intensities must be quant i -
fied in " N - H S Q C spectra that are not simplified 
compared to spectra of uniformly labelled samples. 
Since multiple occurrences of amino-acid pairs are 
common in the amino-acid sequences of proteins, 
the scheme by Parker et al. (2004) is not sufficient for 
complete sequence-specific backbone assignments. 

Although our combinator ial labelling scheme 
yields no informat ion about the type of the pre-
ceding residue, it appears more attractive: (i) 
It minimizes the number of cross-peaks obser-
ved in each spectrum, thereby improving spectral 
resolution, (ii) It only relies on sensitive ' "^N- 'H 
correlation spectra, making it more applicable for 
large proteins than schemes requiring 2 D versions 
of 3D triple-resonance experiments (Parker et al., 
2004; Shi et al., 2004; Trbovic et al., 2005). (iii) It 
uses the full cross-peak sensitivity since no partial 
labelling is required, (iv) It is highly cost-efficient, 
since it requires '^N-labelled and unlabelled amino 
acids only. In the case of tc14, we obtained com-
plete and correct sequence-specific assignments by 
combining the residue-type identification derived 
f rom combinator ial labelling with a single 3D-
H N C A spectrum of a uniformly '^N/'^C-labelled 
sample (data not shown). Combinator ia l labelling 
thus presents an efficient strategy to reduce the 
number of 3D N M R experiments usually recorded 
for backbone resonance assignments. 

In order to minimize the number of cross-peaks 
observed in each sample, it may be worthwhile to 
optimize our labelling scheme for the amino-acid 
abundances in the individual protein of interest. 
This can be achieved by replacing the amino-acids 
in the left column of Table 1 with those in the 



20 

protein sorted in descending order of abundance, 
while maintaining the constraints discussed above 
(e.g. minimal overlap with side-chain NH2 groups). 

Using exclusively inexpensive ' "^N-labelled 
amino-acids in the combinatorial labelling 
scheme and a total of 10 '^N-HSQC spectra of 
T c l 4 a n d x c l 6 , we could show in the present 
example that the C-terminal 18 residues of t c 16 are 
highly mobile. This result is interesting, since these 
residues have been shown to be critical for the 
function of t in binding to the a subunit of the E. 
coli D N A polymerase III (S. Jergic and N.E. Dix-
on, unpublished). The interaction with the a sub-
unit may explain the observation that t c 16 is highly 
cytotoxic towards E. coli cells, whereas t c14 
exhibits no noticeable cytotoxicity (S. Jergic and 
N.E. Dixon, unpublished). In the cell-free protein 
production system, tc16 was produced with similar 
yields to tc14. The short measurement times of 
" N - H S Q C spectra and the possibility to measure 
freshly synthesized samples were essential for 
the analysis of tc16, for which samples prepared in 
vivo had proven to be very sensitive to proteolysis. 

The main remaining problems were associated 
with a transaminase activity that converted gluta-
mate to glutamine, the observation of a couple of 
non-protein cross-peaks and the 2-fold reduced 
yield for samples prepared in the absence of a high 
concentration of glutamate in the reaction mix-
ture. The possible confusion of glutamate with 
methionine residues can be avoided by modifica-
tion of the labelling scheme of Table 1, e.g. adding 
" N - M e t to sample 1 instead of sample 5. We 
have not previously observed the appearance of 
non-protein cross-peaks that were not completely 
removed by dialysis (Ozawa et al., 2004). 

Even in the face of possible uncertainties due to 
side reactions or spectral overlap, the combination 
of cell-free protein synthesis with combinatorial 
'^N-labelling presents a remarkably efficient 
strategy: only one day was required for sample 
preparation of T c l 4 a n d tc16, and one day for 
recording and analysis of the '^N-HSQC spectra. 
In addition, the samples produced can be used for 
further measurements, for example of H"") 
coupling constants. 

In the absence of complete cross-peak overlap, 
classification of every " N - H S Q C cross-peak by its 
residue type is equivalent to the spectral resolution 
achieved by 19 samples, where each is produced 

with a different '^N-labelled non-proline amino 
acid. We anticipate that our combinatorial label-
ling scheme will be most useful for the identific-
ation of chemical shift changes induced in 
'^N-HSQC spectra upon ligand binding (Emerson 
et al., 2003; Zartler et al., 2003) and for the anal-
ysis of modified proteins as demonstrated here. 
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Cell-free coupled transcription/translation systems based on 
Escherichia coli extracts have become an increasingly attrac-
tive alternative to conventional expression systems in vivo.''"'' 
In particular, they allow the fast synthesis of isotope-labeled 
proteins for direct analysis by NMR spectroscopy without 
chromatographic purification of the protein,'"' they suppress 
metabolic conversion between different amino acids,'" '̂ and 
they use expensive isotope-labeled amino acids sparingly'^' 
The best protein yields are obtained in a dialysis (continuous-
exchange cell-free; CECF) system in which the outside buffer 
solution continuously replenishes the inside reaction mixture 
with amino acids and adenosine 5'-triphosphate (ATP).''"' In 
practice, the most time-consuming step is the large-scale 
preparation of plasmid DNA, as CECF reactions perform 
much better with plasmid DNA than with linear DNA 
templates. This is presumably due to degradation by exonu-
cleases present in the E. coli extracts.''' For example, reported 
yields of chloramphenicol acetyltransferase are up to 1 mg of 
protein per mL of reaction mixture when polymerase chain 
reaction (PCR)-amplified linear DNA is used,'*' whereas the 
use of plasmid DNA gives a yield of 6 mgmL"'.''•' Herein we 
present a technique that provides the same protein yields 
from PCR products as from plasmid DNA. This makes it 
possible to obtain protein NMR spectra within 24 h of gene 
amplification by PCR, including 7 h for cell-free protein 
synthesis and overnight dialysis against NMR buffer solution. 

Our method is designed to generate complementary 8-
base-pair, single-stranded overhangs at both ends of the PCR 
templates (Figure 1). These overhangs are suitable for 
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Figure i. Generation of stable PCR templates from a construct with a 
T7 ij)10 promoter, a ribosome binding site, and a T7 terminator. The 
primer sequences were (single-stranded overhang regions underlined): 
primer 1: S'-PO.-TTACCTCCTCCATCCCCCCAAATTAATACC; primer 2: 
5'-P0<-CCAGCTAACAAAAAACCCCTCAACACCCG: primer 3: 5'-P04-
TCGATCCCGCCAAATOATACC; primer 4: 5'-PO<-CAAAAAACCCCTCAA-
GACCCG. When starting from constructs without T7 elements, the T7 
sequences can be introduced in an additional PCR step (see the 
Supporting Information). 
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ligation into exonuclease-insensitive cyclized templates by 
the endogenous ligase activity of E. coU S30 extracts. For all 
proteins tested in our laboratory, PCR products with 5 -
phosphorylated overhangs produced the same protein yields 
in the CECF system as with plasmid DNA (Figure 2). 

Evidence for cyclization was obtained indirectly. Figure 3 
shows that the best yields were obtained with 1) longer 
overhangs and 2) 5'-phosphorylated overhangs; 3) single-
stranded overhangs were essential; and 4) the precise nucle-
otide sequences of the overhangs were unimportant provided 
they were complementary. 

The high protein yields obtained with the PCR protocol of 
Figure 1 open many important opportunities for high-
throughput protein synthesis. For example, mutant proteins 
can readily be prepared and analyzed by NMR spectroscopy 
without cloning or chromatographic protein purification. 
Here we used this protocol to create site-directed mutants 
by PCR for site-specific resonance assignments of a dengue 
virus protease construct. 
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Figure 2. Comparison of protein yields obtained with plasmid DNA (P) 
or PCR-amplifled linear DNA (L), as outlined in Figure 1, by using 
SDS-PACE with Coomassie blue staining. 1) C-terminal fragment Tc14 
of the T subunit of £ coli DNA polymerase III (Pol III). 2) e Subunit of 
Pol 111. 3) £ coli peptidylprolyl isomerase B (PpiB). 4) Human cyclo-
philin A (hCyp). 
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only isoleucine was isotope labeled, each peak missing from 
the H S Q C spectrum of a mutant protein identified the 
assignment of the corresponding isoleucine residue in the 
wild-type protein. 

The mutant constructs with the requisite terminal single-
stranded overhangs were generated by using a modified 
overlap extension protocol (see the Supporting Information). 
The PCR products were used directly as templates for 
expression. Mutagenesis thus added little to the time required 
for sample preparation, and many mutat ions were easily 
made in parallel. The ' ' N - H S Q C and " C - H S Q C spectra were 
recorded by using an experiment with simultaneous evolution 
of '"̂ N and " C resonances in the indirect frequency dimen-
sion. '" ' In this way, 15 of the 16 isoleucine amide cross-peaks 
and 11 of the 22 isoleucine methyl cross-peaks were assigned 
(most of the isoleucine methyl peaks are unresolved, see 
Figure 4 b). The same amide cross-peak was assigned to 
He 123 and He 165 of NS3 because mutation of either residue 
led to its disappearance (see Figure 4 a and the Supporting 
Information). As both residues are close in the three-dimen-
sional structure,' ' ' mutations at either site could affect the 
cross-peak, resulting in an ambiguous assignment. 
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Figure3. Expression yields achieved with different PCR templates, 
a) Coomassie blue-stained SDS-PACE of hCyp synthesized by CECF 
reactions by using PCR products (10 ^gmL" ' ) with the overhangs 
shown in (b). 

The dengue virus NS2B/NS3 protease complex is essential 
for dengue virus replication.' ' ' '^N-HSQC spectra of ' W C -
labeled protease yielded very broad signals (full-width at half 
maximum > 50 Hz) owing to nonspecific aggregation or 
chemical exchange processes (see the Supporting Informa-
tion).''"' In addition, many residues were highly mobile, 
resulting in poor spectral resolution, and the protein was 
prone to degradation. These properties prevent conventional 
resonance assignment strategies, yet, well-resolved cross-
peaks were observed for samples that were selectively labeled 
with "N/ '^C isoleucine. We assigned these cross-peaks by 
systematic site-directed mutagenesis of each of the sixteen 
isoleucine residues in the amino acid sequence to valine. As 
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Figure 4. " N - and "C-HSQC spectra of a 200 HM solution of 
lle-labeled dengue virus NS2B/NS3 protease at 25"C, pH 6.9. NS2B 
resonances are marked with a star, a) Amide region of the 1139V 
mutant, b) Methyl region of the l7gV mutant. (The HSQC spectra of 
these two mutants were indistinguishable from those of the wild-type 
protein in the amide and methyl region, respectively) 
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T h e r e s o n a n c e a s s i g n m e n t s o b t a i n e d f o r t h e N S 2 B / N S 3 
p r o t e a s e a t t r i b u t e t h e i n t e n s e a n d n a r r o w c r o s s - p e a k s t o t h o s e 
p a r t s of t h e p r o t e i n f o r w h i c h n o e l e c t r o n d e n s i t y w a s 
o b s e r v e d in t h e c rys t a l s t r u c t u r e . ' ' ' i n d i c a t i n g t h a t t h e s e 
s e g m e n t s a r e h igh ly m o b i l e in s o l u t i o n . F u r t h e r m o r e , t h e s e 
d a t a s h o w t h a t all s t r u c t u r e d p a r t s of t h e p r o t e i n a r e a f f e c t e d 
b y l ine b r o a d e n i n g . N o n e t h e l e s s , t h e a s s i g n e d c r o s s - p e a k s a r e 
n o w a v a i l a b l e f o r N M R - s p e c t r o s c o p y - b a s e d l i gand s c r e e n i n g . 

In c o n c l u s i o n , P C R a m p l i f i c a t i o n of D N A t e m p l a t e s f o r 
h i g h - y i e l d p r o t e i n s y n t h e s i s in c e l l - f r e e s y s t e m s c o u p l e d wi th 
N M R s p e c t r o s c o p i c a n a l y s i s o p e n s m a n y a t t r a c t i v e app l i ca -
t i o n s in s t r u c t u r a l b io logy , i n c l u d i n g p r o t e i n p r o d u c t i o n f r o m 
c o m p l e m e n t a r y D N A ( c D N A ) , o p t i m i z a t i o n of d o m a i n 
b o u n d a r i e s a n d p r o t e i n so lubi l i ty , p r o d u c t i o n of m u t a n t s , 
a n d i n t r o d u c t i o n of s t o p c o d o n s f o r s i t e - spec i f i c i n c o r p o r a t i o n 
of n o n - n a t u r a l a m i n o acids. ' '^ ' W i t h o u t t h e n e e d f o r l a rge-
sca le p l a s m i d p r e p a r a t i o n , c l on ing , o r p r o t e i n p u r i f i c a t i o n , 
t h e s e a p p l i c a t i o n s h a v e b e c o m e h igh ly p r ac t i c a l . 

Experimental Section 
PCR and cell-free protein expression: PCR was performed by using 
Vent polymerase (New England Biolabs), which has proof-
reading activity and produces mostly blunt-ended PCR products as 
required for proper overhang generation. Further details are pro-
vided in the Supporting Information. PCR products were purified by 
using the QiaQuick PCR purification kit (Qiagen). E. coli cell-free 
coupled transcription/translation reactions were carried out as 
described,'^' with the exception that the plasmid templates were 
replaced by PCR-generated D N A templates by using 10 p,g D N A per 
mL of cell-free reaction mixture. "N/"C-labeled isoleucine was from 
Cambridge Isotope Laboratories. 

N M R spectroscopy: Dengue virus NS2B/NS3 protease was 
prepared f rom the CF40.gly.NS3pro construct used for the crystal 
structure determination. ' ' ' except that it was preceded by the 
sequence MASMTG. Following cell-free synthesis in a reaction 
mixture (1 mL; typical protein yield 1.4 mg), the samples were 

dialyzed against N M R buffer solution (20 mM Tris-HCl, 50 mM NaCI; 
pH 6.9; Tris = tr is(hydroxymethyl)aminomethane) and concentrated 
to 200 nL by using a Centricon-10 ultrafilter (Amicon). 10% D j O was 
added and N M R spectra recorded in 3-mm N M R tubes by using a 
Bruker Avance 800 MHz N M R spectrometer with a cryoprobe. 
Simultaneous " N / " C H S Q C spectra"" were recorded in 2.5 h per 
spectrum by using = 32 ms and (jma* = 93 ms. 
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Figure SI. N-HSQC spectrum of xcl4 produced by cell-free protein synthesis with 
'^N-labeled Ala, Lys, Arg, Phe, Gin, Met, Cys and Trp. The DNA template used for 
transcription was generated in two PGR steps from the t c l 4 gene in a promoter vector 
(pSJ1308),^'^ where the first step added the T7 (jjlO promoter and T7 terminator to the 
ends of the xcH gene. Based on pET vector sequences,'^^ the following primers were 
designed. Forward primer: 5'-TCGATCCCGCGAAATTAATACGACTCACTATAGG 
GAGACCACAACGGTTTCCCTCTAGAAATAATTTTGTTTAAC (bold characters 
identify the sequence complementary to pSJ1308 upstream of the ribosome binding site. 
Red characters identify the stem loop structure. The T7 promoter sequence is marked by 
underlining. Blue identifies a 15 bp upstream sequence for improved transcription.); 
reverse primer: 5'-CAAAAAACCCCTCAAGACCCGTTTAGAGGCCCCAAGGGGTT 
ATGTTACTGAATATTATTATC (Bold - sequence complementary to tc14; 
underlined - T7 terminator). The second PGR step was performed as illustrated in Figure 
1. The spectrum shows the same cross-peaks as Figure S4, where the protein was 
prepared directly using a TV-promoter plasmid as template. The '^N-labeled amino acids 
in this spectrum (Trp, Arg, Cys, Phe, Ala, Lys, Gin, Met) and in the spectra of Figures 4, 
S3 and S4 were provided at the concentrations reported in ref 3. 
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PGR Cleanup 1 

Template generating PGR 1 

Primer 1 A 

Template generating PGR 2 

Primer 3 A 

Primer 4 
Primer 2 

PGR cleanup 2 

Reanneal (tieat for 5 minutes at 96 G, 
cool for 5 minutes at 25 G) 

. CO//cell-free transcription/translation reaction 

Figure S2. Modified overlap extension protocol for generation of site-directed mutant 
templates suitable for direct expression in E. coli cell-free transcription/translation 
systems. Primers 1-4 are those reported in Figure 2. Only a single additional PCR step is 
required to generate a site-directed mutation. NMR spectra of the expressed mutants can 
be recorded in the cell-free reaction mixture without protein purification. Following PCR 
amplification, purification of the template can be achieved by use of the QiaQuick PCR 
purification kit (Qiagen). Purification after the first step determines the background of 
wild-type DNA. Using the purification kit, 5-15% wild-type protein was detected by 
NMR spectroscopy, whereas purification by agarose gel electrophoresis reduced the 
background of wild-type DNA to less than 2% (Figure S4). The conditions of the PCR 
were chosen as per the manufacturer's recommendation (New England Biolabs). The 
cycling parameters of the mutagenesis PCR were: 94 °C (2 min), 25 x [94 "C (40 s), 54 
°C (40 sX 74 °C (60 s)], 74 "C (2 min). The cycling parameters of the template generating 
PCR were: 94 "C (2 min), 30 x [94 °C (40 s), 54 °C (40 s), 74 "C (60 s)], 74 "C (2 min). 



Figure S3. '^N-HSQC (left panel) and '^C-HSQC spectra (right panel) of each of the 16 
Ile->Val mutants of the dengue virus NS2B/NS3 protease at pH 6.9 and 25 "C. Arrows 
identify the positions of cross-peaks which were substantially weaker due to mutation. 
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Figure S3, continued 
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Figure S3, continued 
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S3 continued 
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The two most intense peaks in the '^C-HSQC spectra contain the unresolved cross-
peaks of C^Hs and C''H3 resonances of highly mobile He residues. 



1 # ^ 

a » • « • f] w 
•i, 

0 

ppm 

116 

118 

120 

122 ' ' N 

- 124 

126 

128 

- 130 

10.0 9.5 9.0 8.5 8 .0 7.5 ppm 
'H 

Figure S4, Superposition of three N-HSQC spectra of mutant and wild-type xcl4 
prepared by cell-free protein synthesis from PGR templates. The protein samples were 
prepared with '^N-labeled Ala, Lys, Arg, Phe, Gin, Met, Cys and Trp. Ala54 was mutated 
to Cys. The superposition illustrates the amount of residual wild-type protein following 
site-directed mutagenesis by overlap extension to generate the PGR products. Yellow -
wild type protein; green - mutagenesis without gel-purification at PGR cleanup step 1 
(Figure SI); red - mutagenesis with gel-purification of PGR products at PGR cleanup 
step 1. The top-left panels show the spectra plotted individually, illustrating the change 
from the Ala54 cross-peak in the wild-type protein to the Gys54 cross-peak in the 
mutants. The spectra of the mutants were plotted at a lower level to show any wild-type 
contamination. 
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Figure S5. '^N-HSQC spectrum of uniformly '^N/'^C labeled dengue virus NS2B/NS3 
protease recorded at pH 7.1 and 25 °C, using the same spectrometer and acquisition 
parameters as for the other NMR spectra. The rectangle identifies the spectral region 
selected in the left panel of Figure S3. 
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