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Solution structure determination of recombinant, isotopically
enriched proteins1,2 by NMR3,4 makes demands on protein purity,
homogeneity, and absence of contaminants like proteases. With
Escherichia colior baculovirus-mediated insect cell expression,
careful protein purification5 is required for NMR spectroscopy. As
the quality of the 2D15N-1H heteronuclear single quantum
coherence (HSQC) spectrum6 itself reflects NMR suitability,7 the
time to obtain this spectrum, once the relevant gene is identified,
measures potential throughput. A “quick and clean” way to do so
would thus be a welcome advance. We show such a protocol using
a rapid-fire, cell-free,E. coli-based in vitro expression system.
Compatible with purification using histidine fusion tags and
immobilized metal ion affinity chromatography,8 it can also rapidly
produce good NMR samples without time-consuming purification.
Expressing SUMO-19 in this way, protein quantity was sufficient
after a 4 h reaction to obtain 2D15N-1H HSQC spectra with a
conventional 5 mm HCN triple-resonance probe in under 1 h at
800 MHz. In contrast to previous experience with SUMO-1,9,10 in
which protein instability was noted, these samples remained stable
in the NMR tube for at least 6 months. We used the filter
diagonalization method (FDM)11-14 to obtain high-resolution 2D
NMR spectra. The in vitro expression system, optimized pulse
sequence, and FDM combine to provide a good platform for high-
throughput NMR proteomics.

The Expressway NMR cell-freeE. coli expression system
(catalog no. K9900-99, Invitrogen Corp., Carlsbad, CA) was used.
It comprises high expression vectors with N-terminal (pEXP5-NT/
TOPO) or C-terminal (pEXP5-CT/TOPO) histidine tags, high-yield
E. coli extract, in vitro protein synthesis (IVPS),E. coli reaction
buffer, 2.5x IVPS feed buffer, T7 enzyme mix, and individual amino
acids used for precision labeling. In these experiments, uniformly
15N-labeled SUMO-1 was produced as follows: 2 mL of high-
yield E. coli extract, 2 mL of 2.5x IVPS reaction buffer, 0.1 mL of
T7 enzyme mix, 0.5 mL of 100 mg/mL15N-labeled amino acid
mix (catalog no. NLM-6695, CIL, Andover, MA), and 0.05 mg of
pEXP5-CT/TOPO-SUMO-1 were mixed and brought to a final
volume of 5 mL with nuclease-free water. The reaction, incubated
at 30 °C with shaking at 300 rpm, ran just under 4 h. About 15
min after initiation, 2.5 mL of feed buffer with 10 mg/mL of15N-
labeled amino acid mix was added; after 2 h, another identical
aliquot was added to the reaction.

The solution was then centrifuged at 4000g for 5 min, loaded
onto a pre-equilibrated (binding buffer, 20 mM Tris-HCl, 200 mM
NaCl, pH 7.5) Ni-NTA column, and incubated in the column for
about 5 min, and the flow-through was collected. Ten column
volumes of wash buffer (20 mM Tris-HCl, pH 7.5, 200 mM NaCl),
repeated thrice, washed the column. One column volume of elution
buffer 1 (20 mM Tris-HCl, pH 7.5, 200 mM NaCl, 20 mM

imidazole) was added to the column and eluted the nonspecific
proteins bound to the column. One column volume of the elution
buffer 2 (same as buffer 1, but 200 mM imidazole) was added and
incubated for 5 min, and the protein was eluted. This was repeated
twice with one column volume of elution buffer 2. Samples were
run on a NuPAGE gel, and elutions containing protein were pooled
and carefully loaded to the bed of a Zeba Desalt spin column
(catalog no. 89893, Pierce, Rockford, IL). The labeled protein was
collected by centrifugation at 1000g for 2 min. The column was
pre-equilibrated with binding buffer; the flow-through was used
for NMR analysis after concentration to 550µL through a 5 kDa
molecular weight cutoff polyethersulfone membrane (Vivaspin 20,
Vivascience Inc., New York), pH adjustment to 6.1, and addition
of 55 µL of D2O for deuterium lock.

The NMR spectra were obtained with a slightly modified HSQC
pulse sequence6 using pulsed field gradients for coherence-transfer
pathway selection15,16 and with sensitivity enhancement (SE),17 as
shown in Figure 1. To improve performance, conventional 180°
pulses were replaced throughout with Broadband Inversion Pulses
(BIPs),18 and the encoding gradient was substituted with a CLUB
sequence;19 where magnetization phase was important, BIPs were
substituted in pairs.

As FDM gives absorption mode, rather than “phase-twist”23

peaks; only “N-type” data were needed, allowing twice as many
15N increments. Using FDM, 2D HSQC SUMO-1 spectra were
obtained in∼40 min at 800 MHz, as shown in Figure 2. A 3D
HNCO,24 using 3D FDM,13 is predicted to take∼40 min. With
protein purification, the time was ca. 6 h. Crude reaction extract,
centrifuged at 4000g for 5 min, loaded onto a desalting column,
and concentrated to 550µL as previously described, butnotpurified,
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Figure 1. Sensitivity-enhanced15N-1H HSQC pulse sequence. Pulses have
phasex, unless otherwise noted, and have leading and trailing delays of 10
µs. Solid black icons on15N, 1H staves are 90° pulses; on the Gz stave they
are small “cleanup” pulsed field gradients (PFGs). Cyan open icons are 60
µs proton BIP 180° elements. A soft flip-back pulse (FB) places the strong
H2O magnetization along+z, improving sensitivity.20 The phaseæ1 ) x,
y, -x, -y with alternate addition and subtraction of scans selects15N
transverse magnetization. The15N 90° and 180° 15N BIP pulses preceding
the pulse at the beginning oft1 are incremented by 180° at every increment.21

Decoupling of 15N is accomplished using the GARP sequence.22 See
Supporting Information for further details.
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gave a viscous solution yielding the spectrum of Figure 3, showing
structured protein, in under 5 h total.

The high protein yield shown here gives the ability to screen
proteins for correct expression, folding, and solubility by NMR in
a matter of hours. This method is thus attractive as a first step in
more detailed study of solution structure, dynamics, or ligand
binding, using selective labeling of specific amino acids, as has

been demonstrated26-30 using in vitro expression.31 Cell-free protein
expression for NMR is bound to see more use in the future.
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Figure 2. 800 MHz 15N-1H HSQC of SUMO-1 at 25°C, obtained by
multiwindow FDM implemented as a plug-in to the nmrPipe24 package. A
single set of N-type phase-modulated data with 96 increments was used as
input. For experiment details see the Supporting Information.

Figure 3. 800 MHz 15N-1H HSQC of crude SUMO-1 reaction mixture,
25 °C, by FT processing of N- and P-type data sets with 48 increments in
the 15N dimension. Time from gene to this spectrum is 5 h. A higher
resolution FDM spectrum results in the same time, but this conventional
FT spectrum shows that label incorporation is efficient and impurity peaks
(e.g. at∼7.95, 131 ppm) are not a concern. See Supporting Information
for high-resolution FT data.
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