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Abstract Since chemical shifts provide important and
relatively accessible information about protein structure in
solution, a Web server, CheShift-2, was developed for
structure interrogation, based on a quantum mechanics
database of '*C* chemical shifts. We report the application
of CheShift-2 to a local inconsistency between two X-ray
crystal structures (PDB IDs 1IKN and INFI) of the com-
plex between the p65/p50 heterodimer of NFxB and its
inhibitor IxBoa. The availability of NMR resonance
assignments that included the region of the inconsistency
provided an opportunity for independent validation of the
CheShift-2 server. Application of the server showed that
the '*C* chemical shifts measured for the Gly270-Pro281
sequence close to the C-terminus of IxBo were unequivo-
cally consistent with the backbone structure modeled in the
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1IKN structure, and were inconsistent with the 1NFI
structure. Previous NOE measurements had demonstrated
that the position of a tryptophan ring in the region imme-
diately N-terminal in this region was not consistent with
either structure. Subsequent recalculation of the local
structure in this region, based on the electron density of the
deposited structure factors for 1IKN, confirmed that the
local backbone structure was best modeled by 1IKN, but
that the rotamer of Trp258 is consistent with the 1NFI
structure, including the presence of a hydrogen bond
between the ring NeH of Trp258 and the backbone car-
bonyl group of GIn278. The consensus between all of these
measures suggests that the CheShift-2 server operates well
under circumstances in which backbone chemical shifts are
available but where local plasticity may render X-ray
structural data ambiguous.
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Introduction

X-ray crystallography and NMR spectroscopy are the
major techniques for determining the three-dimensional
structures of proteins. One of the most challenging prob-
lems in NMR spectroscopy is the validation of the derived
protein structures. Although a plethora of methods has been
proposed to determine the accuracy and reliability of pro-
tein structures, there is consensus that more sophisticated
structural validation methods are needed (Huang et al.
2005; Nabuurs et al. 2006; Bhattacharya et al. 2007; Vila
and Scheraga 2009); the ideal validation tool would be a
very sensitive, physics-based method to detect whether or
not a given structure or regions of a structure, at the residue
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level, is flawed. For this reason, we recently introduced
CheShift-2, a fast and accurate algorithm for validating
protein structures (Martin et al. 2012). This server exploits
differences between observed and computed '*C* chemical
shifts as a sensitive probe for possible local flaws in protein
structures (Martin et al. 2012). However, differences
between computed and observed '*C* chemical shifts are
not always “flaws” and, hence, the origin of the discrep-
ancies or inconsistencies must be investigated. This article
reports the application of the CheShift-2 server to a known
problem, the distinction between local structures of the
same protein that are locally inconsistent between two
X-ray crystal structures.

The NFkB transcription factor family functions in the
cell in response to external stimuli (Baeuerle 1998; Karin
et al. 2002). The family consists of homodimers and het-
erodimers of five monomer units (p65, RelB, cRel, p50 and
p52) each consisting of a pair of immunoglobulin-like
domains (Baldwin 1996; Baeuerle and Baltimore 1996). The
most common form of NFxB is a heterodimer of p65 and
p50 (Sen and Baltimore 1986; Baldwin 1996). In resting
cells, NFxB (p50/p65) is present in the cytoplasm as a
complex with an inhibitor of the IxB family, most com-
monly IxBa, which contains an ankyrin domain of 6 repeats
(Hayden and Ghosh 2004, 2008; shown schematically in
Fig. 1a). The complex of NFxB (p50/p65) and IxBo has
been characterized extensively, and X-ray structures of
NFxB with IkBa (Jacobs and Harrison 1998; Huxford et al.
1998), as well as with DNA (Chen et al. 1998), are available.
The X-ray structures of the NFxB-IxBa complex (Jacobs
and Harrison 1998; Huxford et al. 1998) were published
simultaneously from different research groups (Fig. 1b, c).
Both structures showed the interaction of repeats 1-2 of
IxBo. with the C-terminal nuclear localization sequence
(NLS) of p65 as well as intimate association between
ankyrin repeats 4-6 and the dimerization domains of p50
and p65. Neither structure contained the DNA binding
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Fig. 1 A Schematic diagram showing the NFxB heterodimer of p50
(green) and p65 (red) in complex with the ankyrin repeat domain of
IkBa (gray). Both p50 and p65 consist of two immunoglobulin-like
domains (shown as ellipses), an N-terminal DNA-binding domain and
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domain of p50, and the DNA-binding domain of p65 was
rotated from its position in the structure of NFxB (p50/p65)
in complex with DNA (Chen et al. 1998). The sequence at
the C-terminus of IxBo, immediately before a disordered
PEST-like sequence (i.e., a sequence rich in Pro, Glu, Ser
and Thr residues), showed the largest difference between the
two X-ray structures. Indeed, the structure of this region
differed not only in the length of the modeled sequence, but
in the alignment of the structure with the amino acid
sequence, although both structures showed this region
located some 25-30 A from the DNA-binding loops of the
p65 DNA binding domain. The relatively long distance
between the C-terminal region of IxkBa and the DNA bind-
ing loops of NFxB was puzzling, because truncation of even
a small portion of the C-terminal PEST sequence results in
significantly weaker binding of IxBoa to NFxB (Kumar and
Gelinas 1993; Ernst et al. 1995; Bergqvist et al. 2008) and in
loss of the ability of IxBo to strip NFxkB from DNA
(Bergqvist et al. 2009). Recent NMR experiments have
established that the PEST sequence makes at least transient
contact with the DNA binding loops of p65 and that the local
backbone and side-chain conformation modeled for the
C-terminal sequence of IxkBa is not correct in either of the
two X-ray structures (Sue and Dyson 2009). NOEs observed
between the Trp NeH and backbone amides in the PEST
sequence established the fit of the backbone structure to the
amino acid sequence and the correct conformation of the
tryptophan ring (Sue and Dyson 2009). As part of this work,
resonance assignments were made for the C-terminal region
of IxBa in complex with p50(248-350)/p65(19-321). The
present work describes the application of the CheShift-2
server algorithm to these chemical shift data, with the aim of
determining whether the server can decide on the basis of
chemical shift data alone which crystallographic model is
correct.

The physics-based approach of CheShift-2 differs from
knowledge-based methods [for example, those of Shen and

a C-terminal dimerization domain. B, C Backbone ribbon showing
the X-ray crystal structures of the NFxB (p65/p50)/IxkBo complex.
B INFI (Jacobs and Harrison 1998); C 1IKN (Huxford et al. 1998)
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Bax (2007), Han et al. (2011)], which are able to predict
the chemical shifts for several nuclei, not only for 13C°‘, as
is done with CheShift2. It is beyond the scope of this work
to compare the structure-validation capabilities of physics-
based and knowledge-based methods.

Results

The domain of human IxBo that interacts with the p65/p50
NFkB heterodimer consists of residues 67-317, and
includes 6 ankyrin repeat domains and a C-terminal
sequence (residues 281-317) rich in Ser, Pro, Glu and Thr
residues (Fig. 2). The C-terminal sequence has been termed
a “PEST” sequence, and it appears to be largely disordered
in solution. Crystal structures of the complex between IxBa
and p65/p50 NFxB (Jacobs and Harrison 1998; Huxford
et al. 1998) were obtained with a construct of IxBa truncated
at the C-terminus to contain residues 67-287, but neither of
the structures was able to define the complete C-terminal
sequence, due to crystallographic disorder. Coordinates
were reported for residues Asp73-Ser293 (Huxford et al.
1998) and for residues Leu70-Glu282 (Jacobs and Harrison
1998). The NMR experiments (Sue and Dyson 2009) were
performed with the same constructs as had been used in the
crystallographic studies, and resonance assignments were
obtained for all residues of IxBo, including the entire trun-
cated “PEST” sequence up to residue 287 (Sue and Dyson
2009). For the purposes of the comparison reported in this
work, only the IxBa assignments for residues 270-281 were
used, representing the area of the structural discrepancy in
the reported X-ray coordinates.

TROSY NMR spectra of the complex of IxBa (67-287)
with deuterated NFxB p65(19-321)/p50(248-350) are well
resolved despite their relatively high molecular weight
(Fig. 3) and can be assigned with reference to complexes of
smaller constructs of NFxkB (Sue et al. 2008). Backbone
13C* chemical shifts for the IxBa sequence Gly270-Pro281,
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Fig. 3 Portion of a 2D 'H-'N TROSY-HSQC spectrum of °N-
labeled IxBo (67-287) in complex with deuterated p65(19-321)/
p50(248-350). Resonance assignments for the residues in Table 1 are
shown [adapted from (Sue and Dyson 2009)]

together with the corresponding coordinates from the pro-
tein structures of 1NFI and 1IKN, respectively, were used
as input in CheShift-2, and the results of the graphical
validation are shown in Figs. 4a and 5a. The difference
between the observed and computed '>C* chemical shifts
for each residue is summarized in Table 1. This difference
is clearly uniformly greater for the INFI crystal structure
(Jacobs and Harrison 1998) (Fig. 4b) compared to the
1IKN structure (Huxford et al. 1998) (Fig. 5b). The results
shown in Figs. 4 and 5 demonstrate that 1IKN is a better
representation of the observed backbone chemical shifts in
this region than INFIL.
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Fig. 2 Amino acid sequence of human IxBo showing the various
regions of the protein. The N-terminal domain (not examined in this
work) is shown in blue, the ankyrin repeats in green and the
C-terminal PEST-like sequence in pink, with the end of the 67-287

ESEDEElSYDTESEFTEDELPYDDCVFGGQRLTL

construct indicated by a bracket. The residues at the C-terminal end of
ARG, for which the analysis was made with CheShift-2 (Table 1) are
shown in yellow
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Fig. 4 A Structure of the A
segment Gly270 to Pro281 of

IxBa, derived from 1NFI

(Jacobs and Harrison 1998)

colored by CheShift-2, which
discriminates small (blue),

medium (white) and large (red)
deviations from the structure

expected on the basis of the

chemical shifts. B Correlation )
of the observed chemical shifts /)
(Sue and Dyson 2009) and those

calculated from the 1NFI

structure using CheShift-2

281

Fig. 5 A Structure of the A
segment Gly270 to Pro281 of
IxBa, derived from 1IKN
(Huxford et al. 1998) colored by
CheShift-2, which discriminates
small (blue), medium (white)
and large (red) deviations from
the structure expected on the
basis of the chemical shifts.

B Correlation of the observed
chemical shifts (Sue and Dyson
2009) and those calculated from
the 1IKN structure using
CheShift-2

281

Table 1 Differences between computed and observed '*C* chemical
shift values for the segment Gly270 to Pro281 of proteins 1IKN and
INFI, respectively

Sequence <AM>1NFI <AM>1IKN
Gly270 3.0 1.1
GIn271 2.5 0.9
Leu272 2.8 1.6
Thr273 1.4 1.0
Leu274 2.4 0.8
Glu275 1.9 0.1
Asn276 2.3 0.5
Leu277 2.4 0.7
GIn278 3.0 0.9
Met279 3.1 0.6
Leu280 1.8 1.0
Pro281 1.8 1.0
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X-ray structure factors have been deposited in the Pro-
tein Data Bank for 1IKN (Huxford et al. 1998). Using these
deposited structure factors, the electron density maps were
recalculated. These maps were consistent with the back-
bone of 1IKN and thus with all of the experimental and
theoretical data that have been accumulated on this
sequence in the complex. In the recalculated structural
model, the indole ring of Trp258 is oriented so that there is
a hydrogen bond between its NeH and the backbone car-
bonyl group of GIn278, as inferred from the NMR NOE
results (Sue and Dyson 2009), rather than the carbonyl
group of Leu277 (Jacobs and Harrison 1998). The align-
ment of the backbone in the re-calculated model based on a
reanalysis of the structure factors comfortably corresponds
to that of 1IKN, with the Trp258 side chain conformation
consistent with INFI and the NMR data. To further vali-
date this new model, we examined the model calculated by
PDB-REDO (Joosten et al. 2012), which uses automated



J Biomol NMR

pipelines to re-refine datasets using modern software and
makes these models publically accessible. The fully opti-
mized PDB-REDO model also contains the Trp258 side
chain orientation with the hydrogen bond to the GIn278
backbone. These results confirm that the CheShift-2 server,
using chemical shift data alone, validated the correct
structural model in this case.

Discussion

It is quite common for the N- and C-terminal residues of
proteins to be disordered in crystal structures. Such regions
are frequently omitted from structure models, or modeled
with high temperature factors, which are often interpreted
as evidence of disorder. Heterogeneity in the structures of
loops and side chains has recently been exploited in room-
temperature crystallography experiments to extract multi-
ple structures (Fraser et al. 2009; Arnautova et al. 2009).
The two structures of the NFxB-IxBo complex (Jacobs and
Harrison 1998; Huxford et al. 1998) have reported models
for the C-terminal region of IxBo that differ in length as
well as in the alignment of the backbone structure to the
amino acid sequence and local side-chain conformation.
Such ambiguity is not unexpected, given the likelihood that
the electron density in the region will be difficult to model
due to flexibility. The NMR spectrum also indicates that
the C-terminal portion of IxBua is flexible, with poor dis-
persion of amide proton chemical shifts and relatively
strong cross peaks in the 'H-'"N HSQC spectrum (Fig. 3).

The local structure in the C-terminal region of IxkBo is of
interest because biochemical evidence suggests that the
PEST sequence makes contact with the DNA-binding loops
of NFxB p65 (Ernst et al. 1995; Kumar and Gelinas 1993;
Bergqvist et al. 2008), yet these regions are separated by
>25 A in both structures of the NFxB-IxBo complex
(Jacobs and Harrison 1998; Huxford et al. 1998). It is likely
that there is considerable crystallographic disorder in the
C-terminal region of IxBa, which provides a possible
rationale for reporting two different models for the same
region. However, solution studies, including the NMR
spectrum and the calculations derived from NMR data
alone (without the necessity for a full 3D solution structure
calculation) have allowed the local structure of this
important region to be modified to give a result that not
only reconciles the two published X-ray structures but also
provides a satisfactory rationale for the biological obser-
vations (Sue and Dyson 2009). The system also provides a
verifiable test of the applicability of the CheShift-2 server
for validation of local structures using only chemical shifts
(Martin et al. 2012), information that is usually more
readily available than NOEs and other less-sensitive NMR
information such as coupling constants or relaxation data.

Methods

Graphical visualization of the differences between
observed and predicted '>C* chemical shifts (shown in
Figs. 4a, 5a) was obtained by using the CheShift-2 server
(Martin et al. 2012) which made use of the following
sequential steps: (1) for each amino acid residue u, the
difference between observed (Obs) and predicted (Pred)
BC” chemical-shifts, A, = (°C* 9*-13C* P*4) s com-
puted; (2) the A, value computed for each residue u is
smoothed by averaging it over the values of the nearest-
neighbor residues on each side; (3) the resulting averaged
(A,) value is discretized, ie., (A,) can adopt the

values of 1, 0 or —1, depending on the magnitude of the
average differences ((A,)),as explained below; and (4)

integer

these discretized values are mapped onto the 3D protein
model and associated with a color, blue, white or red,
respectively. Implicit in this color-code assignment is the
assumption that average differences per residue between
observed and predicted 13C* chemical shifts, which are
within ~ 1.7 ppm (blue), are considered as small; within
~3.4 ppm (white) they are considered as medium, an
indication of possible inconsistencies in the experimental
data; beyond 3.4 ppm (red), they are considered as large
differences and, hence, special attention should be paid to
those residues.

Electron density maps based on the structure factors for
1IKN were calculated using Phenix (Adams et al. 2010)
and analyzed using Coot (Emsley et al. 2010). The fully
optimized PDB_REDO model was retrieved from the
public PDB_REDO website: (http://www.cmbi.ru.nl/pdb_
redo/ik/likn/index.html).
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