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Abstract

We have developed an efficient and novel filter assay method, involving radioactive labelling and imag-
ing, to quantify the expression of soluble proteins from a cell-free translation system. Here this method
is combined with the conformational sensitivity of 19F NMR to monitor the folded state of the
expressed protein. This report describes the optimisation of 6-fluorotryptophan incorporation in a His-
tagged human serum retinol-binding protein (RBP), a disulphide bonded b-barrel protein. Appropriate
reagent concentrations for producing fluorine labelled RBP in a cell-free translation system are
described. It is shown that 19F NMR is a suitable method for monitoring the production of correctly
folded protein from a high-throughput expression system.

Introduction

The requirement for correctly folded, stable pro-
teins with good solution behaviour is often the
limiting factor in studies of protein structure and
function (Staunton et al., 2003). Structural geno-
mic projects have addressed this by introducing
high-throughput (HTP) screening, where cDNA
libraries are expressed and suitable samples for
further study are identified, normally by expres-
sion levels and solubility. However, there is a rel-
atively low success rate in going from construct
to well-formed crystal or NMR sample. This is
so even when the targets have been selected for
stability (e.g., thermophiles) and potentially prob-
lematic targets have been excluded (e.g., integral

membrane proteins) (Christendat et al., 2000).
An obvious solution would be to optimise the
conditions for a specific protein rather than rely-
ing on a generic set of conditions and to have a
simple but reliable test for protein folding.

Cell-free translation is ideally suited for HTP
protein expression due to the open nature of the
system and it is being successfully used in struc-
tural genomics projects (Yokoyama, 2003). The
main attraction of cell-free expression for high-
throughput screening is that constructs and con-
ditions can be explored in batch-mode reactions
of less than 100 ll, allowing a 96-well format to
be used. In this format the yields of both soluble
and insoluble protein are followed by radioactive,
immunological or fluorescent labels until opti-
mized (Busso et al., 2003). The successful batch
reactions can then be scaled up to the millilitre
level in a semi-continuous batch reaction in
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which the expression system is supplied with
reagents from a reservoir through a dialysis
membrane (Kigawa and Yokoyama, 1991). This
extends the life of the reaction to more than 12 h
and the protein yield to the milligrams required
for sample preparation (Kigawa et al., 1999,
2001). Another advantage is that the amino acids
are chosen by the researcher and therefore label-
ling can be specific to particular amino acids
(Kigawa et al., 1995, 2001). Artificially charged
suppressor tRNAs can also be used to label spe-
cific positions in the protein sequence (Yabuki
et al., 1998). A limitation to this approach is the
need to quantify the yield of individual wells,
usually by liquid scintillation counting. Although
polyvinylidene fluoride (PVDF) filter assays have
been used, the quantitative value of these is hin-
dered by the high protein concentration of the
cell-free extracts (>10 mg/ml) and the limited
capacity of the PVDF membranes so that addi-
tional dilution steps are required before sample
application.

NMR can give structural information in solu-
tion and this is already being used to characterise
and screen protein libraries for folded states. This
is most frequently achieved in structural genom-
ics projects using the 1H-15N HSQC spectrum,
which in principle, yields one resonance per non-
proline residue and some readily identified signals
due to side chains, the dispersion of these signals
in both dimensions (and in particular the 1H
dimension) providing an indication of protein
folding (Yee et al., 2002).

Simple one-dimensional proton spectra have
also been widely used to assess protein folding,
with information being obtained by the examina-
tion of specific spectral regions. The dispersion of
the amide 1H signals, the presence of high-field
shifted methyl resonances (d 1.0 to )1.0) or Ha

resonances in the region characteristic of b-sheet
structure (d 5.0–6.0) all indicate that a protein is
correctly folded (Rehm et al., 2002). While 15N
labelling is inexpensive, the resulting NMR spec-
tra are relatively complex, especially for proteins
of molecular weight >15 kDa.

Due to the range and dependence on the local
environment of 19F chemical shifts (which is
greater than that of 1H) and the intrinsic sensitiv-
ity of the fluorine nucleus (83% that of 1H), it is
realistic to expect that 1D-19F spectra can also
provide information on the extent of protein

folding. This property has been exploited in pep-
tide and small molecule HTP screening (Dalvit
et al., 2003) and many fluorinated amino acids,
e.g., 5 and 6-fluorotryptophan, are readily avail-
able. Proteins labelled with fluorinated trypto-
phan yield extremely simple 19F spectra, with one
resolved signal occurring for each tryptophan
residue. The signals are very sensitive to environ-
ment, and thus to the folded state. If more than
one conformation exists, separate sets of signals
are often detected for each significant population
(Gerig, 1994). By contrast, the resonances of an
unfolded protein (in which the tryptophan resi-
dues all experience a similar environment), are
essentially degenerate. There is considerable liter-
ature precedent for these observations using dif-
ferent fluorinated tryptophan analogues (Sykes
et al., 1974; Li et al., 1989; Hoeltzli and Frieden,
1994). Since 1D spectra can be acquired so rap-
idly and using such simple methods, in some situ-
ations 19F spectra of fluoro-tryptophan labelled
proteins might constitute a viable alternative to
the HSQC for assessing protein folding.

In this paper we demonstrate a simple and
fast screening method for the optimization of
cell-free expression of a test protein, human
serum retinol-binding protein (RBP), with 100%
incorporation of 6-fluorotryptophan, and identifi-
cation of the correctly folded protein by 19F
NMR.

Materials and methods

Construction of pET14b RBP

The expression vector pET14b RBP was gener-
ated by releasing the retinol binding protein
(RBP) coding region from pETRBP (Greene
et al., 2001) with NdeI and BamHI, and reclon-
ing in pET14b.

Cell-free protein expression

Protein expression was carried out using the cell
free protein synthesis system developed by Prof.
Shigeyuki Yokoyama’s group (RIKEN, Yoko-
hama, Japan). The system consists of a coupled
transcription-translation reaction from a suitable
construct using Escherichia coli S30 cell extract,
T7 RNA polymerase and low molecular weight
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substrates. The S30 extract was prepared from a
BL21 codon plus RIL strain as described else-
where (Kigawa et al., 2004).

For batch-mode expression in 96-well plates
the reaction mix (30 ll) consisted of 55 mM
Hepes-KOH pH 7.5, 4% polyethylene glycol
(PEG) 8000, 210 mM potassium glutamate,
1.8 mM DTT, 1.2 mM ATP, 0.8 mM each of
CTP, GTP, UTP, 0.64 mM 3¢,5¢-cyclic AMP,
35 lg/ml folinic acid, 27.5 mM ammonium ace-
tate, 80 mM creatine phosphate, 0.25 mg/ml crea-
tine kinase, 175 lg/ml Escherichia coli total
tRNA, 0.05% sodium azide, 10.7 mM magnesium
acetate, 1 mM each amino acid with tryptophan
replaced with 0.25–4 mM 6-fluoro-DL-tryptophan
(Sigma), 0.5 mM methionine, 0.5 ll of 35S
labelled methionine (15 mCi/ml Amersham Bio-
science), 0.27 ll T7 RNA polymerase (200 U/ll,
Ambion), 7.2 ll S30 extract and 60–250 ng of
pET14b RBP template DNA. The reactions were
incubated within a polypropylene 96-well plate
(Anachem) in a Dyad DNA Engine thermocycler
(MJ Instruments).

To compare the effects of fluorinated trypto-
phan on protein expression, batch mode reac-
tions were set up as above with 1 mM
tryptophan, 5-fluoro-D-tryptophan, and 6-fluoro-
DL-tryptophan, and 250 ng of plasmids encoding
green fluorescent protein (GFP) (pIVEX GFP
from Roche Diagnostics), RBP, 9th and 10th
type III fibronectin repeats (9,10FIII) (pRSET
FIII9-10 from Dr H. Mardon, Oxford) and hem-
olysin (HL) (pT7 HL from Prof H. Bayley,
Oxford).

For large scale expression, 3 ml of the reac-
tion mix without radioactive isotope was placed
in a dialysis bag (Spectra/Por 2.1, 50 kDa
MWCO) in 30 ml of external solution consisting
of the same composition as the reaction mix
except for the creatine kinase, the plasmid DNA,
the T7 RNA polymerase, the S30 extract and
also containing an additional 4.2 mM magnesium
acetate. For fluorine labelling the tryptophan in
the external and internal solutions was replaced
with 1mM 6-fluoro-DL-tryptophan. The reaction
was incubated at 30 �C at 160 rpm for 12 h.

Filter assay

To quantify the expression, 2 ll of 35S labelled
reaction mixture was applied to a Type GF/C

glass fibre filter (Whatman) after centrifugation
of the samples at 6,500g for 30 minutes in a
Beckman JS-5.9 rotor. The proteins were precipi-
tated and free amino acids including radioactive
label removed with TCA (10%, w/v) in sodium
pyrophosphate (1%, w/v) by washing for 10 min
and then twice with TCA (5%, w/v) for 5 min.
The washed filters were rinsed with methanol to
facilitate drying at room temperature. The dried
filters and polyacrylamide gel electrophoresis
(PAGE) gels were exposed for 10 min to 20 by
25 cm general purpose phosphor screens which
were subsequently read with a Storm 820 phos-
phorimager and the images processed with Image
Quant software (Amersham Bioscience). Grid
objects were created that matched the position of
spots on the filter, and the volume reports calcu-
lated. The volume reports for a fixed time inter-
val are directly proportional to the radioactivity
and hence to the number of methionines present
in the sample. This quantitative data was trans-
ferred to an Excel spreadsheet for further pro-
cessing. Background and negative control
samples were subtracted from all samples and the
mean and standard deviations calculated for each
triplicate. For comparing volume reports from
different proteins, the values were normalized by
dividing by the number of methionines in the
protein constructs.

Protein purification and characterization

Protein samples were run on precast 10% Bis
Tris polyacrylamide Novex gels in MES running
buffer (Invitrogen). Radioactive samples were
exposed to phosphor screens and processed as
before, while non-radioactive samples were
stained with Coomassie Brilliant Blue.

The large scale reaction mixture from the dial-
ysis bag was buffer exchanged to 50 mM Tris,
pH 7.5, 200 mM NaCl with a Centricon Ultra-
free concentrator MWCO 10 kDa (Millipore)
and applied to a HisTrap 1 ml column (Amer-
sham Biosciences) equilibrated with the same
buffer and the His-tagged protein eluted with an
imidazole gradient (0–0.5 M) in the same buffer.

Purified protein was N-terminally sequenced
on an Applied Biosystem 494A ‘Procise’ Sequen-
cer and the molecular weight determined by elec-
trospray ionization mass spectroscopy on a
VG Platform II ESI-MS. Homogeneity was
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determined and protein concentration estimated
by capillary electrophoresis under non-reducing
conditions on a 2100 Bioanalyzer using the Pro-
tein 50 Kit (Agilent Technologies).

19F NMR

19F NMR spectra were obtained at 564 MHz on
a home-built spectrometer consisting of an
Oxford Instruments magnet and a GE Omega
console. Samples were prepared in 5 mM sodium
phosphate at pH 7.0, with the 1 mM 6-fluoro-DL-
tryptophan standard and recombinant refolded
protein in a 5 mm Wilmad sample tube and the
cell-free product in 290 ll in a Shigemi tube.
About 5% D2O was added to provide a lock sig-
nal. As an example of an unfolded protein spec-
trum the cell-free sample was diluted 1:1 with
8 M guanidine hydrochloride. Spectra were
acquired at either 20 �C (refolded) or 25 �C
(label standard and cell-free), standard spectral
parameters being a 10,000 Hz spectral width,
4096 complex points, 90� pulse width, 1.0 s relax-
ation delay. No proton decoupling was applied
during acquisition. Spectra were processed using
FELIX 2.3 (Biosym Technologies Inc.), each
FID was zero-filled to 8192 points and a line
broadening of 20 Hz was applied. The spectra
were indirectly referenced against TFA at 0 ppm
(Maurer and Kalbitzer, 1996).

Results and discussion

While cell-free translation systems have been
developed for increased protein yields, screening
of the small scale expression, usually in 96-well
format, has become a limiting factor in the pro-
cess of optimizing conditions and constructs for
protein expression. PAGE analysis allows the
identification and quantification of protein bands
but is costly, labour intensive and time consum-
ing. The identification of proteins by fluorescent
or antibody labelling on dot blots has been
described (Beernink et al., 2003; Busso et al.,
2003). Our experience with similar PVDF mem-
brane processes indicates that although these
approaches can identify the presence or absence
of the target protein they are not quantitative
enough to allow optimisation of conditions,
before the scaling up of expression to produce
samples suitable for biophysical analysis. The

filter assay does not depend on the protein bind-
ing capacity of the filter medium but instead uses
TCA to precipitate the entire protein sample
within the inert filter matrix. The sensitivity and
dynamic linearity of the phosphor screens allows
the quantification of sample radioactivity compa-
rable to liquid scintillation counting but with no
dilution, additional liquid handling steps or
requirement for scintillant. The filter assay usu-
ally takes less than an hour to complete and ana-
lyse, allowing the optimization and expression
scale-up to be accomplished in the same day. The
process can be automated using a pin-array plate
replicator common to many laboratory robot
systems.

Human RBP was chosen as the test protein
for these experiments as a 19F NMR spectrum of
the 6-fluorotryptophan labelled and correctly
folded protein was available. This protein sample
was produced using the same techniques that
generated an X-ray crystal structure (Greene
et al., 2001). The protein has four tryptophan
residues (positions 24, 67, 91 and 105), a molecu-
lar weight of 21.2 kDa and three disulphide
bridges in the native b-barrel structure. The 19F
NMR spectrum of refolded RBP was obtained
by introducing the fluorinated amino acid in the
growth media for a bacterial strain expressing
the gene. The protein was purified and refolded
from inclusion bodies (Greene et al., 2001), and a
19F NMR spectra acquired yielding four well dis-
persed fluorine peaks (Figure 3d). In addition to
the lengthy processes involved, the labelling effi-
ciency was approximately 90% with an uneven
distribution over the four amino acid positions.
This is consistent with other experiments using
such classical labelling with reports of incorpora-
tion as low as 42% (Abbott et al., 2004; Senear
et al., 2002). To allow purification from the cell-
free reaction mixture the RBP construct was sub-
cloned into pET14b adding 20 amino acids,
including six histidines and a thrombin cleavage
site, to the amino terminus and increasing the
molecular weight to 23.4 kDa. This His-tag
allowed an efficient, one step purification of the
RBP.

The conditions of temperature (15, 20, 30 and
40 �C), DNA template concentration (2.0, 4.1,
and 8.3 lg/ml), and 6-fluoro-DL-tryptophan (0.25,
0.5, 1, 2 and 4 mM) were explored simultaneously
using cell-free expression in a microtitre plate
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using the filter assay for analysis (Figures 1a–d).
The maximum protein yield for each condition
was selected (30 �C, 8.3 lg/ml DNA and 1 mM 6-
fluoro-DL-tryptophan) and a PAGE was run with

the samples and negative controls to ensure that
there was minimal background and no protein
degradation, confirming the results of the filter
assay (Figure 1e). A comparison of protein

Figure 1. (a) Phosphor screen image of the filter assay for comparison of the effects of temperature, 6-fluoro-DL-tryptophan con-
centration and DNA concentration on 35S labelled RBP cell-free expression levels. Plasmid DNA and tryptophan concentration were
varied in columns while 6-fluoro-DL-tryptophan (FTrp), tryptophan (Trp) and temperature (15–40 �C) were varied as rows. Samples
with no DNA (first column) were used as negative controls. (b), (c) and (d) Graphical representation of filter assay data from averaged
ImageQuant volume reports plotted against temperature (at 1 mM 6-fluoro-DL-tryptophan, 4.1 lg/ml plasmid DNA), 6-fluoro-DL-
tryptophan concentration (at 30 �C, 4.1 lg/ml plasmid DNA), and DNA concentration (at 0.5 mM 6-fluoro-DL-tryptophan, 30 �C) in
the cell-free expression mix. Error bars represent standard deviation over the triplicate samples. (e) Phosphor screen image of 10% SDS
PAGE for 35S labelled cell-free samples showing only one product of approximately 24 kDa from the reactions. Lane M – 14C
methylated protein markers (Amersham, Biosciences); lanes 1 and 5 – negative controls (no plasmid DNA) of 2 mM tryptophan (Trp)
and 1 mM 6-fluoro-DL-tryptophan (FTrp) respectively, lanes 2,3,and 4 – cell free translation performed with 4, 2 and 1 mM 6-fluoro-
DL-tryptophan; lanes 6,7 and 8 – cell-free translation performed with 6, 4 and 2 mM of tryptophan respectively. All batch reactions
were conducted at 30 �C and 8.3 lg/ml DNA where required. (f) Graphical representation of filter assay data from averaged Im-
ageQuant volume reports for a comparison of relative protein yields from batch reactions of GFP, RBP, 9,10FnIII and HL with 1 mM
tryptophan (Trp), 5-fluoro-L-tryptophan (5FTrp) and 6-fluoro-DL-tryptophan (6FTrp) at 30 �C, 8.3 lg/ml plasmid DNA. The signals
from triplicate samples were normalized by dividing by the number of methionine residues in each protein construct. Error bars
represent standard deviation over the triplicate samples.
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expression with tryptophan, 5-fluoro-L-trypto-
phan, and 6-fluoro-DL-tryptophan for GFP, RBP,
9,10FnIII, and HL (Figure 1f) indicates that
yields are protein dependant with no overall
trends. While the expression of RBP and
9,10FnIII show little difference between the forms
of tryptophan, GFP exhibits reduced expression
with 5- and 6-flurotryptophan, but hemolysin
shows an increase with the fluorinated amino
acids. This suggests that expression conditions
should be optimized for each protein and fluori-
nated amino acid combination, rather than rely-
ing on a set of standard conditions for all
proteins.

The solubility of the RBP (approximately
90% of the total RBP expressed) was not signifi-
cantly affected by the various conditions. A large
scale expression was set up with these conditions
and yielded after purification 0.3 mg of RBP per
3 ml reaction (Figure 2a). The RBP was purified
through the His-tag (Figure 2a) and the homoge-
neity of the sample was confirmed by capillary
electrophoresis under non-reducing conditions
(Bousse et al., 2001) (Figure 2b). The purified
protein gave a single band or peak under both
reducing and non reducing conditions suggesting
that any disulphides formed were intramolecular.

Electrospray ionization mass spectrometry
analysis, interpreted with the deconvolution algo-
rithm MaxEnt, determined a molecular weight of
23, 460 Da for the purified protein (Figure 2c)
consistent with a protein with 100% substitution
of the four tryptophans with fluorotryptophan,
an amino terminal formylmethionine and three
disulphide bonds (predicted molecular weight 23,
460 Da). These results suggest that the RBP has
undergone folding with the formation of disul-
phide bonds but does not confirm a single folded
species. Amino terminal sequencing of the full
length protein was unsuccessful probably due to
the presence of a formyl group blocking the
amino terminus but a small fraction of the sam-
ple (approximately 5% of the total protein) gave
the amino sequence SGLVPRGSHMERD that
agrees with residues 12–24 of the pET14b con-
struct. This minor component of the sample
appears to have lost eleven amino terminal
residues after purification due to contaminating
proteases.

For early characterization of protein sample
suitability for structural genomics, rather than

NMR assignment, 19F NMR has advantages
over 15N HSQC screening since the range and
sensitivity of fluorine chemical shifts are much
higher for fluorine than hydrogen. The fluorine
nucleus produces a strong NMR signal (83%
that of 1H) against a background devoid of sig-
nals from endogenous fluorine and the 19F
chemical shifts of fluorinated tryptophan are
essentially degenerate in the denatured state,
but once tertiary structure is formed there are
large shifts both up and down field due to the
local differences in the individual environments
of the fluorinated residues. Because of these
conditions, a 50 lM sample of the cell-free
expressed RBP was sufficient to obtain a useful
19F spectrum which can be compared against
that of the free label, 6-fluoro-DL-tryptophan,
to identify chemical shifts indicative of folding.
While a 6-fluorotryptophan sample (FTrp, Fig-
ure 3a) and an unfolded RBP sample (U, Fig-
ure 3b) gave spectra consisting of overlapping
peaks centred at d )43.77 and )43.6 respec-
tively, both the cell-free sample and the
refolded sample exhibit nearly identical spectra
with signals at d )40.3 (I), )43.2 (II), )44.1
(III), )44.6 (IV) cell-free (Figure 3c), d )40.3
(I), )43.2 (II), )44.1 (III), )44.8 (IV) refolded
(Figure 3d), indicating that the proteins have the
same tertiary structure. The sharp signal at d
)41.6 (*) in the cell-free spectrum is due to
fluoride ion contamination of the buffer solu-
tions, and has a chemical shift that agrees with
previous reports (Martinez et al., 1996). With
the conditions used for the denatured sample
(Figure 3b) this fluoride signal moves downfield
out of the range used for the figure. The incor-
poration of the fluorotryptophan thus allows
unambiguous identification of unfolded versus
folded protein (Figures 3b and c) and, in addi-
tion, confirms that the optimized cell-free
expression has expressed correctly folded, disul-
phide bonded RBP without the requirement of
any refolding steps (Figures 3c and d). The
spontaneous formation of disulphides in the
cell-free expression of RBP was unexpected but
has previously been reported for other cell-free
expression systems (Ryabova et al., 1997; Kim
and Swartz, 2004).

The high efficiency of 6-fluorotryptophan
incorporation is comparable to that observed
with selenomethionine and isotope-labelling
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reported for cell-free systems (Kigawa et al.,
2001). Although 6-fluorotryptophan was used in
this report because of the availability of a suit-
able NMR spectrum for comparison, other com-
mercially available fluorinated amino acids, e.g.,
4-fluoro-L-phenylalanine, could be used.

These experiments have demonstrated that a
19F spectrum of a 6-fluorotryptophan labelled

sample can identify correctly folded protein. The
NMR methodology involves relatively simple
experiments and processing, which can (depend-
ing upon the quantity of protein produced)
either allow extremely rapid assessment of the
folded/unfolded state or enable the study of
small amounts of material. The 19F spectrum is
also simple to interpret since only resonances

Figure 2. (a) 10% SDS PAGE analysis under reducing conditions of cell-free expression reaction mix after 12 h incubation without
pET14b RBP template ()ve), with pET14b RBP template (R) , 6-fluorotryptophan-RBP after HisTrap column purification (P), and
MW markers (M). The proteins were visualized with Coomassie Brilliant Blue. (b) Capillary electrophoresis of 6-fluorotryptophan-
RBP under non-reducing conditions. The system peak (SP) and low (LM) and high (HM) MW markers are common to all runs with
the sample running between SP and HM. The protein size is estimated by comparison to protein standards (6–53 kDa) and the sample
concentration by comparison of peak area with that of HM. The 11% discrepancy between the predicted MW (23.46 kDa) and that
calculated from mobility (26.0 kDa) is within the observed variation for samples in this system. (c) The deconvoluted ESI-mass
spectrum of 6-fluorotryptophan-RBP. The calculated MW (23, 460 Da) of the major species exactly agrees with an amino-terminal
formylmethionine, disulphide bonded, 100% fluorotryptophan-labelled RBP as expressed from pET14b RBP.
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corresponding to the tryptophan residues are
observed, which allows the total number of sig-
nals to be readily determined and should assist
in the identification of multiple conformations
and allow mixtures of folded and unfolded pro-
tein to be distinguished from homogeneous, par-
tially folded samples. This contrasts with the 1D

1H spectrum that contains thousands of reso-
nances from all residues in the protein and can
be further complicated by residual solvent sig-
nals (and in some cases, signals from the
buffer).

19F NMR might also possess certain advan-
tages over 1H-15N HSQC screening for the early
identification of suitable protein samples for
structural genomics studies, rather than full
NMR assignment. While 15N labelling is inex-
pensive, the resulting NMR spectra are relatively
complex, especially for proteins of molecular
weight >15 kDa. The acquisition of suitable
spectra also becomes more challenging as the
size of the protein increases, requiring the imple-
mentation of TROSY methods above 20 kDa.
Furthermore, suppression of the residual water
signal can be problematic in some cases and at
pH above 7.0, fast exchange between the amide
protons and the bulk solvent can significantly
reduce the intensity of the HSQC resonances.

In contrast, acquiring and processing a 1D
spectrum in the 19F approach is extremely simple,
the 6-fluorotryptophan resonances are unaffected
by solvent exchange allowing the use of physio-
logical pH and the background is devoid of sig-
nals from endogenous fluorine. 1D spectra can
also be acquired substantially faster than a 2D
HSQC, thus either reducing the experiment time
or allowing the use of small quantities of mate-
rial. Because of these conditions, a 50 lM sample
of the cell-free expressed RBP was sufficient to
obtain a useful 19F spectrum. Even if the sample
protein contains only one tryptophan residue,
comparison of the 19F spectrum to that of the
free label will allow chemical shifts due to folding
to be identified. The technique can therefore be
applied to samples for which no folded spectra
are available.

In combination with the improvements in
batch-mode cell-free expression levels (Sawasaki
et al., 2002), the ability to obtain NMR spectra
from labelled proteins in cell-free expression reac-
tions without the need to purify the protein
(Guignard et al., 2002) and the increasing sensi-
tivity of cryoprobes (Styles et al., 1989) it should
be feasible to identify folded proteins by NMR
from cell-free samples expressed at the microlitre
scale in microtitre plates. Such an approach
would go far to removing a major bottle-neck in
structural studies.

Figure 3. Comparison of 19F NMR spectra of 6-fluoro-DL-
tryptophan 1 mM at 25 �C (a), unfolded 6-fluorotryptophan-
RBP 25 lM at 25 �C (b), purified cell-free expressed 6-fluor-
otryptophan-RBP 50 lM at 25 �C (c) and refolded 6-fluorot-
ryptophan-RBP at 20 �C (d) in 5 mM sodium phosphate
pH 7.0. The spectra are referenced against TFA at 0 ppm. A
total of 32, 58, 000 and 65, 000 scans were acquired for a, b and
c respectively.
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