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Abstract

We describe a procedure that allows for very efficient identification of amino acid types in proteins by selective
15N-labeling. The usefulness of selective incorporation of 15N-labeled amino acids into proteins for the backbone
assignment has been recognized for several years. However, widespread use of this method has been hindered
by the need to purify each selectively labeled sample and by the relatively high cost of labeling with 15N-labeled
amino acids. Here we demonstrate that purification of the selectively 15N-labeled samples is not necessary and
that background-free HSQC spectra containing only the peaks of the overexpressed heterologous protein can be
obtained in crude lysates from as little as 100 ml cultures, thus saving time and money. This method can be used
for fast and automated backbone assignment of proteins.

The first step of a protein structure determination by
NMR spectroscopy is the assignment of the protein
backbone resonances. Since the introduction of het-
eronuclear multidimensional NMR experiments, this
task has been performed by matching resonance fre-
quencies between pairs of spectra to obtain intra-
and interresidual correlations (Clore and Gronenborn,
1991; Ikura et al., 1990; Montelione and Wag-
ner, 1990). In principle, searching for peaks with
matching resonance frequencies should be amenable
to computer-assisted automation, and over the past
decade, several different groups have developed com-
puter algorithms aimed at providing either fully au-
tomated or semi-automated assignment procedures
(Buchler et al., 1997; Leutner et al., 1998; Lukin et al.,
1997; Moseley et al., 2001; Zimmerman et al., 1997,
1994). However, the algorithms suffer from the fact
that NMR spectra contain certain confounding fea-
tures and artifacts. These include overlapping peaks,
missing peaks, multiple resonance frequencies caused
by the presence of different protein conformations,
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and spectral artifacts such as T1-noise. While an expe-
rienced NMR spectroscopist can identify the cause of
these artifacts and solve these problems, they pose an
enormous challenge for computer algorithms. Recent
approaches using genetic algorithms (Bartels et al.,
1997) have improved the reliability of these auto-
mated assignment procedures. However, in particular
for larger proteins, problems still exist. One way to im-
prove the method is to incorporate information about
the amino acid type into the assignment protocol. For
some amino acids such as alanine and threonine the
combination of their 13Cα and 13Cβ chemical shifts
can be used for identification. However, for many
other amino acid types, chemical shifts are not unique
and can only be used to establish a likelihood factor
that a peak in a spectrum belongs to a certain amino
acid (Grzesiek et al., 1993).

This problem can be solved by two different ap-
proaches that exclusively select information about
certain amino acid types. The first method relies on de-
signing NMR pulse sequences that take advantage of
the homo- and heteronuclear spin-spin coupling net-
works in the individual amino acids (Dötsch et al.,
1996; Dötsch and Wagner, 1996; Feng et al., 1996;
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Rios et al., 1996; Schubert et al., 1999, 2001). These
experiments suppress coherence transfer pathways of
all amino acids except for the selected ones and the
resulting spectra contain only peaks of the targeted
amino acids. The second approach relies on the se-
lective incorporation of 15N-labeled amino acids into
the protein (Hibler et al., 1989; Lee et al., 1995;
McIntosh et al., 1990; Muchmore et al., 1989). If
auxotrophic bacterial strains are used or if the over-
expression conditions are carefully chosen (Lee et al.,
1995), this method results in NMR spectra that con-
tain exclusively peaks of the selected amino acids.
The biggest advantage of the first method is that it
calls for only one 13C/15N doubly-labeled sample.
In contrast, selective 15N-labeling requires the pro-
duction of one sample per labeled amino acid type.
In particular, if the purification procedure is com-
plicated, the selective-labeling method can become
very time-consuming. In addition, several of the se-
lective 15N-labeled amino acids are quite expensive.
On the other hand, some of the filter elements that
have to be incorporated into the non-selective NMR
pulse sequences in order to make them amino-acid
type specific are relatively long and do not work very
well for larger proteins. Moreover, some of the editing
schemes do not completely suppress coherences of the
non-selected amino acids, leading to potential break-
through peaks that can cause considerable problems
for automated assignment procedures (Dötsch et al.,
1996).

We wanted to investigate whether the method of se-
lective labeling with 15N-labeled amino acids could be
transformed into a more efficient tool. Our approach
is based on an earlier observation by Clore and Gro-
nenborn who reported that [15N-1H]-HSQC spectra
of proteins overexpressed in bacteria can be obtained
in crude cell lysates (Gronenborn et al., 1996). Sim-
ilar results were reported recently (Almeida et al.,
2001). In addition, we have shown that [15N-1H]-
HSQC spectra can be obtained with overexpressed
proteins inside living E. coli cells (Serber et al., 2001;
Serber et al., in press), in which only protein reso-
nances of the overexpressed protein are visible and
no resonances of endogenous bacterial proteins could
be detected. The only other peaks in these spectra
are peaks with a much narrower line width than the
resonances of the overexpressed protein. The chem-
ical shift range of these additional peaks is between
8.0-8.5 ppm, which in combination with the narrow
line width suggests that these peaks are non-protein
resonances, presumably caused by 15N-incorporation

Figure 1. [1H,15N]-HSQC spectra of calmodulin, selectively
15N-labeled with different amino acids: (A) isoleucine, (B) lysine,
(C) phenylalanine and (D) valine. With the exception of the peak
at 1H: 7.6 ppm, 15N: 129 ppm in the lysine spectrum, all peaks
represent calmodulin resonances.

into small molecules, e.g. amino acids. In the ex-
periments by Gronenborn and Clore these additional
peaks were eliminated by buffer exchange of the crude
cell lysate (Gronenborn and Clore, 1996). During our
‘in-cell’ NMR experiments with NmerA and calmod-
ulin, however, we discovered that it is possible to
obtain ‘in-cell’-[15N-1H]-HSQC spectra with selec-
tively 15N-labeled samples without any background
signals (Serber et al., 2001). Based on these findings,
we reasoned that we could use selective 15N-labeling
as an efficient tool to obtain amino acid type iden-
tification by completely eliminating any purification
steps.

To test this hypothesis, we used calmodulin and
expressed samples that were selectively 15N-labeled
on lysine, phenylalanine, valine or isoleucine. For
each experiment a 250 ml bacterial culture was grown
to an optical density of 0.8 in regular LB medium,
harvested by centrifugation, resuspended in 100 ml
of fresh medium and induced with 0.4 mM IPTG.
Lysine-labeled samples were expressed in minimal
M9 medium supplemented with 220 mg/l of 15N-
labeled lysine in regular BL21 bacteria for five hours at
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37 ◦C. All other selectively labeled samples were ex-
pressed in the strain DL39 avtA::Tn5 λDE3 (LeMaster
and Richards, 1988; McIntosh and Dahlquist, 1990)
that is auxotrophic for Asp, Val, Ile, Leu, Phe and
Tyr. The bacteria were induced at room temperature
for two days in minimal M9 medium that was supple-
mented with 500 mg/l Ala, 400 mg/l Asp, 230 mg/l
Val, Ile, Leu, 170 mg/l Tyr and 130 mg/l Phe. For each
selectively labeled sample, half of the above stated
amount was used for the 15N-labeled amino acid while
the other amino acids were unlabeled. The cells were
harvested by centrifugation and resuspended in 2 ml
buffer (10 mM Hepes pH 6.3, 100 mM KCl, 12 mM
CaCl2, 10 mM β-mercaptoethanol, protease inhibitors
(Complete-tablets, Böhringer-Mannheim)) and incu-
bated for one hour with lysozyme. Cell lysis was
completed by a freeze-thaw method during which the
resuspended cells were frozen with liquid nitrogen and
then thawed in water three times. We decided to lyse
the bacteria instead of measuring the spectra inside
living cells because our earlier work demonstrates that
cell lysis reduces the line width considerably (Serber
et al., 2001). In order to reduce the viscosity of the
solution, DNAse I was added. Finally, the cell debris
was removed by centrifugation, 500 µl of the super-
natant were transferred into a 5 mm NMR tube, and
50 µl of D2O were added. Figure 1 shows all spec-
tra obtained with the selectively labeled calmodulin
samples. In all but one spectra only peaks belong-
ing to the overexpressed protein are visible. The one
exception is the lysine-labeled sample, which shows,
in addition to the protein peaks, one extra peak (1H:
7.6 ppm, 15N: 129 ppm) that most likely represents
a metabolic product of lysine. This demonstrates that
with the exception of this one peak in the lysine-
spectrum, artifact-free HSQC spectra of amino-acid
type selectively labeled proteins can be obtained from
crude cell lysates even without buffer exchange. All
spectra were measured with 64 complex points in the
indirect dimension. For the lysine-labeled sample 8
scans per increment were recorded, yielding a total
measurement time of 22 min. The lower expression
level of the DL39 bacteria reduced the signal-to-noise
ratio of the HSQC spectra measured with 8 scans.
Therefore, these spectra were measured with 32 scans
per increment. All expected peaks in the obtained
spectra were visible with the exception of one lysine
and one phenylalanine. The higher number of scans
extended the measurement time to 1.5 h.

To further test the robustness of our method we
applied it to one of our current structural projects in

Figure 2. Spectra of the p63 SAM domain selectively labeled with
15N-labeled amino acids in 10 mM Hepes buffer, pH 7.0, 5 mM
DTT: (A) isoleucine, (B) lysine, (C) phenylalanine and (D) leucine.
All expected resonances with the exception of two leucines that are
located in the unstructured N- and C-termini are present.

the lab, the SAM domain of the p53 homologue p63.
We produced four samples, selectively 15N-labeled on
lysine, phenylalanine, leucine and isoleucine follow-
ing the protocol described above. The resulting HSQC
spectra, shown in Figure 2, confirm that all visible
peaks belong to the overexpressed protein, in this case
the SAM domain, with the exception of one addi-
tional peak in the lysine spectrum representing again
a metabolic product of lysine. All spectra of the SAM
domain were recorded with 30 complex points in the
indirect dimension. The lysine sample was measured
with eight scans per increment and all other spec-
tra with 32 scans. The total measurement time per
spectrum were 10 min and 41 min, respectively.

To evaluate the usefulness of these spectra for au-
tomatic assignment procedures, we have compared the
chemical shifts of the peaks in the amino-acid selec-
tive labeled spectra with the corresponding chemical
shifts in the [15N,1H]-HSQC spectra of the purified
proteins. A very good agreement was obtained for
most of the resonances with an average deviation of
0.015 ppm in the proton dimension and 0.05 ppm in
the 15N-dimension for the SAM domain and 0.02 ppm
and 0.07 ppm in the calmodulin spectra. The slightly
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higher deviations in the calmodulin spectra as com-
pared to the spectra of the SAM domain are most
likely caused by differences in the buffer composition.
For two peaks in the SAM domain spectra, however,
much larger changes occurred that reached 0.05 ppm
in the proton dimension and 0.16 ppm in the 15N di-
mension. The corresponding values reached 0.07 ppm
and 0.3 ppm for four peaks in the calmodulin spectra.
Despite these larger deviations, most of these peaks
could be unambiguously assigned in the spectra of the
purified protein because these peaks are located in a
relatively empty spectral region. On the other hand,
some of the peaks which showed a very good chemical
shift agreement could not be unambiguously assigned
because of peaks overlap with other resonances. In
total, 5 out of 8 Ile, all Lys, 5 out of 8 Phe and 5
out of 7 Val could be unambiguously assigned in the
calmodulin spectra and 5 out of 6 Ile, 1 out of 2 Lys,
all Phe and all Leu in the SAM domain spectra.

As demonstrated, no artifact peaks (with the ex-
ception of one peak in the lysine spectrum) are de-
tectable in these spectra. The robustness of the method
makes selective 15N-labeling very attractive as the
basis for automated assignment. Incorporation of def-
inite amino acid type identifications as opposed to
likelihoods will make computer-based automated as-
signment protocols more reliable. The ability to mea-
sure artifact free HSQC spectra in crude cell lysates
without buffer exchange makes the method also very
efficient and abolishes the argument that selective 15N-
labeling is too time-consuming to be practical. Since
the amount of labeled amino acid that is used for these
experiments is very small, the costs of the experiment
is reduced at the same time.

However, crucial for the success of this method is
a good overexpression level of the protein. For poorly
expressed proteins, the crude cell lysate of a larger
culture would have to be concentrated and part of
the high-throughput character of the method would
be lost. The expression level of the DL39 strain is
significantly lower than the expression level of BL21
bacteria. Other groups have shown that BL21 cells
can be used for amino acid selective labeling if the
expression protocol is carefully adjusted (Lee et al.,
1995). In our experiments we have used (with the ex-
ception of lysine) auxotrophic strains because we were
concerned about potential background peaks caused
by cross-labeling of other types of amino acids. Such
cross-labeling would severely limit the usefulness of
this approach for automated assignment procedures.
The method could be even more efficient if aux-

otrophic strains with a higher expression level than the
DL39 strain were used.

Another critical parameter is how closely the buffer
conditions in the crude lysate resemble the buffer in
the purified sample. If the crude cell lysate contains
components that interact with the overexpressed pro-
tein, substantial differences in chemical shift can occur
that could make an unambiguous assignment impossi-
ble. Our results have demonstrated that, however, even
with excellent correspondence between the chemical
shifts not all resonances can be unambiguously as-
signed due to peak overlap. Nonetheless, we were able
to assign a majority of the peaks and a reduced number
of resonances for which the amino acid type is known
will still provide valuable information for an automatic
assignment program. Moreover, in the case of peak
overlap, a computer algorithm could narrow down the
possible assignments since it can rely on the fact that
one of the (for example) two overlapping peaks has to
be a certain amino acid type.

In conclusion, we have demonstrated that artifact
free HSQC spectra of selectively labeled proteins can
be obtained in crude bacterial lysates without buffer
exchange. Our current procedure allows us to obtain
spectra of at least 5–6 samples within one day. We
believe that this number is sufficient to make fully
automated backbone assignment protocols with high
reliability and efficiency possible.
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