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Abstract

The availability of new and fast tools in structure determination has led to a more than exponential growth
of the number of structures solved per year. It is therefore increasingly essential to assess the accuracy of the
new structures by reliable approaches able to assist validation. Here, we discuss a specific example in which
the use of different complementary techniques, which include Bayesian methods and small angle scattering,
resulted essential for validating the two currently available structures of the Josephin domain of ataxin-3, a
protein involved in the ubiquitin/proteasome pathway and responsible for neurodegenerative spinocere-
bellar ataxia of type 3. Taken together, our results demonstrate that only one of the two structures is
compatible with the experimental information. Based on the high precision of our refined structure, we
show that Josephin contains an open cleft which could be directly implicated in the interaction with
polyubiquitin chains and other partners.

Introduction

The development of new tools for fast and effi-
cient structure determination has permitted the
rapid and apparently inexhaustible growth of the
number of three-dimensional (3D) structures
available in the protein database. Full advantage
of the richness of these archives crucially depends
on the quality and the reliability of the structures
deposited. This requires the development of new
approaches which may aid in the identification of
possible human mistakes, give an estimate of
the structure accuracy and provide altogether

information on the degree of reliability of a given
structure. Here, we show that it is possible, using
the most advanced computational and experi-
mental tools, to validate structures even when
their differences are apparently subtle and difficult
to assess.

We have used as a paradigmatic example our
recently solved structure of the Josephin domain.
Josephin is an N-terminal domain and the only
constitutively folded region of ataxin-3, a human
protein involved in the rare but dominant Joseph-
Machado disease, also known as spinocerebellar
ataxia of type 3 (SCA3) (Kawagushi et al., 1994;
Taylor et al., 2002; Masino et al., 2003; Masino
et al., 2004). Structure determination of Josephin
by nuclear magnetic resonance (NMR) (PDB
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entry 1yzb, Nicastro et al., 2005) proved that the
domain has a predominantly a-helical fold typical
of a cysteine protease, thus demonstrating that this
function, known for the full-length protein, is
localised in the N-terminus of the protein (Burnett
and Pittman, 2003) (Figure 1). A feature that is
specific of the Josephin fold is the presence of a
helical hairpin which contains helices a2 and a3.
Shortly after the first publication, another struc-
ture became available, also solved by NMR (2aga,
Mao et al., 2005). Although in general agreement,
the two structures differ significantly in at least two
regions: the helical hairpin and the C-terminus. In

one structure (1yzb), the hairpin region is flexible,
as demonstrated by both the root mean square
deviation (r.m.s.d) of the structure bundle and by
the relaxation parameters, and protrudes out into
solution, thus creating a cleft in which other
ligands could insert. In the other structure (2aga),
the hairpin seems stiff and packs against the rest of
the globular domain. Assessing whether these dif-
ferences are genuine or arise from the low resolu-
tion of NMR methods is of great functional
importance, since the cleft is the region where
ubiquitin and possibly other substrates are
thought to interact.
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Figure 1. Comparison of the ribbon representations of 1yzb (left) and 2aga (right). The backbone atoms of the core residues were used
the first fit and then one of the two structures was translated.
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To compound the debate and as a prerequisite
for further structural studies of ataxin-3, we have
developed a combined strategy to validate the two
structures. We have first used Bayesian methods
(Habeck et al., 2005a; Rieping et al., 2005a) to
estimate the internal consistency of the two struc-
ture bundles with the respective sets of distance
restraints. This probabilistic approach, well known
in other fields, has only recently been applied to
NMR structure determination and provides a
powerful way to assess the consistency of a struc-
ture with the original data in rigorous statistical
terms. Here, we have pushed the limits of its
application to a molecule of the size of the Jose-

phin domain (182 residues). Residual dipolar
couplings and quality control methods were then
used to compare the two structures.

Finally, independent and conclusive validation
came from small angle scattering (SAXS). This
technique, although being a low resolution meth-
od, is highly sensitive not only to the overall shape
but also to the internal structure of macromole-
cules and has been successfully used to validate
high resolution crystallographic structures and
predicted homology models in solution (see Sver-
gun and Koch, 2003 for a review).

Taken together, our data provide a clear esti-
mate of the accuracy of the Josephin structures
and prove conclusively the presence of an open
cleft between the hairpin and the main body of the
domain. Because of its closeness to the active site,
the cleft is likely to be directly involved in the
cysteine protease activity of the domain and be
responsible for accommodating poly-ubiquitin
chains and other molecular partners. Our data
thus provide a highly reliable description of the
Josephin structure which may be used as a refer-
ence for further structural and functional studies.
We believe that a similar strategy may prove
valuable also in other structure validation.

Materials and methods

Protein production

The protein was produced as described elsewhere
(Nicastro et al., 2004; Nicastro et al., 2005) and
either used immediately after purification or frozen
to )20 �C. All the samples were filtered, prior to
use using a 0.22 lm membrane to eliminate pos-
sible large aggregates.

NMR measurements

Spectra were recorded on a Varian spectrometers
operating either at 600 or 800 MHz at 25 �C.
Josephin samples in 20 mM sodium phosphate
buffer at pH 6.5 were used. RDCs were measured
in polyacrilamide gels (Sass et al., 2000). Alterna-
tive methods were attempted but proved unsuc-
cessful due to the intrinsic tendency of Josephin to
aggregate, further enhanced by the confinement
effect in liquid crystalline media (Munishkina
et al., 2004). 38 RDCs were nonetheless obtained.
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Figure 2. Differences of 1H and 15N chemical shifts reported
for 1yzb and 2aga, respectively.
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Bayesian structure calculations

A more comprehensive explanation of the method
can be found in the relevant literature. In short, a
Bayesian structure calculation determines both the
coordinates X and the error r (or weight in the
traditional view) of the dataset. The unknown
structure is represented through a conditional
probability p(X) = dP(X|D, I)/dX that quantifies
the likelihood thatX is the ‘true� molecular structure
given the dataset D and other relevant prior
knowledge I (Habeck et al. 2005a; Rieping et al.,
2005a). The posterior distribution p(X) spreads the
uncertainty about the structure over the entire
conformational space and peaks in regions where
conformations are in agreement with the data and
the prior knowledge. The posterior distribution is
proportional to the product of the likelihood func-
tion L(X) and the prior distribution p(X): p(X)
1L(X) p(X). The likelihood function derives from
the probability of observing the measurements given
the molecular structure, i.e., L(X) = P(D|X, I). In
case of NOE data the lognormal distribution with
unknown width r is an appropriate likelihood
function (Rieping et al., 2005b).

The errors serve as an objective figure of merit
to evaluate the quality of the data (note that for a
lognormal model the error has no units). Roughly
speaking, large errors (i.e. r greater than 1.5)
indicate low quality data which possibly contain
distances from erroneously assigned cross peaks or
from peaks that are strongly affected by protein
dynamics or spin diffusion. Small errors (i.e. r
smaller than 0.9) indicate data that are highly
consistent internally and with the prior knowledge
encoded in the force field. Typical values for r
using the lognormal model range from 0.9 to 1.3
(Rieping et al., 2005b). A more advanced likeli-
hood function (W. Rieping, M. Habeck, in prep-
aration) allows us to automatically downweight
peaks that are found to be inconsistent with the
rest of the data set, thus lowering the estimated
error of the remaining subset of consistent
restraints. Internal inconsistencies typically origi-
nate from assignment errors.

The 1yzb dataset comprises 5525 unambiguous
and 925 ambiguous distances. The data set was
augmented with 44 additional hydrogen bond
restraints to allow for a fair comparison with the
published structure 1yzb and to improve the con-
vergence of the structure calculations. Residual

dipolar couplings were not included in the calcu-
lations but used for a posteriori validation.

Two structure calculations were run starting
from an extended conformation and using 50
replicas, which were simulated in parallel at dif-
ferent generalized temperatures (Habeck et al.,
2005b). The first run uses likelihood model I,
which is based on the lognormal distribution, to
analyze the distance data, the second is based on
the extended likelihood model II, which automat-
ically downweights inconsistent data. We com-
bined various Markov chain Monte Carlo
methods to investigate the high-dimensional joint
probability distribution of the coordinates and of
the errors. Notably, we used a multi-parameter
replica-exchange Monte Carlo scheme (Habeck
et al., 2005b), which circumvents trapping of the
Markov chain in single modes and guarantees full
sampling of the most likely conformations and
errors.

SAXS measurements

The synchrotron radiation X-ray scattering data
were collected on the X33 camera (Koch and
Bordas, 1983; Boulin et al., 1988) of the EMBL
(DORIS III, DESY). Solutions of Josephin were
measured at 12 �C and at protein concentrations
of 3.8, 9.8 and 16 mg/ml using a setup with two
proportional gas detectors (Gabriel and Dauver-
gne, 1982). At the two sample-detector distances of
1.1 and 2.7 m and a wavelength k = 1.5 Å the
total range of momentum transfer covered was
0.015< s<0.95 Å)1 (s = 4p sin(h)/k where h is
the scattering angle). To check for radiation
damage, the data were collected in 15 successive
1-minute frames. The data were averaged after
normalization to the intensity of the incident
beam, corrected for the detector response and the
scattering of the buffer was subtracted. The dif-
ference data were extrapolated to zero solute
concentration following standard procedures and
the curves measured in different angular intervals
were merged. Protein concentration was deter-
mined by UV absorption, assuming a calculated
extension coefficient at 280 nm of 24750 M)1cm)1.
Note that for the extrapolation to zero concen-
tration, it is only required that the relative and not
the absolute concentrations are correct. This
implies that a systematic error in the assumption
of the OD plays no role and only errors in the
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actual absorption measurements matter. These
errors do not exceed 5%. All data manipulations
were performed using the program package PRI-
MUS (Konarev et al., 2003).

The forward scattering I(0), radius of gyration
Rg and the maximum particle dimension Dmax.
were evaluated using the indirect transformation
program GNOM (Svergun, 1992). The molecular
mass of the solute was evaluated by comparison of
the forward scattering with that from reference
solutions of bovine serum albumin (which has a
molecular mass of 66 kDa). The excluded volume
of the hydrated particle was computed from the
small angle portion of the data (s<0.33 Å)1)
using the equation (Porod, 1982):

V ¼ 2p2Ið0Þ=
Z1

0

s2IexpðsÞds ð1Þ

Prior to this analysis an appropriate constant
was subtracted from each data point to force the
s)4 decay of the intensity at higher angles fol-
lowing the Porod�s law (Porod, 1982) for homo-
geneous particles. This ‘‘shape scattering’’ curve
was further used to generate the low resolution
ab initio model of Josephin the program DAM-
MIN, (Svergun, 1999) which represents the pro-
tein by an assembly of compact interconnected
beads. An alternative higher resolution ab initio
model was constructed using the full range of
scattering data by the program GASBOR (Sver-
gun et al., 2001) representing the protein as an
assembly of dummy residues. The scattering from
the NMR models of Josephin was calculated
using the program CRYSOL (Svergun et al.,
1995), which adjusts the excluded volume of the
particle and the contrast of its hydration layer to
fit the experimental data Iexp(s) to minimize dis-
crepancy:

v2 ¼ 1

N� 1

X
j

IexpðsjÞ � cIcalcðsjÞ
rðsjÞ

� �2
ð2Þ

where N is the number of experimental points, c is
a scaling factor and Icalc(s) and r(sj) are the cal-
culated intensity and the experimental error at the
momentum transfer sj, respectively.

The results of multiple ab initio runs were
analyzed and compared with the NMR struc-
tures of Josephin using the programs DAMAV-

ER (Volkov and Svergun, 2003) and SUPCOMB
(Kozin and Svergun, 2001). The latter program
aligns two arbitrary low or high resolution
models represented by ensembles of points by
minimizing a dissimilarity measure called nor-
malized spatial discrepancy (NSD). For every
point (bead or atom) in the first model, the
minimum value among the distances between
this point and all points in the second model is
found, and the same is done for the points in the
second model. These distances are added and
normalized against the average distances be-
tween the neighboring points for the two models.
Generally, NSD values close to unity indicate
that the two models are similar. The program
DAMAVER generates the average model of the
set of superimposed structures and also specifies
the most typical model (i.e. that having the
lowest average NSD with all the other models of
the set).

Results

Degree of similarity of the two constructs

The difference between the two structures could
in principle arise from a genuine difference in the
samples, due to specific purification protocols or
experimental conditions. To assess the impor-
tance of these factors, we compared the reported
chemical shifts (bmrb entries 6241 and 6742,
Nicastro et al., 2004; Mao et al., 2005) used as
the basis for structure calculations (Figure 2).
Chemical shifts are parameters extremely sensitive
to the chemical environment and would therefore
reflect any difference between the two constructs.
The backbone amide chemical shifts are in
excellent agreement, with a <Dd> of less than
0.02 ppm and 0.1 ppm in the proton and nitrogen
dimensions respectively, with the only exception
of the N- and C-terminal residues. The agreement
is specifically high in the region which spans the
a2/a3 helical hairpin (residues 30–65), whereas
the main differences are between residues 120–145
which correspond to regions far away from the
hairpin. A similar agreement is also observed for
the chemical shifts of the side chains (data not
shown). This comparison indicates that it is
highly unlikely that the resulting structures could
have significant intrinsic differences.
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Structure validation by assessing consistency with
the relative datasets by Bayesian methods

Before any further comparison between the struc-
tures, we validated 1yzb by recalculating it using
Bayesian methods (Rieping et al., 2005a, b; Habeck
et al., 2005a, b). This approach, which is based on a
probabilistic framework, represents the uncertainty
about a structure by a probability distribution over
the conformational space. The shape of the distri-
bution quantifies objectively the precision and
uniqueness of the structure. The data reliability is
estimated during the structure calculation and
quantified by an error, which determines the weight
of a single dataset relative to a force field and to
other data sets. Themajor advantages of a Bayesian
approach are that the obtained structure ensembles
are statistically meaningful and that it is possible to
estimate the mutual consistency of additional
unknown parameters such as weighting constants,
calibration factors, and Karplus� parameters
directly from the data. However, the richness of the
information obtained comes at the price of elevated
computational costs, which make its application
increasingly challenging with the molecule size.
Josephin constitutes the first application of the
method to a system of this size (182 residues).

The 1yzb was evaluated by two different likeli-
hood functions, which represent the probability of
observinga specificmolecular structure givena set of
measurements. Of these models, the first one (model
I) describes NOE-based distances assuming the
isolated spin pair approximation (ISPA) to predict
the intensities from the structure and relies on a
lognormal distribution (Rieping et al., 2005b) with
an unknown error that is estimated using posterior
sampling (Habeck et al., 2006). The second likeli-
hood function (model II) constitutes an extended
version of model I (W. Rieping and M. Habeck, in
preparation) and allows one to identify peaks
that are inconsistent with the rest of the dataset.

When analysing the 1yzb dataset with likelihood
model I, we obtained an ensemble of structures with
an exposed hairpin, which confirms the previously
published structure (Figure 3). The precision of the
structure core is very high, with a local r.m.s.d.
ranging from 0.2 Å to 0.3 Å. The Bayesian ensem-
ble is even tighter than in the original bundle. Most
of the conformational variability is observed in the
helical hairpin with a local r.m.s.d. rising to 1.4 Å.
The estimated error of the data is r = 1.14±0.01

and r = 1.35±0.03 for the unambiguous and
ambiguous distances, respectively. These values are
well within those typical for NOESY data (Rieping
et al., 2005b). The larger error in the ambiguous
distances is likely caused by small inconsistencies in
the ambiguous assignments, which are more diffi-
cult to control than unambiguous data. This indi-
cates that the derived structure ensemble has a
relatively high level of reliability.

To investigate further the internal consistency of
the datasets and to identify erroneous data that
could be responsible for the extended conformation
of the hairpin we applied likelihood model II to the
same data. In this way, we can estimate the number
and the distribution of internally consistent
restraints. These are 91±1% of the unambiguous
distances and 88±2% of the ambiguous restraints,
according to the observation that ambiguous
assignments are more likely to contain small incon-
sistencies. These however involve mostly intra-resi-
due and sequential restraints which are not crucial
for the topology of the structure and are not pref-
erably located in or near the hairpin region but
scattered all over the structure. The percentage of
internally consistent distances is anyway very high in
both sets of restraints. Most of the inconsistencies
had been filtered out during the previous ARIA
calculations so that the resulting 1yzb structure
bundle would not reflect their presence. If only
consistent restraints are considered, the relative error
decreases to r = 0.88±0.01 and r = 0.97±0.04
for the unambiguous and ambiguous data, respec-
tively. Comparison of the conformational structure
bundles obtained when adopting each of the two
models shows that they are highly similar, with the
only exception for the hairpin variability which is
slightly larger in model II with a local r.m.s.d. of up
to 2 Å (Figure 3). This indicates that the inconsistent
restraints identifiedwithmodel II are not responsible
for the overall fold and confirm the validity of the
data used for structure determination of 1yzb.

Structure validation of 2aga and 1yzb

Once established the reliability of the 1yzb bundle,
we compared and cross-validated the 1yzb and
2aga structures according to different independent
criteria. First, we evaluated the quality of the two
structure bundles using standard quality control
methods. Several packages have been developed in
the last two decades to assist structure validation.
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The most commonly used is probably the statistics
of the Ramachandran plot (Laskowski et al.,
1996). However, while an acceptable Ramachan-
dran map is a ‘‘conditio sine qua non’’ for consid-
ering a structure acceptable, this test is highly
insensitive to poor side chain packing or to dis-
torted geometries. We therefore compared the
Procheck analysis (Lakowski et al., 1996) of the
two NMR bundles with the packing parameters as
calculated by the WhatIf program (Vriend, 1990),
one of the major quality control tools. The final
statistics are shown in Table 1. It is clear that,
while no major differences are observed in the
Procheck analysis, the 2aga bundle has a geometry
and side chain packing quality noticeably inferior
to that of 1yzb.

As another powerful tool to validate the
structure, we measured RDC values and compared
the experimental values with those predicted on
the basis of each of the two structure bundles.
Because of its ability to determine the orientation
of a molecule or of parts of it respect to an external
reference system, this approach has been success-
fully used in the past for solving several structural
discrepancies (Bax, 2003). We had on purpose
excluded RDCs from the Bayesian calculations to
be able to use them as independent parameters.
Their measurement was however not easy for a
protein such as Josephin which has a strong ten-
dency to aggregate, since this property is enhanced
in the confining media usually used for alignment,
such as gels or bicelles.

We eventually managed to obtain 38 RDCs,
which had previously been included in the struc-
ture calculation of 1yzb (Nicastro et al., 2005).
Comparison of the experimental values with those
calculated for each of the two structures shows

that 1yzb is in excellent agreement with the data,
having an average difference of 0.57 (Figure 4).
Conversely, practically no correlation is observed
for the 2aga structure, thus supporting the accu-
racy of the 1yzb structure.

SAXS studies support an elongated shape of
Josephin

Finally, we used SAXS measurements to have
an independent description of the overall shape
of Josephin. They revealed that concentrated

Table 1. Quality control indices of the Josephin structures as

calculated with two of the major programs for structure vali-

dation. For a structure to be acceptable, the WhatIf quality

indices should be as more positive as possible. Values consis-

tently below )3 are usually symptomatic of a wrong structure

1yzb 2aga

Whatif quality check

First generation packing quality )1.108 )1.923
Second generation packing quality )1.726 )3.453
Ramachandran plot appearancea )3.837 )2.705
v1–v2 rotamer normality )2.267 )5.284
Backbone conformation )0.799 )4.649
Procheck Ramachandran statistics (%)

Most favoured region 85.5 78

Additional allowed regions 12.8 12.8

Generously allowed regions 0.7 5.8

Disallowed regions 1 3.4

aThis number is the sum of the score obtained for each amino
acid which can range from 0 to 1.0. Due to the tighter CNS
force field (Brunger et al., 1998), used to calculate 1yzb, this
structure has several small violations which lower the score but
very few residues in the disallowed region. The 2aga structure
viceversa, which was calculated with the CYANA forcefield
(Mao et al., 2005), has more residues in the disallowed region
but the ones in the allowed region score higher.

Figure 3. Superposition of the backbone atoms structure ensembles generated by Bayesian methods as generated from likelihood
model I using replica Monte Carlo (left) and model II which is based on an extended likelihood model (right).
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solutions of Josephin have a strong tendency to
form unspecific aggregates, leading to an artificial
increase of the scattered intensity at very low
angles. This is consistent with what was observed
in previous studies, which had shown that the
Josephin domain has a strong tendency to aggre-
gate and form fibres (Masino et al., 2004; Nicastro
et al., 2005). NMR relaxation studies had however
established that, when used immediately after
purification or fast thawing, the largely pre-
dominant species in solution is the monomer
(Nicastro et al., 2005). At the temperature and
concentrations used for the SAXS measurements,

we estimate that the kinetics of aggregation would
have a half-life time of more than 48 h, that is well
above the time needed for SAXS measurements
(Masino et al., 2004). The effect of a minor pop-
ulation of aggregate in the sample used in the
SAXS measurements could be reliably removed by
extrapolation to zero concentration as illustrated
in the insert of Figure 5A. The extrapolated
data display a linear Guinier plot further
suggesting that the aggregation effects are removed
(Figure 5B). This procedure resulted in a molecu-
lar mass of the solute, as estimated by extrapo-
lating the intensity to zero angle (23±2 kDa),
compatible with that of monomeric Josephin, thus
proving that the aggregation effects were removed.
This finding is further corroborated by the
excluded volume of the particle in solution, which
is equal to (35±5)� 103 Å3. It should be borne in
mind that, for small globular proteins, the
hydrated volume in Å3 should be about 1.5–2
times the molecular mass in Da units. The exper-
imental radius of gyration Rg and maximum size
Dmax (20.0±0.5 Å and 65±10 Å, respectively)
suggested an elongated particle shape.

The low resolution shape of Josephin was
reconstructed ab initio using the bead modelling
program DAMMIN by fitting the scattering data
up to about 20 Å resolution. More detailed ab
initio models were built by the dummy residues
program GASBOR, using the full data range.
Several independent simulated annealing recon-
structions using the two programs yielded repro-
ducible results neatly fitting the experimental
scattering data (discrepancy v equal to 1.06 and
0.86 for DAMMIN and GASBOR, respectively;
fits not shown). Superposition of the most proba-
ble low resolution model of Josephin constructed
by GASBOR onto the two NMR models shows
that 1yzb agrees better with the SAXS models than
2aga (Figure 5C). The ab initio models yield also
quantitatively a better agreement with the NMR
structure 1yzb (NSD = 1.04 and 1.06 for DAM-
MIN and GASBOR models, respectively), than
with 2aga (NSD = 1.11 and 1.26 for DAMMIN
and GASBOR models, respectively).

As a further validation of the two NMR
models, their scattering patterns were computed
and compared with the experimental SAXS data
(Figure 5A). 1yzb displays once again a better fit
to the experiment (v = 1.18) than 2aga
(v = 1.35). It must be noted that the larger
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difference between experimental and calculated values is 0.57)
(A) and 2aga (average difference is 3.37) (B) structures.
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discrepancy of 2aga arises not only from the low
angle scattering region, but also from the range
around s = 0.2 Å)1, i.e. resolution about 30 Å,
which reflects solely the overall internal structure.
Moreover, the distance distribution function P(r)
computed from the experimental data agrees much
better with the distribution of 1yzb than with that
of 2aga (Figure 5D). Therefore, all comparisons
indicate that 1yzb is significantly more consistent
with the SAXS data than 2aga.

Discussion

The Josephin domain is an essential functional
region of ataxin)3, a protein component of the
ubiquitin proteasome pathway able to bind and

cleave polyubiquitin chains containing four or
more ubiquitins (Kawagushi et al., 1994; Don-
aldson et al., 2003; Burnett and Pittman, 2003;
Chai et al., 2004). The cysteine protease activity
observed for the full-length protein has previously
been mapped within the Josephin domain, which
was shown to be able to cleave ubiquitin substrates
and bind the specific ubiquitin protease inhibitor,
ubiquitin-aldehyde (Burnett and Pittman, 2003;
Nicastro et al., 2005). It is therefore important to
have a reliable structure of Josephin which could
be used both in mutant design and as a basis for
further structural studies. A correct definition of
the overall shape of the molecule and of its surface
is also important for mapping its interactions with
other cellular components.

Figure 5. SAXS analysis and comparison with the two NMR structure. (A) Plot of the logarithm of the scattering intensity versus the
momentum transfer (in Å)1). The experimental SAXS data with error bars (1) are compared with the scattering computed from the
NMR structures (1yzb (2) and 2aga (3), respectively). Extrapolation to zero solute concentration to remove the aggregation effects is
illustrated in the insert. (B) Guinier plot of the data extrapolated to zero concentration (the straight line corresponds to the fit); (C)
Overlay of the NMR models displayed in a ribbon representation (red for 1yzb, and blue for 2aga) with the most probable ab initio
model of Josephin as generated by the program GASBOR (semi-transparent beads represent the Ca positions of dummy residues). (D)
distance distribution functions (the numbering as in Figure 5B).
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Here, we have used a combination of methods
to evaluate the quality, accuracy and mutual
consistency of the two structures currently avail-
able for the Josephin domain (Mao et al., 2005;
Nicastro et al., 2005). It is interesting to learn from
this example, the possible limitations which restrict
the use of the techniques applied here and, at the
same time, consider whether our approach bears
sufficient generality to be applied more widely. We
first used Bayesian methods to estimate the degree
of reliability of 1yzb and its consistency with the
experimental restraints which it is based on. In
doing so, we have pushed the molecular size
affordable for application of Bayesian methods to
proteins. An interesting result of our work is that
calculations starting with the published structure
produced similar results for the estimated errors to
those calculated after a full de novo structure
determination. The 1yzb dataset turned out to be
overall highly self-consistent, with errors well
within those obtained for other test examples
(Rieping et al., 2005b; Habeck et al. 2006).
Bayesian methods, only relatively recently exploi-
ted in NMR structure calculations, will most likely
become increasingly used as a new tool for struc-
ture validation. However, while very useful in
discriminating data inconsistencies, they might
remain inconclusive when having to distinguish
between datasets of restraints and structures each
individually consistent internally.

When we then assessed the 1yzb and 2aga
datasets in terms of their agreement with a set of
RDCs, only 1yzb showed an excellent agreement
with the experimental data, suggesting that this
structure has higher accuracy. RDCs are
undoubtedly a powerful tool for structure refine-
ment which has been widely used for structure
validation. Because working with a protein with
high tendency to aggregate, we have however
encountered one of the few limitations of this ap-
proach: the molecular crowding effect induced by
most of the agents used for sample alignment is
due to fasten aggregation and, depending on the
kinetics, prevent or seriously limits recording of a
sufficient set of RDC restraints. The lower quality
of 2aga was also evaluated by one of the standard,
although still seldom used in structure papers,
programs for structure validation (Vriend, 1990).
Our results strongly suggest that analysis with this
or equivalent packages should always be presented
in structural papers, as they constitute, together

with the Ramachandran plot, important and
complementary criteria for structure evaluation.

Finally, we used SAXS studies to determine
independently the Josephin shape. Although the
use of SAXS techniques may be useful only if
there are significant changes in the overall struc-
ture, they can provide important information and
are now used routinely to validate crystal struc-
tures in solution (see for instance Vestergaard
et al., 2005). We had in facts resorted to SAXS
well before solving the structure of Josephin as a
way to study aggregation and have a preliminary
low resolution picture of the domain. The data
were collected and the low resolution model in
Figure 5 was obtained in 2003 but left unpub-
lished until the problem of structure validation
arose. It is now clear that the SAXS data are fully
in agreement with the other evidence and add an
independent and complementary validation of the
Josephin structure.

Overall, we must conclude that, under the
published experimental conditions, Josephin is
present in solution in an open semi-elongated
L-shape conformation. The helical hairpin, not
being tightly packed against the rest of the struc-
ture is relatively more mobile and able to produce
low-frequency motions around an equilibrium
point, as reflected by the relaxation parameters
published elsewhere (Nicastro et al., 2005). While
we cannot exclude that there might be conditions
in which a close conformation is stabilised (e.g. in
the context of the full-length protein), the presence
of a groove on the Josephin surface somewhat in
proximity of the active site strongly suggests that
this region could be involved in the recognition of
protein substrates and/or of other Josephin part-
ners, according to what already suggested in
Nicastro et al. (2005). This hypothesis was inspired
by homology with the mode of interaction
observed in the structure of another ubiquitin
cysteine protease, YUH1, in complex with ubiqu-
itin-aldheyde (Johnston et al., 1999). In this
structure, the substrate is accommodated in a
groove formed by a helical hairpin spatially
equivalent to that observed in Josephin. Experi-
mental support was also directly provided by Mao
et al. (2005), who mapped the interaction with
ubiquitin by chemical shift perturbation onto the
surface which includes the hairpin, although no
attention was paid to the exact mode of binding
and its consequences to the Josephin structure.
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In conclusion, we believe that the 1yzb struc-
ture can be used as a reference for further studies
of the Josephin domain and that the techniques
presented here could be used routinely considered
as a reference to validate the structural informa-
tion available.
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