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Nuclear magnetic resonance is an important tool for high-resolu- straightforward. On the other hand, some proteins can a
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tion structural studies of proteins. It demands high protein concen-
tration and high purity; however, the expression of proteins at high
levels often leads to protein aggregation and the protein purification
step can correspond to a high percentage of the overall time in the
structural determination process. In the present article we show that
the step of sample optimization can be simplified by selective labeling
the heterologous protein expressed in Escherichia coli by the use of
rifampicin. Yeast thioredoxin and a coix transcription factor Opaque
2 leucine zipper (LZ) were used to show the effectiveness of the
protocol. The 1H/15N heteronuclear correlation two-dimensional
NMR spectrum (HMQC) of the selective 15N-labeled thioredoxin
without any purification is remarkably similar to the spectrum of the
purified protein. The method has high yields and a good 1H/15N
HMQC spectrum can be obtained with 50 ml of M9 growth medium.
Opaque 2 LZ, a difficult protein due to the lower expression level and
high hydrophobicity, was also probed. The 15N-edited spectrum of
Opaque 2 LZ showed only the resonances of the protein of heterolo-
gous expression (Opaque 2 LZ) while the 1H spectrum shows several
other resonances from other proteins of the cell lysate. The demand
for a fast methodology for structural determination is increasing with
the advent of genome/proteome projects. Selective labeling the het-
erologous protein can speed up NMR structural studies as well as
NMR-based drug screening. This methodology is especially effective
for difficult proteins such as hydrophobic transcription factors, mem-
brane proteins, and others. © 2001 Academic Press

Key Words: NMR; Opaque 2; rifampicin; selective labeling;
hioredoxin.

INTRODUCTION

Protein NMR2 studies need high protein concentration
purity. Purification of proteins that behave well in solution
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gate and be very difficult to handle in solution. The majorit
proteins in the cell can be difficult and the methodology u
to deal with them needs improvement. For those prot
purification can be the most time-consuming step for stru
determination by NMR. Poor yields during purification a
protein aggregation are problems that often occur and c
avoided by working with salt, pH, and temperature and so
times by the addition of cosolvents or even by making pro
complexes.

Protein expression in the presence of rifampicin ena
labeling of only the heterologous proteins. This occurs s
cells self protein synthesis is inhibited but not heterolog
expression. Rifampicin binds to the bacterialb-subunit o
RNA polymerase, inhibiting transcription initiation (1). On the
other hand, rifampicin does not inhibit T7 RNA polymera
which is used for expression of the heterologous protein.
is a well-known methodology for labeling with specific am
acids (2, 3).

The present work shows a simple and cheap methodo
using rifampicin to simplify NMR sample optimization f
structural determination. The growth is done in nonlab
M9 medium. Rifampicin is added, inhibiting the cell s
protein synthesis. The cells are then pelleted and re
pended in15N-labeled M9 medium with isopropyl-b-D-thio-
galactopyranoside (IPTG) and rifampicin. The use of rif
picin in the M9 medium with IPTG permits the select
labeling of protein with heterologous expression. The la
ing was monitored by the comparison of the proton s
trum and the1H/15N HMQC spectrum. Yeast thioredox
type 2 (4) (TRX, 12 kDa) and Opaque 2 leucine zipper (L
9 kDa), a transcription factor from coix (5), were used to te
the rifampicin protocol. The nonpurified NMR samp
showed a HMQC spectrum that was remarkably simila
those of the purified protein and consistent with the
pected properties.
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RESULTS

The effectiveness of the rifampicin protocol was tested
comparing the spectra of purified and nonpurified TRX,
pared using the rifampicin protocol. The comparison of th1H
spectrum and the one edited for15N enables the evaluation
the selectiveness of the labeling, since1H spectra will show th
resonances from all proteins in the cell and the edited spe
will show resonances only from the labeled protein. In Fi
we show the1H spectra of the purified TRX and the sam
obtained with the rifampicin protocol. Several proton re
nances show up in the sample prepared with rifampicin
1B) when compared with the purified TRX (Fig. 1A), sin
resonances from cell self proteins also appear in this spec
Different results are obtained for the15N-edited spectra (Fig
1C and 1D). The spectra in Figs. 1C and 1D are remark
similar, showing that the use of rifampicin methodology s
cell self protein synthesis and enables the15N labeling of,
exclusively, TRX.

Figure 2 confirms the observation in Fig. 1 but with m
details. The two-dimensional HMQC of the purified TRX (F
2A) is almost the same as the nonpurified TRX (Fig. 2B).
threshold was set low in spectrum B to show the absen
weak extra peaks. The spectra of the purified TRX w
obtained from 1 L of growth medium and the one with rifam
picin was obtained with 50 mL (see the legend to Fig. 2
experimental details).

As shown in the SDS–PAGE in Fig. 1E, TRX has a h
expression level. It may represent more than 50% of all
teins in the cell. Since in an NMR spectrum the low-molecu
weight proteins give rise to the most intense peaks,
expected that the spectra of the TRX grown always in lab
media has the great majority of peaks from TRX. The spec
in Fig. 2C shows this important control. The supernatant o
lysed cells grown all the time in15N-labeled M9 shows th
several proteins other than TRX are also labeled (Fig. 2C
course, TRX resonances are clearly prominent. However

FIG. 1. 1H spectra (A, B) and15N-edited1H spectra (C, D) of TRX. Spe
rotocol samples are shown in B and D. E shows the SDS–PAGE of th
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eral extra peaks also appear in the amide region. This co
shows the importance of using rifampicin to get selectivit
the labeling of the heterologous protein even if the prote
well behaved in solution and the clone has very high exp
sion levels.

It is important to show the effectiveness of the rifamp
protocol for a difficult protein. Opaque 2 LZ is a transcript
factor from coix (5). This protein has an unknown structu
It is a leucine zipper with a probable coiled coil structure.
highly hydrophobic and the expression yield is low. The
fampicin protocol was performed and a step of ultrafiltra
was included for sample concentration and semi-purifica
The Opaque 2 LZ is 9 kDa and passes through the 30
membrane and is retained in the 3.5 kDa membrane (Fig.

The material retained in the 3.5-kDa membrane (w
Opaque 2 LZ is present) was checked for15N labeling. The
differences between the1H and 1H/15N HMQC spectra clearl
show that the heterologous protein is the one that is b
labeled (Fig. 3). The SDS–PAGE in Fig. 3C shows that e
after ultrafiltration steps, the sample has several proteins
than Opaque 2 LZ.

The two-dimensional1H/15N HMQC spectrum (Fig. 4)is
onsistent with a leucine zipper, with low dispersion simila
CN4 (6) although the protein has a sign of partial aggre

ion. At this moment, we are improving sample conditio
his protein has 86 amino acids and we can count app
ately 70 cross peaks (Fig. 4). It is important to mention

here are no cross peaks from free amino acids or s
eptides, since the sample was ultrafiltrated in a membra
.5-kDa molecular weight cutoff.
Another way to control the selectiveness of the labeling

heck the presence of labeled proteins with higher mole
eights (retained on the 30-kDa cutoff ultrafiltration me
rane). When the induction is performed in the presenc
ifampicin, no 15N signal could be measured in the sam

retained in the 30-kDa membrane (Fig. 5B). In contrast, in

of purified TRX are shown in A and C. The samples obtained using rifa
ifampicin NMR sample, the same as spectra B and D.
ctra
e r
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144 ALMEIDA ET AL.
sample obtained when the cells grew all the time in lab
medium, a strong15N signal is present. These results show
rifampicin drives the labeling to the heterologous pro
(Fig. 5A).

DISCUSSION AND CONCLUSION

The rifampicin protocol simplifies the protein labeling
NMR studies. The first steps of NMR sample optimization
facilitated. The first NMR spectrum can be obtained a
growing, cleaving the cells and acquiring a15N-edited spec-
rum.

The two-dimensional15N HMQC of the rifampicin protoco
sample spectrum is very similar to those of the purified pro
13C labeling and15N/13C double labeling also give good resu
(data not shown). Gronenborn and Clore proposed a si
procedure by using an overexpressed protein (7). The strateg
presented here is also simple, offers high yields and,
importantly, the rifampicin protocol can also be used for
ficult low-expressing proteins. The rifampicin protocol
make the protein preparation cheaper by reducing the am
of 13C-glucose and15NH4

1 to be used. A 250-ml growth m-

FIG. 2. Two-dimensional15N, 1H-HMQC spectra of TRX. Purified TRX
were analyzed. The spectra were obtained at 303 K. The threshold was
with 10243 200 points, 256 scans, and a recycle delay of 1.2 s. The pro
in both dimensions. The States–TPPI method was used for quadrature d
13) and WATERGATE for water supression (14).
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ium culture is sufficient to perform three-dimensional ex
ments. Leeet al. used a similar protocol to specifically lab
roteins with selected amino acids for NMR studies (2). In the
resent work we show that such a methodology has bro
ses.
For the Opaque 2 LZ we have performed a fast prepur

ion step by using ultrafiltration membranes. This procedu
ast, with almost no loss of protein. It is important because
electing only the low-molecular-weight proteins, it ena
olubilization at the concentrations necessary for NMR
oses.
The rifampicin protocol can also be used to follow prote

uring purification by screening the15N signal on colum
fractions or in the supernatant of protein precipitation. T
procedure can be easily done through a one-dimens
HMQC spectrum.

Several genome projects are being carried out nowa
These projects consist of the identification and isolatio
many novel genes. The next step will be the proteome pro
These include the elucidation of expression control, struc
and function of proteins coded by the large number of g

), rifampicin protocol sample (B), and totally labeled control (C) HMQC s
low in spectrum B to show the absence of extra weak peaks. All spectraed
sing was performed with zero filling and a square sine multiplication sh
tion in the indirect dimension (12). GARP was used to decouple15N during acquisition
(A
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sequences. The investigation of these new proteins dem
fast methodology for structural studies. Different method
gies have been proposed (8, 9). Selective labeling of the he
erologous protein can speed up the screening of clone
leads to folded proteins for NMR structural studies.

HMQC spectrum analysis can also be used to mo
changes in protein structure upon drug addition. This will m
rational drug design faster as the screening can be perfo
quickly.

We strongly believe that there might be cases where pr
purification in high amounts is difficult and the structure
termination could be elucidated by using the rifampicin pr
col.

EXPERIMENTAL

NMR experiments. NMR spectra were made at 303 K in
ruker Avance DRX 600 MHz, using 5-mm triple-resona
robes. Bruker XWINNMR software and NMRView (10) were
sed for data acquisition and processing and for data ana
espectively. The sample preparation includes the additio
0% D2O for lock. All spectra were recorded at pH 7.0.
All reagents were of analytical grade purity.

Selective protein labeling: Rifampicin protocol samp
Escherichia coliBL21(DE3) with plasmids (pET) containin
TRX or Opaque 2 LZ were grown in 100 ml of nonlabeled
growth medium (11) at 37°C and were shaken at 200 rpm

FIG. 3. 1H spectrum (A) and15N-edited1H spectrum (B) of Opaque 2 L
he 15N-edited 1H spectrum shows low dispersion and is consistent w

leucine zipper (6). The proton spectrum shows several different peaks
higher dispersion. This spectrum was obtained with 250 ml of growth me
The sample was prepared using the Amicon by passing 250 ml thro
membrane of 30-kDa molecular cutoff and then concentrating it to 50ml
using a membrane of 3.5 kDa. C shows the SDS–PAGE of the rifam
NMR sample used to obtain spectra A and B.
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of IPTG was added. This enabled the induction of T7 R
polymerase. A small amount of unlabeled TRX or Opaq
LZ will be obtained. After 5 min, 200mg/ml of rifampicin was
added. The cells grew for 15 more min and then were ce
fuged to pellet. This time interval is necessary in order to
rifampicin diffuse into the cell, inhibiting self synthesis wh
still in the unlabeled medium. The cells were then resuspe
in 100 ml of 15N-labeled M9 growth medium containing 1 m
IPTG and 200mg/ml rifampicin. The induced cells grew for
to 3 h more and were cleft by freezing and thawing in clea
buffer (1 ml TRX and 15 ml Opaque2 LZ per 100 ml of grow
medium). The samples were then centrifuged and the sup

a
h

.
a

in

FIG. 4. Two-dimensional15N, 1H-HMQC spectra of Opaque 2 LZ o-
ained with (A) and without (B) rifampicin. The 2D spectrum (A) shows
eaks while the primary sequence has 86 amino acids. The dispersion
imilar to the one obtained for GCN4 (6). The sample obtained witho
ifampicin shows several extra peaks. The sample was prepared as desc
ig. 3. All spectra were acquired with 10243 512 points, 64 scans, and
ecycle delay of 1.3 s. The processing was performed with zero filling
quare sine multiplication shifted by 90° in both dimensions. The States–
ethod was used for quadrature detection in the indirect dimension12).
ARP was used to decouple15N during acquisition (13) and WATERGATE

for water supression (14).
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146 ALMEIDA ET AL.
tant containing the specifically labeled protein was use
perform NMR experiments. In the case of TRX, the sam
was dialyzed in a membrane of molecular weight cutoff of
kDa to remove low-molecular-weight compounds (free am
acids). In the case of Opaque 2 LZ, a step for sample co
tration was included and is described below.

Controls were made to probe the efficiency of the rifamp
protocol: bacterium cells grew always in labeled M9 medi
Briefly, the cells grew up to an OD (600 nm) of 0.7 wh
protein expression is induced with 1 mM IPTG, in the abse
of rifampicin. The cells grew for 2 to 3 h more. Samp
preparation is exactly the same as for samples made wi
rifampicin protocol. These samples were called “totally lab
control.”

The cleavage buffer used was 20 mM phosphate buffe
7.0; 10 mMb-mercaptoethanol; 40mg/ml PMSF.

Opaque 2 LZ sample preparation.The protein was ex
pressed as described above. Cells grown in 250 ml of gr
medium were cleaved with 50 ml of cleavage buffer (descr
above). The supernatant was ultrafiltrated at a mole
weight cutoff of 30 kDa. The flow-through was collected
applied to another ultrafiltration step, but now with a molec
weight cutoff of 3.5 kDa, in order to concentrate the sam
and free it of low-molecular-weight compounds (such as
tides and free amino acids). The sample was concentra
500 mL and 100 mM of KCl was added.

Thioredoxin purification. The purified thioredoxin was o
tained by cleaving the cells as described above, the super

FIG. 5. 15N-Edited 1H spectrum of the sample retained in the 30-
cutoff ultrafiltration membrane prepared with (B) and without rifampicin
The spectra were obtained with the same number of scans of the mater
is retained in the Amicon of the 30-kDa cutoff membrane (for details
Experimental). As expected, the sample prepared with rifampicin shows15N
signal only in the fraction where the Opaque 2 LZ is present (low mole
weight). The1H signal has the same intensity in the two samples (not sho
to
e
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d
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tant

8, and the fraction eluted with 50 mM NaCl was collec
dialyzed, and applied to the same column. TRX is eluted
50 mM NaCl. Sample purity and expression were confirme
SDS–PAGE.
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