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Abstract NMR-based structure determination of a pro-
tein requires the assignment of resonances as indispensable
first step. Even though heteronuclear through-bond corre-
lation methods are available for that purpose, challenging
situations arise in cases where the protein in question only
yields samples of limited concentration and/or stability.
Here we present a strategy based upon specific individual
unlabeling of all 20 standard amino acids to complement
standard NMR experiments and to achieve unambiguous
backbone assignments for the fast precipitating 23 kDa
catalytic domain of human aprataxin of which only
incomplete standard NMR data sets could be obtained.
Together with the validation of this approach utilizing the
protein GB1 as a model, a comprehensive insight into
metabolic interconversion (“scrambling”) of NH and CO
groups in a standard Escherichia coli expression host is
provided.
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Introduction

Assignment of NMR resonances and here assignment of
backbone nuclei constitutes the essential first step in the
process of biomolecular structure determination. Fre-
quently, heteronuclear triple resonance experiments like
the HNCACB (Wittekind and Mueller 1993) in combina-
tion with the CBCA(CO)NH (Grzesiek and Bax 1992) are
performed to identify and assign intra- and interresidue
resonances. In addition, approaches for linking adjacent
amide residues based on NH(COCA)NH type experiments
(Bracken et al. 1997; Kumar et al. 2010) are available. To
ameliorate the inherent sensitivity problem of NMR spec-
troscopy, improved hardware (higher field strength, cryo-
genic probes) and new pulse sequences yielding higher s/n
ratios (Mori et al. 1995; Lescop et al. 2007; Felli and
Brutscher 2009; Marion 2010) and/or requiring less
acquisition time through non-uniform sampling and/or
projection reconstruction techniques (Kupée and Freeman
2004; Coggins et al. 2010; Qiang 2011) are continuously
developed. All these approaches require isotope labeling
and, as second prerequisite, a protein sample of relatively
high concentration and considerable stability. In cases
where stability or concentration of the sample is limited,
experiments with a reduced number of coherence transfer
steps (e.g., HSCQ, HNCO, HNCA), which are inherently
more sensitive and, therefore, need shorter recording times,
may still be feasible. Such experiments, however, may pose
a problem with respect to resonance assignment due to the
limited dispersion of CA and CO chemical shifts. This in
turn results in potentially ambiguous assignments already
for medium sized proteins. Such ambiguity may be
resolvable in part by using experiments selective for amino
acid type (Schubert et al. 1999; Schubert 2001) or the
limited information linked to characteristic resonance
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“regions” (e.g., glycine in ['H,'’N]-based correlation
experiments) together with a given protein sequence as the
latter restricts the potential amino acid i, i+ pairs. Fur-
thermore, specific isotope labeling in an unlabeled back-
ground allows to identify the residue type. Specific isotope
labeling of many amino acids, however, is a costly prop-
osition if performed in vivo and may preclude the NMR
analysis of a challenging protein altogether. On the other
hand, specific incorporation of [14N R 12C]—amino acids in an
uniformly labeled background is much less costly and can
easily be achieved using standard bacterial systems for
heterologous protein expression. Such “unlabeling”
approaches have so far been employed sporadically and
were restricted to a limited subset of amino acids (Shortle
1994; Kelly et al. 1999; Krishnarjuna et al. 2011; Banigan
et al. 2013). The complicating issue in specific (un)label-
ing, however, constitutes the scrambling (interconversion)
of the label into the intentionally unlabeled amino acids
and vice versa. Even though genetically modified strains
can be used to avoid scrambling (Waugh 1996; O’Grady
et al. 2012), such bacterial strains are not considered
standard recombinant systems and would e.g., require re-
engineering to allow for T7 polymerase based (Studier and
Moffatt 1986) overexpression. Furthermore, genetic engi-
neering of metabolic pathways to minimize scrambling is
restricted and affects a limited number of amino acids only
(Rasia et al. 2012). Virtually scrambling-free synthesis of a
target protein may be achievable in cell-free protein syn-
thesis systems (Morita et al. 2004; Su et al. 2011).
Eukaryotic systems have also been used in combination
with amino acid selective (un)labeling (Strauss et al. 2003;
Tanio et al. 2009), but frequently suffer from lower yield
and higher overall costs. Here we systematically evaluated
the unlabeling approach for all 20 natural amino acids and
for two recombinant proteins expressed in the standard T7
polymerase based Escherichia coli BL21(DE3) system.
The first immunoglobulin binding domain of protein G
(GB1) served as a model system to assess the feasibility of
this strategy. In a second step we successfully applied this
approach to the 23 kDa catalytic domain of human apra-
taxin. Mutations in aprataxin are linked to the neurode-
generative disease ataxia with oculomotor apraxia 1
(AOA1; Moreira et al. (2001); Date et al. (2001)). Apra-
taxin is involved in DNA repair (Gueven et al. 2004; Ahel
et al. 2006; Rass et al. 2007; Rass et al. 2008) and it might
even constitute a novel drug target in colorectal cancer
therapy (Dopeso et al. 2010). Despite its biomedical sig-
nificance, the NMR spectroscopic analysis of human
aprataxin was severely hampered by its propensity to
denature in short time and to aggregate already at low
protein concentrations. Based on our systematic unlabeling
approach, and by including the information of the amino
acid type(s) during the assignment process, here we present
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an assignment strategy based on linking CO and CA res-
onances and a partial backbone resonance assignment for
aprataxin’s catalytically active domain in order to provide
vital chemical shift information for e.g., NMR-based
compound screening.

Materials and methods
Expression and purification of GB1

Uniformly ["°N, '’C]-labeled GB1 (T2Q mutant) was
expressed in E. coli BL21(DE3) and M9 media containing
1 g/l ">'NH,4CI and 2 g/l ['H, "*C]-glucose. For selectively
unlabeled samples of GB1, 1 g/l (except for Cys: 0.1 g/l) of
the respective [14N, 12C]—amino acid (Sigma Aldrich) was
added to the medium 15 min prior to induction with
0.3 mM IPTG for 3 h at 30 °C. Based on published pro-
tocols (Franks et al. 2005) the harvested cells were dis-
rupted by heating to 80 °C for 15 min in phosphate-
buffered saline (200 mM NaCl, 50 mM KH,PO,/K,HPO,,
pH 7), debris was removed by centrifugation (16,000x g,
4 °C, 30 min) and the supernatant was subjected to size
exclusion chromatography (Sephadex 75, GE Heathcare;
100 mM NaCl, 50 mM KH,PO,/K,HPO,, pH 7). GB1
containing fractions were combined and supplemented
with 10 % D,0 concentrated to 500 uM using a Vivaspin
20 concentrator (3.5 kDa cut-off, GE Healthcare). Approx.
30 mg of pure protein was obtained from 250 ml M9
media inoculated with a cell mass corresponding to an
OD¢oosme 0f 0.7 in 1 1 LB media.

Expression and purification of aprataxin

The pET-15b expression plasmid coding for residues
161-356 of human aprataxin (UniProt id: Q7Z2E3-1),
comprising its enzymatically active histidine triad (HIT)
domain and zinc finger motif, was transformed into E. coli
BL21(DE3). The Hise-tagged protein was expressed in M9
media supplemented with 1 g/l "’NH,CI and 1.5 g/l ['H,
13C]-glucose and a final concentration of 10 pM ZnSO,.
Unlabeling and protein expression were induced as for
GB1 with 0.3 mM IPTG for 3 h at 30 °C. Harvested cells
were disrupted by French Press and ultrasonification,
debris was removed by centrifugation (15,400xg, 4 °C,
30 min) and the supernatant was subjected to a affinity
chromatography on Ni-NTA agarose (Qiagen) followed by
thrombin cleavage and dialysis (50 mM NaCl, 10 mM
Tris/HCl pH 7.5, 4 °C over night). Pure protein was
obtained as flow through of the final anion exchange
chromatography (DEAE fast-flow sepharose; GE Heath-
care). The final NMR samples were concentrated and
exchanged into NMR buffer (150 mM NaCl, 10 mM dTris/
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HCl pH 7.5, 10 % D,0) using a Vivaspin 20 concentrator
(10 kDa cut-off, GE Healthcare). The protein yield was
approx. 5 mg of pure protein obtained from 200 ml M9
media inoculated with a cell mass corresponding to an
OD¢oonm Of 0.7 in 1 1 LB media. A scheme of the purifi-
cation process is given in Figure S4.

NMR experiments

Chemical shift correlation experiments were performed on a
Bruker 750 MHz Avance III NMR system equipped with a
triple resonance probe. Sample temperature was set to 25 °C
(GB1) or 29 °C (aprataxin), respectively. 3D HNCO and 3D
HN(CA)CO data for GB1 were obtained from a 2.3 mM
uniformly ['°N,'*C]-labeled sample. For backbone reso-
nance assignment of aprataxin 3D HNCO (experimental
time: 16 h), 3D HN(CA)CO (2d 18 h), 3D HNCA (1 d 20 h),
3D HN(CO)CA (1 d20h) and 3D HNCACB (3d 17 h) were
collected with freshly prepared 0.5 mM uniformly
[ISN,BC]-labeled samples for each of the mentioned
experiments. The initial protein concentration dropped
within several hours from 0.5 to approx. 0.1 mM. After one
day the protein concentration was around 50 pM. The set of
the aforementioned standard NMR experiments yielded
NMR data (example shown in Figure S6) inadequate to allow
for complete and unambiguous assignments. Hence, these
experiments were complemented with the information
obtained via the unlabeling approach presented here to
achieve unambiguous resonance assignment for the fast
precipitating 23 kD catalytic domain of aprataxin. Unlabel-
ing: ['H,"”N]-HSQC spectra were recorded using a standard
sequence (Bruker: “hsqcfpf3gpphwg”). [*CO]J-edited
['H,'"N]-correlation spectra were collected as 2D versions
of a 3D HNCO experiment (Bruker: ”hncogpwg3d”) similar
to the approach presented by (Parker et al. 2004). To achieve
higher resolution in t,, normally restricted by the constant
time character, this pulse sequence was modified to allow for
free evolution in t,. Water suppression was achieved via
presaturation (Jesson et al. 1973). The modified HNCO
sequence is referred to as HN(CO) here. The experimental
time for the collection of each of the [lH,15 N]-HSQC spectra
was approx. 1 h utilizing a maximum acquisition time of
85 ms (GB1) / 100 ms (aprataxin) in the direct, and 91 ms
(GB1) / 50 ms (aprataxin) in the indirect dimension,
respectively. The HN(CO) spectra of each of the specifically
unlabeled samples of GB1 and aprataxin were recorded
within 2 h and 6 h, respectively.

Data analysis
Amide resonance assignments of GB1 are based on liter-

ature data (Franks et al. 2005) and were reproduced with
the CCPN software package (Vranken et al. 2005) using

3D HNCO and 3D HN(CA)CO data. Backbone resonances
of aprataxin were analyzed using the same software
package and the spectra recorded as stated in section
“NMR experiments” Unlabeling: Absolute peak intensities
were extracted from [IH,lsN]—HSQC and HN(CO) data
using TOPSPIN V2.1. All spectra were recorded and pro-
cessed identically as described in the respective figure
legends (Figure S1, S2, S8).

Results and discussion

In an ideal case, the incorporation of a specific [14N ,IZC]-
amino acid in an otherwise uniformly [15N, 13C]-labeled
protein renders the respective nuclei unobservable in het-
eronuclear chemical shift correlation experiments. By
comparing ['H,"’N]-HSQC data of a uniformly labeled
sample with data of samples where only one individual
amino acid was present in its unlabeled form during
expression, one can link each of the amide signals to the
respective amino acid type (example shown in Fig. 1a). A
3CO editing step was used to additionally eliminate amide
signals arising from i + 1 '"’N amide directly following a
[N, "*C]-amino acid (Fig. 1 b). The main prerequisite for
a straightforward analysis is that the respective ['*N,'*C]-
amino acid used for unlabeling is not interconverted to
other amino acids (also referred to as “isotope scram-
bling”), which obviously influences the (un)labeling pat-
tern. However, in biological systems used for heterologous
protein expression (e.g., E. coli), this precondition is met
only for some amino acids (Muchmore et al. 1989). The
amount of isotope scrambling strongly depends on the type
of amino acid and on the chemical group to be looked at
(e.g., NH, CO, CA, side chain).

Here, we first systematically evaluate the amount of
"“NH and '*CO scrambling for a number of amino acids for
the E. coli BL21(DE3) standard expression system and
GB1 as a model protein. Secondly we present an approach
for sequential resonance assignment applied to the 23 kDa
catalytic domain of human aprataxin, for which essentially
only HN, CO and CA chemical shift information could be
obtained. In contrast to a recent study (Krishnarjuna et al.
2011) utilizing a 2D {'’CO; — "N, }-filtered HSQC
experiment, the approach presented here is based on stan-
dard experiments, as we found this to be more straight-
forward for normalizing peak intensities for the assessment
of amino acid scrambling (see below).

Classification of amino acids based on amount of N
scrambling

In order to validate our approach, we assessed the level of
YN scrambling for each of the 20 standard amino acids.
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Fig. 1 Identification of unlabeled amino acid i via [IH,ISN]-HSQC
and of i and i+/ via HN(CO) using [14N,12C]—lysine in otherwise
uniformly ['*N,3C]-labeled GBI protein. Resonances of the refer-
ence spectrum are colored in blue, resonances from the specific ['“N,
12C]-lysine sample in red. Missing amide signals in the ['H,'°N]-
HSQC result from specific unlabeling of lysine amide groups. In the

We compared the signal intensity of each of the amide
signals of uniformly labeled GB1 with the signal intensity
of the respective peak in each of the 20 samples with a
single ['*N,'?CJ-amino acid added prior to protein
expression (referred to as unlabeled samples). Peak inten-
sities were extracted from [IH,ISN]—HSQC data obtained
with equal protein concentration, equal experimental and
processing parameters. Peak intensities for the same type of
amino acid were grouped and averaged to analyze if and
how unlabeling of a respective amino acid also effects
other (“undesired”) amino acids (Figure S1). Based on the
resulting normalized, grouped and averaged '’N peak
intensities we classified each amino acid with respect to the
amount of amide group scrambling (Table 1). Arg, Cys,
Ser and His are not present in GB1, but were used for
unlabeling to analyze the effect towards other amino amino
acids. For 7 out of the 20 amino acids tested (Table 1, 1st
column), no scrambling for amide groups was found,
allowing a straightforward and unambiguous identification
with the outlined unlabel approach. Specific unlabeling of
Ala and Gly, respectively, additionally results in a approx.
50 % signal reduction for Val and Trp, respectively (Figure
S1). Since the reduction of signal intensity is significantly

@ Springer

HN(CO) spectra also amide groups are not observable, which directly
follow a lysine. The respective i and i+/ pairs are indicated with
dotted arrows. Assignment is based on standard 3D NMR data (as
stated in materials and method). sc: side chain, not observable in
HN(CO) spectra

different (complete loss of signal for Ala and Gly vs.
approx. 40-50 % reduction in signal intensity for Val and
Trp), this finding can safely be exploited to identify both of
the respective amino acids using one singly unlabeled
protein sample only. In fact, in the case of the ['*N]-Gly
sample where also Trp can be determined this is quite
important since specific unlabeling of Trp itself leads to
uniform scrambling which renders identification of the
targeted amide impossible. It is worth emphasizing, that
although unlabeling of GlIn leads to a general scrambling
(Figure S1), the intensity drop is significantly greater for
Gln amide signals as compared to all other amino acids.
Therefore although Gln is considered to be metabolized by
the bacteria, in our hands a quantitative analysis allowed a
clear identification of Gln amide signals in GB1. The
amide groups of 6 out of 20 amino acids (Table 1, 3rd
column) are scrambled among a smaller group of other
amino acids and, therefore, only permit the identification of
a distinct group of amino acids instead of a single one.
Amide signal intensities of Ile, Leu and Val are reduced to
the same extent irrespective of which of the three amino
acids was present in unlabeled form during protein
expression (Figure S1). Likewise, the amide groups of Phe



J Biomol NMR (2013) 57:65-72

69

Table 1 Classification of amino acids with respect to amount of '*N
scrambling based on the analysis of ['H,'>N]-HSQC peak intensities
for GB1 (Figure S1) and the catalytic domain of aprataxin (APTX)
(Figure S8)

Unlabeled target Target + one Distinct Uniform
only more group scrambling
Arg?* Ala Ile, Leu, Val Asp

Asn Phe, Tyr Glu

Cys* Thr Ser®

Gln Gly° Trp

His*

Lys

Met

* Respective amino acid is not present in GB1, but unlabeling data
was assessed for scrambling with respect to other amino acid types

® In GBI, ["*N]-Gly labeling additionally results in the partial un-
labeling of Trp amide groups (Figure S1). However, based on the
analysis of aprataxin data (Figure S8), [14N]—Gly labeling also leads to
unlabeling of Cys and Ser amide groups, not present in GB1

and Tyr are scrambled among each other. Although a clear
identification of the desired and originally unlabeled amino
acid within the latter two groups is not possible, informa-
tion from that spectra is quite useful to narrow down the
possible amino acid types. This in turn can be essential if
used in conjunction with sequence information to resolve
ambiguities during the assignment process. Adding unla-
beled Asp, Glu, Ser and Trp (Table 1, 4th column) results
in equal reduction in signal intensity indicative of uniform
scrambling and precluding spectral identification (Figure
S1). The classification of amino acids with respect to the
amount of '*N presented here (Table 1), confirms previ-
ously published results (Shortle 1994; Hiroaki et al. 2011;
Krishnarjuna et al. 2011) that were limited to a subset or a
combination of amino acids only. Here we provide quan-
titative insight into the "N isotopic scrambling pattern
(Figure S1) individually for each of the 20 amino acids in
E. coli BL21(DE3) as a standard host for heterologous
protein expression.

Classification of amino acids based on amount of '>CO
scrambling

A labeling scheme for specific '*CO labeling of amino
acids has been presented (Takeuchi et al. 2007). However,
from the experimental setup and the biochemical point of
view specific labeling is different from specific unlabeling.
Unlabeling is achieved by adding the desired ['*N,'*C]-
amino acid only to the expression media. In contrast, for
specific labeling mostly not only the targeted amino acid
(or a precursor) is added to the expression media in its
labeled form, but also the other amino acids in their

Table 2 Classification of amino acids with respect to amount of
2co scrambling based on the analysis of HN(CO) peak intensities
for GB1 (Figure S2)

No scrambling Some scrambling Not analysed®

Argb, Cysb Ala, Gly Asp, Asn
His®, Ile Thr, Pro® Gln, Glu
Leu, Lys Ser® Trp

Met, Phe

Tyr, Val

4 Excluded from analysis due to the labeling status of the respective
i+1 amide group, see text for further explanation

® Respective amino acid is not present in GB1, but unlabeling data
was assessed for scrambling with respect to other amino acid types

unlabeled form to minimize scrambling through influenc-
ing regulation of the amino acid metabolism. To analyze
the effect of specific unlabeling on the labeling state of
carbonyls among the different amino acids, we compared
the peak intensities in HN(CO) data recorded with a fully
labeled reference sample with data recorded with 20 dif-
ferently unlabeled samples in the same way as described
for the analysis of amide scrambling. Since the resonance
intensity of the HN(CO) is not only affected by '*C
incorporation into the i carbonyl position, but also by the
amide of the i+/ amino acid, a perfect analysis would
require an unlabeling approach with ['°N,'*C]-amino acids,
which was far beyond the intent of this study to obtain vital
information for the assignment process of the 23 kDa
domain of aprataxin. For this reason we only analyzed
carbonyls of amino acids i, which are followed by an i+/
amide group, of which signal intensity reduction was
<20 % as determined from [IH,ISN]—HSQC data. With that
restriction we were able to evaluate 15 out of 20 amino
acids (all except Asp, Asn, Gln, Glu, Trp) with respect to
CO scrambling (Figure S2, summary listed in Table 2). By
comparing the extent of '*N incorporation (Figure S1) with
the extent of '2C incorporation (Figure S2) following
specific unlabeling with an amino acid one can directly
extract information about the ">N/'*C (or '*N/13C) labeling
status. Most of the amino acids analyzed are not prone to
2CO scrambling confirming the observation (Takeuchi
et al. 2007), that in general carbonyls are less affected by
scrambling than the amide groups. Whereas e.g., the amide
group of Ile, Leu and Val scrambles among these 3 amino
acids (Tables 1, 3rd column, Figure S1), the carbonyls are
not affected (Figure S2), permitting unambiguous identi-
fication of the i+/ amide in the HN(CO) spectrum.

Backbone resonance assignment strategy

We have shown that by quantitative analysis of peak
intensities for ['H,'’N]-HSQC and HN(CO) spectra in
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Fig. 2 Assignment strategy for aprataxin supported by amino acid
type information obtained from specific unlabeling. This strategy is
illustrated here for one assignment step: one “query” amino acid i (a,
box 1) could be linked to different potential i-/ “matches” with
equally well corresponding carbon chemical shifts (a, box 2, 3).
Resonances in light blue represent HN(CA)CO, resonances in green
HNCO data. HN(CA)CO is i, i-1 specific, HNCO -1 specific (see
scheme in b). The 20 different specifically unlabeled samples of
aprataxin have to be evaluated together with the sequence information
to predict the amino acid type of the chosen query amino acid i. Here,
the amide peak intensity is reduced only in the ["*N]-Lys sample (a,
box 4) and, therefore, the chosen query amino acid i is most probably
a lysine. Blue contours represent data from the fully labeled reference
sample, contours in red data from the unlabeled sample which were
recorded and processed identically. Next, the amino acid types of the
potentially matching amino acids have to be identified in the same
way (scheme in ¢). In a, box 5 and 6 show the region of ['H,"°N]-
HSQC spectra where the reduction of signal intensity is the highest

combination with amino acid-selective unlabeling, in many
cases one can extract information about the amino acid
type(s) of the respective resonance. Likewise, it is possible
to identify peaks that originate from i+/ amide groups
directly following an unlabeled amino acid i by analysis of
HN(CO) spectra. In cases where concentration and/or sta-
bility of a protein in question restricts the NMR data col-
lection to experiments with a minimal number of coherence
transfer steps, additional information has to be included to
unambiguously assign these backbone resonances. Here we
applied this strategy to the backbone resonance assignment
of human aprataxin, the accessibility of which for NMR
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-G G-d-
HH HH

amino acid i following respective amino acid type?

observed for the amide group to be evaluated in all 20 unlabeled
samples. The particular amino acid used for the respective unlabeling
is indicated inside the panels. Potentially matching amino acid #1 is
most probably a leucine (a, box 5), matching amino acid #2 a histidine
(a, box 6). The obtained information about amino acid type of the
query (i) as well as potentially matching amino acids (i-/) are used to
assess if combinations of i and i-/ are present in the protein sequence.
This is the first step, at which i-/ candidates can be excluded. Here,
based on the protein sequence (Figure S3 b), His can be excluded
from further consideration as i-/ candidate, since no His-Lys
combination is present in the catalytic domain of aprataxin. Finally,
the HN(CO) spectrum for the specific unlabeled amino acid is used to
cross check if the initially chosen query i is following a Leu residue
(scheme in d). Only in the [**N]-Leu sample there is a complete
reduction in signal intensity in the HN(CO) spectrum (a, box 7 vs. box
8), indicating that the chosen i is most probably adjacent to a Leu and
therefore the query should be linked to matching amino acid #I,
delivering an unambiguously assigned Leu-Lys fragment

structure determination is severely limited by its aggrega-
tion propensity even after buffer optimization (Figure S5).
Therefore, the residue specific assignment process of
aprataxin was essentially based on NH, CO and CA
chemical shifts only. However, owing to limited spectral
dispersion and the resulting overlap, it was essential to
employ the unlabeling approach to achieve unambiguous
backbone resonance assignment for this 23 kDa protein
domain.

The strategy to include information obtained via amino
acid selective unlabeling during the assignment process is
presented in Fig. 2 and consists of 4 principal steps. Step 1:
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prediction of amino acid type of the query amino acid i via
analysis of ['H,"’N]-HSQC spectra of reference and spe-
cifically unlabeled samples, step 2: prediction of amino
acid type of potentially matching i-/ amino acids in the
same way, step 3: check protein sequence if combination
of i and i-1 occurs, if not exclude respective i-1; step 4:
cross check in HN(CO) of unlabeled i-/ candidate as pre-
dicted in step 2, if the NH of i is vanished as consequence
of '’C editing. Where available additional HNCA and
incomplete HNCACB data were included in the analysis as
well. Following our approach, 78 % of the backbone nuclei
of the the catalytic domain of human aprataxin could be
assigned successfully (Table S2, Figure S7). Missing
assignments result from non-observability of at least one of
the resonances for a given amino acid required for unam-
biguous data analysis. Together with our observation of
aprataxin’s propensity to aggregate and to precipitate we
attribute this to the highly unfavorable dynamics of the
protein backbone. The assigned chemical shifts have been
deposited in the BMRB (BioMagResBank (Ulrich et al.
2007)) under accession number 19182.

As, in contrast to GB1 (Table S1), each of the 20 natural
amino acids is present in aprataxin, we used this work to
provide for a more detailed analysis of '*N scrambling. As
expected, the labeling scheme of amide groups following
amino acid-type specific unlabeling of aprataxin (Figure
S8, Table 1) are in agreement with the results extracted
from the GBI data. Strikingly, specific ['*N]-Gly unla-
beling leads also to complete unlabeling of Cys and Ser
amide groups not present in GB1. This nicely illustrates the
underlying bacterial amino acid metabolism (Figure S9).

In summary we provide a detailed analysis of '*N and
2CO scrambling using E. coli BL21(DE3) as a standard
system for heterologous protein expression. In addition, we
present a feasible strategy to include the information of
amino acid type(s) during the assignment process to
resolve potential ambiguities if analysis is hampered due to
an incomplete standard NMR data set.
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