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Summary

A novel method for isotope labeling in selected amino acids is presented for use with the T7 RNA
polymerase system. The protocol is illustrated with the DNA-binding domain from the E2 protein of
bovine papillomavirus, BPV-1. On addition of rifampicin, protein expression occurs exclusively {rom
the gene controlled by the T7 promoter. Since the bacteria are now dedicated Lo the production of E2
protein, labeling with specific amino acids is efficiently performed. For example, 10 mg/l of "N-labeled
phenylalanine is shown to be sufficient for incorporation of the label, withoot scrambling, and without

the use of an auxotrophic strain.

Recent advances in NMR have made it possible to
determine the solution conformations of medium-sized
proteins up to several hundred amino acids long, The new
methods involve implementation of triple-resonance ex-
periments that require the pratein to be labeled with the
NMR-observable isotopes "N and "C. Since isotope-
labefed nutrients are expensive, optimization of protein
production is needed. At the same time, spectra can be
difficult to interpret, and proteins that are selectively
labeled in a specific amino acid are advantageous for
resonance assignments.

The T7 RNA polymerase system is one of the most
widely used for bacterially expressed proteins (Tabor and
Richardson, 1985; Studier and MofTatt, 1986; Studier ct
al., 1990}, In this system the gene encoding the protein of
interest is placed under the control of the T7 promoter,
which is recognized as a translation start site by the RNA
polymerase from phage T7, but not by the RNA poly-
merase of host E. coli. T7 RNA polymerase is supplied
cither by T7 phage infection, or, morc conveniently, by
mduction of the T7 RNA polymerase gene under an
IPTG-inducible promoter. Since the T7 RNA polymerase
elongates chains about five times faster than does E. coli
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RNA polymerase, the proteins from genes preceded by
the T7 promoter are often (but not always) expressed at
high levels.

Rifampicin is an antibiotic that acts on the RNA poly-
merase of £ c¢oli, but not the RNA polymerase of phage
T7 (Wehrli et al., 1968; Studier et al., 1990). Afler high
levels of T7 RNA polymerase are induced, rifampicin can
be added to inhibit transcription of genes by the host
enzyme and to allow only trunscription of genes directed
by the T7 RNA polymerase promoter (Tabor and Rich-
ardson, 1985; Dubendorff and Studier, 1991; Duverger et
al., 1991; Kashiwagi et al., 1991; Nevin and Pratt, 1991;
Kampfenkel and Braun, 1993; Notarnicola and Richard-
son, 1993). Radioactive isotopes added to the cell culture
after rifampicin addition are observed to incorporate only
into proteins whose genes are being transcribed by T7
RNA polymerase (Tabor and Richardson, 1983),

High-level expression systems other than the T7 RNA
polymerase system exist where the cellular machinery is
directing expression of mainly one protein. On addition
of an NMR-active isotope-labeled amino acid at induc-
tion, rapid production of the protein has been observed
in these systems to circumvent isotopic scrambling and

Abbrevigtions: IPTG, isopropylthiogalactoside; SR media, synthetic rich media; OD, g, optical density or absorbance at 600 nm; HSQC, hetero-
nuclear single-quantum coherence; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
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allow selective labeling by amino acid residue type, even
without the use of amine acid auxotrophs (Hibler et al.,
1989; Muchmore ¢t al., 1989). Without the addition of
rifampicin, our protein, the DNA-binding domain (resi-
dues 310-410) of the E2 protein from bovine papilloma-
virus, BPV-1, is expressed in the T7 RNA polymerase
system at relatively low levels (see below). Therefore, we
wanted to see if the addition of rifampicin would increase
protein production and if the level of protein expression
was sufliciently high to c¢valuate the cfficiency of incor-
porating specifically labeled amino acids into the protein.

The gene encoding the E2 protein was placed behind
a T7 RNA polymerase promoter in the pET series of
plasmid vectors, which also confer ampicillin resistance
(Studier et al., 1990; Prakash et al., 1992). As a result of
the cloning procedure, two amino acids (Met-Ala) are
added to the N-terminus of the E2 protein. The pET
plasmid was used to transform BIL2I(DE3) cells, which
carry the gene for T7 RNA polymerase under an IPTG-
inducible promoter. Tn addition, the cells harbor a pLysS
plasmid that produces low levels of T7 lysozyme and
confers chloramphenicol resistance. T7 lysozyme inhibits
T7 RNA polymerase in uninduced cells, allowing the gene
for a mildly toxic protein fo be stably carried under the
T7 promoter. Upon addition of IPTG, the higher level of
T7 RNA polymerase overwhelms the inhibitory effect of
the lysozyme (Studier ct al., 1990).

Colonies were grown overnight in LB broth containing
25 mgfl ampicillin and 25 mg/l chloramphenicol at 29 °C
(Sambrook et al., 1989). In order to determine the effect
of rifampicin on the level of protein expression, 50 ml
cultures were inoculated at a ratio of 1,50 and grown at
37 °C. The media used was synthetic rich (SR) broth,
containing amino acid chemicals (Muchmore et al., 1989).
Flasks were induced with 0.4 mM IPTG when the cul-
tures reached an 0Dy, of 0.5, and 0-50 mg/] rilampicin
was added 1.5 h after induction. 0.1 ml of the cell cul-
tures were harvested 4.5 h post-induction. Typical celi
0D, readings ranged from 1.91 for the flask without
rifampicin to 1.36 for the flask with 50 mg/l rifampicin.
40 ul of sample buller (1.5 M urea, 20% glyccrol, 2%
SDS, | mM p-mercaptoethanol, 62.5 mM Tris. HCl, pH
6.8) was added and the samples boiled for 2 min. To each
well, 10 pl was applied in a 15% polyacrylamide get de-
veloped using a Laemmli system (Sambrook et al., 1989},
Proteins were visualized using Coomassie Blue staining.

The addition of rifampicin clearly results in higher
production of E2 protein (Fig. 1). The first lane is a con-
trol and contains uninduced cells with no IPTG or rif-
ampiein added. The second lane illustrates the ‘standard’
induction conditions, using ¢.4 mM TPTG and no rifam-
picin. Although the amount of E2 protein is low (deusito-
metry shows about 2.8% of total cell protein), this is
sufficient to produce a 1 mM sample (in 400 pl) from a
11 culture, However, on addition of rifampicin, E2 pro-

tein production increases, and at 25-50 mg/l of rifam-
picin, B2 is now the dominant protein in the cell (about
21% [rom densitometric tracings). This allows for produc-
tion of 2 2 mM sample from a 500 m] culture (about four
times higher). Note that, although the percentage of E2
protein in the rifampicin culture is about seven times
higher (21% vs. 2.8%), the total amount of protein is
lower (about 60%). We have also examined the effect of
rifampicin in LB broth and in minimal media, where the
increase in E2 protein production is similar, and we have
checked E2 production with the higher concentration of
rifampicin (200 mg/l) that is typically used (Tabor and
Richardson, 1985; Dubendorff and Studier, 1991; Du-
verger et al., 1991; Kashiwagi et al., 1991; Nevin and
Pratt, 1991; Kampfenkel and Braun, 1993; Notarnicola
and Richardson, 1993). Although E2 protein production
is still about 20% of total protein, the total amount of
protein produced was found to be about 50% lower, and
therefore E2 protein production was suboptimal.

For other proteins that are very efficiently expressed
(for example to levels similar to the last lane of Fig. 1),
the addition of rifampicin appears to have marginal effect
(Studier and Moffatt, 1986), suggesting that the T7 RNA
polymerase is already effectively competing with host E.
coli RNA polymerase. In our case, during induction of
T7 RNA polymerase by IPTG alone, it appears that the
E2 message is either not being transcribed or translated
efficiently. By inhibition of the host E. coli RNA poly-
merase, the nucleotides, and subsequently the tRNA and
amino acids, become available exclusively for T7 RNA
polymerase (Ellard, 1991). Although addition of rifampi-
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Fig. 1. Polyacrylamide gel, illustrating that addition of rifampicin
increases expression of E2 protein. Equal volumes of E. coli culture
were centrifuged and the cell pellets were boiled in SDS. The proteins
were separated by SDS-PAGE on a 15% gel and visualized by
Coomassie Blue staining. In cultures marked + for IPTG, the final
concentration of IPTG was 0.4 mM. The concentration of rifampicin
added after induction with IPTG is shown al the botlom. Molecular
weight standards are shown at the left, with the molecular mass given
in kDa. The position of the DNA-binding domain of E2 protein is
indicated by an arrow.
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Fig. 2. "N-"H HSQC correlation spectra of E2 protein. Selectively "N-enriched E2 proteins were produced by adding the “N-labeled amino acid
at the time of induction. For cach of the 128 increments, 32 scans were recorded, resulting in a Lotal colleclion time of 1.5 h. (A} Uniform *N-
labeled; (B) “N-glycine; (C) "N-leucine; (D) "N-phenylalanine (50 mg); (E) "N-phenylalanine, added both before induction (75 mg) and after
induction (50 mg); (F) "N-phenylalanine {10 mg). In spectra C and E, peaks near 9.1 and 7.6 ppm are slightly distorted becausc of the post-

acquisition removal of streaks in the 'H dimension.

cin at 1.5 h post-induction suppresses further production
of T7 RNA polymerase, the enzyme appears to be stable
and to continue to transcribe from its promoter. Almost
all protein produced over the next 3 h is E2 protein, whilc
the other proteins of E. coli undergo degradation. This
results in both higher amounts of E2 protein and lower
hackground levels (Tabor and Richardson, 1985).

Given that almost all new protein production was E2,
it seemed plausible to attempt specific "N labeling with-
out the usc of amino acid auxotrophs, and yet still
achieve high levels of "N-isotope incorporation. Qther
than the addition of rifampicin, the timing of addition of
isotope-labeled material and the protein purification pro-
cedures were standard. Briefly, protein “N-labeled in
specific amino acids was produced by using 500 ml of SR
media, omitting the amino acid of interest. When the
OD,,, reached 0.5, cells were induced with 0.4 mM IPTG
and the *N-labeled amino acid was added (glycine, 250
mg/l; leucine, 50 mg/l; phenylalanine, 50 mg/l). Rifam-
picin was added to 50 mg/l at 1.5 h, and cells were har-

vested by centrifugation 3 h later. E2 protein was purified
from cell lysate by Sepharose fast flow ion exchange and
by G50 gel filtration (Pharmacia, Piscataway, NJ) chro-
matography (Prakash el al., 1992). "N-"H correlation
NMR spectra were recorded on 0.4 to 1.3 mM samples at
35 °C, pH 5.5-6.1, using a heteronuclear single-quantum
coherence {HSQC) pulse sequence on a Bruker AMXS500
spectrometer with a spin-lock for water suppression
(Messerle et al., 1989),

Spectra are presented in Fig. 2 for protein uniformiy
*N-labeled in all amino acids and specifically '"N-labeled
in glycine, leucine and phenylalanine, respectively, E2
contains nine glycines, seven leucines and eight phenyl-
alanines, which is equal to the number of "N-'H cross
peaks observed in the HSQC spectra (Figs. 2B-D). Des-
pite an expectation that the label on glycine might end up
on serine (Neidhardt, 1987, Muchmore et al., 1989), no
scrambling of its label was observed (Fig. 2B). The extent
of "N labeling is about 75%, with some “N-glycine incor-
porated from the cndogenous pool (estimated to be about
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80 mg/l; see below). In this case, an amino acid auxo-
troph would be useful. Also, no scrambling was abserved
with either “N-leucine (Fig. 2C) or “N-phenylalanine
(Fig. 2D). Although our proteins are purified to greater
than 97%, a high level of protein purity is probably un-
necessary for 3D and ""N-selective 2D experiments, since
the contaminating background proteins are expected to be
mostly unlabeled (Tabor and Richardson, 19835).

In one preparation of N-phenylalanine-labeled F2,
the amino acid was added twice during growth; it was in-
cluded initially in the media, and again at 1 h after induc-
tion {total of 125 mg/l “N-phenylalanine). This method of
labeling shows other amino acids that are labeled at low
levels (about 10%; Fig. 2E). The low-intensity peaks have
not been identified, but likely include glhutamate, because
of its central role in amino acid metabolism (Neidhart,
1987). The degree of scrambling observed is thus depend-
ent on the moment the label is introduced during growth.
If added much before T7 RNA polymerase induction, it
is scrambled by amino acid interconversion. However, if
added late after T7 RNA polymerase induction, any E2
protein produced up to that point would incorporate only
"N-labeled amino acids. Moreover, the addition of rifam-
picin at a precise time is important for optimal protein
production and label incorporation. We allow induction
of T7 RNA polymerase for 1.5 h, so that sufficient levels
of enzyme can build up before inhibiting host RNA paly-
merase with rifampicin (thus preventing further T7 RNA
polymerase production).

The lowest amount of "N-phenylalanine that could be
added and still yielded an informative HSQC spectrum
was 10 mg/t (Fig. 2F). On the other hand, a protein pro-
duced with only 2 mg/l “N-phenylalanine gave an HSQC
with low signal-to-noise and with some scrambling of the
label (data not shown). To determine the size of the endo-
genous "*N-phenylalanine pool from catabolism of the
other N amino acids, cross peaks to amide protons were
examined in TOCSY spectra without decoupling of *N
for the samples that were produced with 10, 50 and 125
mg/l "N-phenylalanine in the media. Amide protons
attached to N were identified by the 'Jisy . splitting of
about 90 Hz, whereas those attached to N appeared as
a singlet in the middle of the doublet. All samples showed
that about 30 mg/l “N-phenvlalanine was produced by
catabolism of other amino acids prior to induction ol E2
protein expression, thus accounting for the low signal-to-
noise ratio in the sample produced using only 2 mg/l *N-
phenylalanine (only about 6% of the phenylalanine would
be “N-labeled). _

For the preparation of a 1 mM solution of protein,
selectively "N-labeled in phenylalanine without the use of
rifampicin, standard procedures would suggest the use of
1 I of media containing 200 mg of "N-phenylalanine (Hib-
ler et al., 1989) (although we have not determined the "N-
label requirement in this case). Alternatively, a phenyl-

alanine auxotroph could have been generated. Using this,
we would have needed about 50 mg/l of “N-phenylalanine
(Muchmore et al., 1989). By way of contrast, the proce-
dure using rifampicin demonstrates that the same sample
can be produced by using 250 ml of media containing
only 2.5 mg of "N-phenylalanine, which is a much more
efficient use of an isotopically labeled amino acid.

In summary, rifampicin in the T7 RNA polymerase
expression system dramatically improves preduction of
E2 DNA-binding protein. This method was shown to
allow the incorporation of “N-glycine, *N-leucine and
"N-phenylalanine without scrambling. Amino acid auxo-
trophs were not required for these amino acids and there-
fore it appears that other amino acids also could be spe-
cifically labeled without using auxotrophs. Samples that
were selectively “N-labeled by residue tvpe have been
very helpful in the sequential resonance assignment of this
protein (unpublished experiments).
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