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Abstract

Joint refinement, i.e., the simultaneous refinement of a structure against both nuclear magnetic resonance (NMR)
spectroscopic and X-ray crystallographic data, was performed on the HU protein from Bacillus stearothermophilus
(HUBst). The procedure was aimed at investigating the compatibility of the two data sets and at identifying conflict-
ing information. Wherever important differences were found, such as peptide flips in the main-chain conformation,
the data were further analyzed to find the cause. The NMR data showed some errors arising either from the manual
interpretation of the spectra or from the incorrect account for spin diffusion. The most important artefact inherent
to the X-ray data is the crystal packing of the molecules: the effects range from the limitation of the freedom of the
flexible parts of the HUBst molecule to possibly one of the peptide flips.

Introduction

Nuclear Magnetic Resonance (NMR) spectroscopy
and X-ray crystallography are both techniques that are
currently widely used nowadays for determination of
the molecular structure of proteins and nucleic acids.
Both methods utilize experimentally obtained struc-
tural data in combination with a force field containing
information on the ideal geometry of macromolecules
in order to derive the best model. Opposing these
global similarities, there are some important differ-
ences between the two methods. First and foremost is
the experimental environment of the macromolecule:
in NMR the molecules move freely in solution, in
X-ray crystallography they are packed with multiple
copies of themselves onto a crystalline lattice. This
packing has important consequences for flexible re-
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gions of the molecule, which will either be restricted
in motion by contacts with symmetry-related mole-
cules or be ‘invisible’ if they are still disordered in
the crystal. The freedom of motion in an NMR ex-
periment makes this technique much more suitable for
studying the dynamic behavior of macromolecules. A
second difference is the information content of the ex-
perimental data: in X-ray crystallography the observed
reflection amplitudes predominantly reflect the posi-
tions of the ‘heavy’ atoms (carbon and higher atomic
weights), whereas in NMR the bulk of the structural
data is derived from the relative positions of hydro-
gen atoms in the molecule, observed with the Nuclear
Overhauser Effect (NOE). In general, X-ray reflec-
tions in a data set for a given macromolecule are
more numerous than NMR constraints, which makes
the problem in the latter method underdetermined.
Thirdly, an X-ray structure is refined in an iterative
process of calculations, in which one attempts to min-
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imize the difference between the measured structure
factors (F°P) and those calculated from the model
(F<¥°) alternated with manual intervention in order
to globally position residues into areas of electron den-
sity and to locate water molecules. In contrast, NMR
structure refinement is accomplished on the basis of
the resonance assignment of the spectra, followed by
integration of the NOE cross peaks and their conver-
sion into interproton distance restraints; problematic
regions in the models are identified, whereupon in-
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Figure 1. Secondary structure of a HUBst dimer from the NMR structure; a-helices are depicted as red ribbons, B-strands as green arrows.

dividual interpretations of data are revised or more
data are extracted from the spectra, and the struc-
ture is recalculated with the new set of experimental
data. Water molecules are usually not included in
NMR structures, as their determination requires very
specific experimental procedures (for instance, see
Karimi-Nejad et al., 1999).

A few compelling questions arise at this point:
Do NMR and X-ray data provide complementary or
contradictory information? What are the strengths and
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Figure 2. Superposition of 50 NMR monomers of PDB entry 1HUE (blue) and 2 independent X-ray monomers (green and red).

weaknesses of the two techniques in terms of the qual-
ity of the resulting structures? We have studied the HU
protein in order to address these questions, using joint
refinement of a model against both X-ray and NMR
data simultaneously.

Joint refinement

The first test case for joint refinement was interleukin-
1P (Shaanan et al., 1992). The authors of that study
constructed a model with a crystallographic R-factor
and geometric quality comparable to those derived
from refinement against the X-ray data alone. The
few residual NOE violations observed in the com-

bined model could then provide a reliable measure of
genuine differences between the solution and crystal
structures. A few years later, a similar procedure was
applied to BPTT (Schiffer et al., 1994), for which one
model was found which could accommodate both data
sets, and ribosomal protein L9 (Hoffman et al., 1996)
in which only the NMR restraints for the 40 disordered
N-terminal residues were used. For the oligomeriza-
tion domain of p53 (Miller et al., 1996), the NMR
data were found not to interfere with the X-ray data,
but to aid in getting a model with improved geometry.
In each of the four examples, the authors found only a
few conflicting differences which could be explained
from close examination of the experimental data. Most
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of the discrepancies concerned side chains of residues
on the surface of the proteins, as expected.

Protein HU

The eubacterial protein HU is a highly abundant DNA-
binding protein with a function similar to that of
eukaryotic histones, viz., the bending of long strands
of DNA in order to facilitate the formation of higher-
order nucleoprotein complexes (Kobryn et al., 1999).
The native dimeric protein consists of a core formed
by a three-stranded antiparallel p-sheet and three o-
helices in each of the monomers, and a 3-stranded arm
(see Figure 1). Two such arms in the dimeric molecule
are thought to be able to wrap around the DNA double-
helix, similar to DNA binding by the homologous IHF
(Rice et al., 1996) and TF1 (Silva et al., 1997).

The solution structure of HU from Bacillus
stearothermophilus (HUBst) was solved in 1995 (Vis
et al., 1995a,b). The 50 models for the monomer in the
NMR structure (see Figure 2) clearly show the rigidity
of the core region, as well as the high flexibility of
the arms, which can adopt a wide variety of conforma-
tions, all of which are consistent with the NMR data.
The flexibility of the arms, both in the presence and
in the absence of DNA (Vis et al., 1996), has been
thoroughly investigated using heteronuclear relaxation
experiments. In addition, an analysis of the per-residue
completeness of the NOE restraints, i.e., the ratio of
the number of observed NOEs and those expected to
be observable based on the structure (Doreleijers et al.,
1999), shows that the flexibility is not just an arte-
fact due to the underdetermination of this region of
the structure; on the contrary, the completeness per
residue is higher on average for the arm than for the
core residues.

The X-ray structure of HUBst was solved in 1984
(Tanaka et al., 1984) and rerefined to higher resolu-
tion (2.0 A) in 1999 (White et al., 1999). Of the three
independent monomers in the asymmetric unit, only
the core is well-defined; most of the residues in the
arm regions are disordered, in agreement with the in-
herent structural flexibility of the arms observed in the
NMR structure determination. The dimers are formed
by crystallographic two-fold symmetry. A more recent
X-ray structure determination of HUBst in a differ-
ent space group (Dauter and Wilson, manuscript in
preparation) shows the entire structure including the
complete arms (see Figure 2): Only two residues on
the tip of the arm are partially disordered in both
independent monomers in the asymmetric unit. The

flexibility of the arms has, in this crystal form, been
restricted by crystal contacts.

Validation

Validation tools which are currently used as a standard
way to check the quality of the generated models can
only provide insight into the precision in terms of the
correctness of the geometry of the model and of its
fit to the experimental data. They may reveal less of
the relevance of the model, i.e., whether it represents
the conformation of the macromolecules in vivo. Even
the comparison of models determined with different
techniques such as NMR and X-ray crystallography is
complicated by differences in experimental conditions
(pH, additives, temperature, etc.) and the software
packages and force fields used for structure determi-
nation. A careful comparison of the information in
the different datasets, using the same software and
force field, may point out genuine differences under
the different experimental conditions, as well as arte-
facts caused for example by crystal contacts in X-ray
crystallography or spin diffusion for NMR. The for-
mer is caused by inter-molecular contacts in the crystal
which would not occur if the molecules were free in
solution. The latter lies in the fact that transfer of
magnetization between two protons, as observed in an
NOE experiment, can be influenced by a third proton
close to the first two, thus altering the intensity of the
corresponding peak in the spectrum, which is directly
translated into an incorrect distance restraint between
the two protons.

Using the experimental NMR data (consisting
mostly of NOE restraints) and X-ray reflections ob-
tained for HuBst, we initiated a joint-refinement
project. In order to start with an unbiased model, the
procedure followed consists of:

(1) starting with two randomly structured, elongated
polypeptides;

(2) folding them into the approximate dimeric shape
using only the NOE restraints;

(3) placing the dimer into the crystallographic unit cell
using molecular replacement;

(4) refinement against both data sets simultaneously.

The goal of the joint-refinement procedure was to
determine to what extent the NMR and X-ray data and
structures are in agreement, where the major discrep-
ancies are located, and whether these can be explained.
Indeed, there are interesting differences in the main-
chain conformation, which have direct consequences



Table 1. Experimental NMR data® on HUBst

Total number of NOE restraints 1245
Intra-monomer 1162
Main-chain - main-chain 393

Main-chain - side-chain 558

Side-chain - side-chain 211

Intra-residual 173

Sequential 420

Medium rangeb 316

Long range® 336

Inter-monomer 83
Number of hydrogen bond restraints 25
Number of dihedral angle restraints 80
¢ angles 41

x! angles 39

*Number of restraints per monomer.
b <li—jI<4
Cli —jl > 4.

for the definition of the secondary-structure elements,
as well as in the dimer interface.

Methods

The NMR structure and experimental data were ob-
tained from the Protein Data Bank (PDB) (Sussman
et al., 1998), entry code IHUE. The ensemble con-
sists of 25 models for the dimer, or 50 independent
models for the monomer since no internal symmetry
was imposed during structure determination (Vis et al.,
1995a). The experimental data consists of 2490 NOE
distance restraints, 1245 per monomer (see Table 1).
The constraints are identical for the two monomers
and were converted to X-plor format using the AQUA
software package (Laskowski et al., 1996).

The 1.8 A X-ray structure of the complete HUBst
was kindly provided to us by Dr. Z. Dauter prior to
publication, along with the crystallographic reflec-
tions. Details on the quality of the data are given in
Table 2. The asymmetric unit contains two indepen-
dent monomers, each of which forms a dimer across
the crystallographic two-fold axis.

Tests using different sets of NMR restraints were
conducted to see if the quality of the models, gen-
erated using only NMR data, could be improved. A
procedure was used which is a combination of the
simulated annealing and refinement scripts (X-plor
tutorial files sa.inp and refine.inp). Without the
use of an acceptance criterion as is usually applied
in NMR structure determination (Nilges, 1996), 50
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Table 2. Quality of X-ray data on HUBst

Space group C2
Unit cell dimensions a=100.5,b=37.3,¢c =735 A
B =134.5°
Number of unique reflections 18200
Resolution 25-1.8 A
Completeness 99.8%
Rsym 5.9%
A 6.00 B

Figure 3. Schematic illustration of spin diffusion, showing exem-
plifying proton-proton distances. Transfer of magnetization between
two protons which are 6 A apart, normally too far to give an NOE
signal, can occur via a third proton along shorter distances. The
angle of 120° was used as cut-off.

models of the dimer were generated. To remove low-
quality structures from the set, the models were ranked
according to their rms deviation of the NOE violations
and the percentage of residues in the most favoured re-
gion of the Ramachandran plot. The best 20 structures,
in terms of NOE violations and Ramachandran score,
were selected for further statistical analysis.
The tests included:

— omission of individual NOEs, selected on the basis
of severe violations when compared to the X-ray
models: omitting the restraints between 80 H* and
83 HN or the one between 2 HN and 143 HY
(inter-monomer restraint) yielded a significant im-
provement in the Ramachandran score for residues
2, 3 and 80;

— correction of the hydrogen-bond restraint between
82 O and 84 HN to 82 O and 86 HN: this greatly
improved the ¢/ angles for residue 83, go-
ing from a majority of conformations (71%) in
the disallowed region to a majority (92%) in the
favourable areas of the Ramachandran plot;

— addition of H-bond restraints for atoms for which
there is slow exchange data (Vis et al., 1995a):
the list of 25 H-bond restraints (part of PDB entry
1HUE) was found to be incomplete when com-
pared to the secondary-structure elements. For
example, in the first a-helix restraints are listed
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between 4 O and 8 HY and between 6 O and 10

HYN, but not between 5 O and 9 HN. Inclusion of

the 12 intermediate H-bond restraints yielded only

a slight overall improvement in the Ramachandran

score, but the added restraints are consistent with

the X-ray models.

— variations in the non-bonded repulsion in the X-
plor protocol: Varying the scale factor with which
the van der Waals radii of the atoms are multi-
plied during simulated annealing (Nilges et al.,
1988) greatly affected both the quality of the Ra-
machandran plot (from 73% of residues in the
most-favoured region for a (default) scale factor of
0.75 to 83% at 0.95) and the geometry (the length
of the second a-helix as measured by the distance
between the C* atoms of residues 19 and 37 ranges
from 25.3 A for a scale factor of 0.75 to 26.9 at
0.95; cf. 26.6 A in X-ray models).

The 50 models in the NMR ensemble (PDB en-
try 1HUE) were examined on a per-residue basis
using PROCHECK-NMR (Laskowski et al., 1996).
Residues with ¢/ combinations in the disallowed or
other less favoured regions of the Ramachandran plot
were flagged, as well as residues with an unfavourable
side-chain conformation. A new dimer model was then
constructed from pieces of the models, pasted together
by least-squares fitting of the fragments to a hybrid
dimer model consisting of the two independent X-ray
monomers. One cycle of simulated annealing in X-
plor at T = 400 K against the NMR restraints ensured
both a correct geometry for the ‘consensus’ model and
an optimal fit to the NMR data.

Joint refinement

The joint-refinement calculations were all performed
using X-plor (Briinger et al., 1987) version 3.854. The
starting structure contained an elongated polypeptide
chain with ideal geometry for each of the monomers.
Using only the NMR restraints, the chains were folded
to an initial dimeric model. In the NMR data set, the
restraints between 80 H® and 83 HN and between 2
HN and 143 H® were omitted, the H-bond restraint
between 82 O and 84 HN was corrected and 12 in-
termediate H-bond restraints were added, as described
above.

Molecular replacement using the core residues of
this model (residues 4-52 and 77-88) was carried out
with the program Amore (Navaza, 1994) using all data
between 25 and 4.5 A resolution. A molecular replace-
ment search for the arm fragments was not successful,

and their position was fixed with a least-squares fit to
the X-ray models. The same was done for the N- and
C-terminal residues.

In parallel, the ‘consensus’ NMR model, described
above, was used as a starting model for joint refine-
ment. Since the fragments from which this model was
built up were least-squares fitted to the X-ray mod-
els, molecular replacement could be performed on the
complete dimeric molecule.

The crystallographic data and the two molecu-
lar replacement solutions were transformed to space
group P1 in order to be able to use the inter-monomer
NOE restraints. The unit-cell dimensions were re-
duced to half the size of the original cell (new cell
dimensions: @ = 37.3, b = 73.5,c = 53.6 A, a =
134.5, B = 69.6°) so that the asymmetric unit in P1
contains two dimers, and strong non-crystallographic
symmetry (NCS) restraints were used between identi-
cal monomers. Six percent of the reflections, in thin
resolution shells, were excluded from the refinement
and used for calculation of Ryee.

During each step in joint refinement, the scale fac-
tors for the NMR data were kept high (with a scale
factor of 150 both for NOEs and dihedrals) so as to
avoid domination by the more numerous X-ray data.
The scale factor for the X-ray reflections was taken as
roughly one third of the weight suggested by standard
X-plor protocols (W4 = 200, 000). No o cut-off was
applied to the X-ray data and the full resolution range
was used.

Manual intervention was performed using the
graphics program O (Jones et al., 1991) version 6.2.1.
The startup files for O were adjusted for displaying and
manipulating hydrogen atoms. Several small PERL
programs were written for conversion of hydrogen
labels, and for displaying NOE restraints and viola-
tions in O. Geometric analyses were performed using
PROCHECK (Laskowski et al., 1993), PROCHECK-
NMR (Laskowski et al., 1996) and OOPS (Kleywegt
et al., 1996).

The effect of spin diffusion on the NOE data was
analyzed by calculating all interproton distances in a
reference structure. All protons A and B which are
closer than 6 A and for which a third proton C could
be found with an angle ACB greater than 120° were
listed (see Figure 3). This list of proton pairs was
then compared to the NOE restraint list, to identify
NOEs which could possibly have been affected by spin
diffusion. The upper-bound distances for these NOEs
were lengthened by 2 A. Both the dimer of the first
X-ray model (generated by applying crystallographic
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Results and discussion

A superposition on the C* positions of the core
residues (4-52 and 77-88) for the 50 NMR models
for the monomeric HUBst obtained from PDB entry
1HUE clearly shows the agreement in the structure
of the core region, as well as the high flexibility of
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the arm of the molecule (Figure 2). The rms deviation
from the average structure is 0.34 A for the C* atoms
in the core region, 0.39 A for the backbone atoms
(N, C%, C and O) and 0.88 A for all non-hydrogen
atoms in this region. Figure 2 also shows that the two
independent monomers in the X-ray structure have
conformations that could easily fit into this ensemble.
The rms deviations for C* atoms in the core residues
between each of the 50 NMR models and the two X-
ray models range from 0.79 to 1.12 A. The arms in the
crystal structure make contacts with symmetry-related
molecules, thus limiting their conformational freedom
to two distinct states. This limitation will inevitably
be present in the joint-refinement model as well.The
quality of the ¢/{ angle combinations in the Ra-
machandran plot is markedly lower for the ensemble
of NMR models (on average 77.5% in most-favoured,
15.2% in additionally allowed, 4.4% in generously
allowed and 2.9% in disallowed regions) than for
the X-ray models (96.1% in most-favoured and 3.9%
in additionally allowed regions). The Ramachandran
plots are shown in Figures 4a and b, respectively. Sim-
ilarly, an analysis of the side chains shows a preference
for more favoured conformations in the X-ray models;
in the NMR models, even eclipsed dihedral angles
can be found. These facts are not surprising if one
considers that the NMR data (and thus the models)
represent a dynamic molecule in motion. While a pro-
tein, when immobilized into a certain conformation by
the crystallization process, is likely to select an en-
ergetically favourable conformation, the molecule in
solution (often at elevated temperatures during NMR
data collection) can adopt many conformations at dif-
ferent energy levels. A model in which a reasonable
geometry is combined with the NMR restraints was
constructed by combining fragments of the 50 mod-
els in the ensemble. The resulting ‘consensus’ model
has a greatly improved Ramachandran score (84.4%
in most-favoured, 14.3% in additionally allowed and
1.3% in generously allowed regions, see Figure 4c) as
well as a similar number and rms deviation of NOE
violations as the individual NMR models from the en-
semble. As an extra advantage, the ‘consensus’ model
has a more correct geometry for protons in the pro-
tein backbone, since the BIOSYM software package
which was used for the original structure determina-
tion allows much more freedom in the positions of
these protons than X-plor, often resulting in distorted
proton geometry.

Spin diffusion

A factor that influences the NMR data is the effect of
spin diffusion in the NOE experiment. This phenom-
enon causes the transfer of magnetization observed
between two protons to occur via a third proton that is
in close proximity to the first two (see Figure 3). The
observed intensity of the NOE cross peak in the spec-
trum, which is inversely proportional to the distance
between the two protons, is thus increased, causing
the observed distance to be shorter than it is in real-
ity. This effect is stronger with longer mixing times
during the recording of the NOE spectrum (Kalk and
Berendsen, 1976) and in the case of HUBst [mixing
time of 150 ms (Vis et al., 1995a)] it is certain to have
played a role. Spin diffusion is not usually accounted
for during structure calculations. Experimentally, if
one collects NOE spectra at short mixing times in or-
der to avoid spin diffusion, the signal-to-noise ratio
is not favourable. Methods such as relaxation matrix
refinement, in which the NOE spectrum is recalculated
from the atomic coordinates, followed by refinement
to minimize the difference between the theoretical and
experimental spectra, have been shown to be very
successful in a few cases [see for example (Nilges
et al., 1991; Bonvin et al., 1994)], but the method is
time-consuming and not applied often.

In another approach, one can determine where the
effect may have occurred by calculating distances be-
tween proton pairs in a reference structure and looking
for other protons in the vicinity which may aid in the
transfer of magnetization. Using (one of) the NMR
models for this kind of calculations is tricky, since
the geometry of those models may already have been
influenced locally by NOE restraints affected by spin
diffusion. We have performed this analysis using one
of the X-ray models or the joint-refinement model
as a reference structure. Since the crystallographic
structure does not necessarily represent the confor-
mation of the molecule in solution, one cannot place
too much importance on the exact results, but it can
give an indication of problematic regions. The joint-
refinement model, having been refined against the
NMR data and ‘guided’ by the X-ray data, seems to
be a more realistic model for this analysis. According
to the joint-refinement model, one third of the NOE
restraints have probably been affected by spin diffu-
sion. Even more pronounced is the effect on the NOEs
in the core of the molecule: at the interface between
the two monomers, 62% of the restraints between side
chain protons show a susceptibility to spin diffusion.



This is likely to be realistic, as the interface consists
entirely of side chains of hydrophobic residues, rich in
protons.

Molecular replacement

The apparent overall similarity between the NMR and
the X-ray models seems to be in contrast with the
difficulties we encountered when attempting molecu-
lar replacement in preparation for the joint-refinement
process. An initial unbiased search model was ob-
tained by folding two polypeptide chains in a ran-
dom conformation into the familiar dimeric structure
of HUBst using only the NMR restraints. However
closely this search model resembles the X-ray struc-
tures, the molecular replacement search is impeded
by the absence of information on (relative) temper-
ature factors. As an illustration to this problem, the
final X-ray structure with fully refined individual B-
factors (without alternative conformations for the side
chains) has an R-factor of 18.3%. Giving all atoms a
B-factor of 15 A2 and setting all occupancies to one in-
creases the R-factor to 30.9%. Furthermore, the arms
in the search model are probably not in the relevant
conformation, and are thus more likely to hamper the
molecular replacement search than to aid it. The X-ray
structure without the arm residues and without the wa-
ter molecules, which are absent in the NMR-generated
search model, has an R-factor of 40.2%. At this point,
the combined differences between the truncated search
model and the corresponding part of the X-ray struc-
ture, small as they may be, only serve to worsen the fit
of the model to the X-ray data.

An important feature of the molecular replace-
ment search is that the standard procedure in X-plor
for generating NMR structures uses a scale factor
for the van der Waals radii of all atoms of less than
one (Nilges et al., 1988). This scale factor ensures
that the atoms are not hindered too much by other
atoms, thus accomplishing a more thorough sampling
of the conformational space available to the molecule.
The resulting structures obtained with the standard
scale factor of 0.75 are, however, too compact. In
our case, increasing the value to 0.85 finally gave a
search model with which molecular replacement was
successful. The quality of the Ramachandran plot in
a test set of structures generated with X-plor using
only the NMR restraints for HUBst increased from
72.9% in the most favoured region for a scale factor
of 0.75 to 82.9% for a scale factor of 0.95. It has
been noted in a study of geometric properties of a
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large set of NMR structures (Doreleijers et al., 1998)
that structures generated using X-plor often show this
exaggerated compactness and, concomitantly, poor
geometric quality.

The rotation search in molecular replacement gave
two clear solutions for most search models, but the
translation search only gave good results for one
search model generated with scale = 0.85. The R-
factor at this point was 50.3% (resolution range 25
to 4.5 A) with a correlation coefficient of 41.3; val-
ues which are far from ideal. Molecular replacement
searches on various arm fragments, with the core
regions taken as fixed, were unsuccessful. The frag-
ments from models generated with a scale factor of
0.85 which had the lowest rms deviation to the con-
formation of the arms in the X-ray models had to
be pasted onto the core regions manually, yielding
an R-factor of 53.4%. Molecular replacement on the
‘consensus’ model, which consists of fragments of
some of the 50 NMR models from PDB entry 1lHUE
with favourable geometry least-squares fitted onto the
X-ray models, was less problematic. Both the search
for the core and for the entire HUBst dimer gave good
results, the latter giving an R-factor of 51.5% with a
correlation coefficient of 35.9. With these two starting
models, joint refinement was initiated.

Joint refinement

The scale factor for the NMR data was kept high
throughout the entire process. Since the crystallo-
graphic reflections greatly outnumber the NMR re-
straints in quantity (18 200 versus 2700) their informa-
tion tends to dominate the direction of the refinement.
In order to balance the two datasets properly, the
weighting factor used for the X-ray reflections was
kept lower than the value that would have been used
in refinement against the X-ray data alone.

The joint-refinement process halted at an R-factor
above 30%, with a free R-factor about 5% above the
working R and about twenty NOE violations greater
than 0.5 A with an rmsd of 0.12 A (75 waters in
the model and individual B-factors). At this point, ei-
ther the X-ray reflections could be given more weight,
thus decreasing the R-factors, or the scale factor on
the NMR restraints could be increased to lower the
NOE violations. Either option would have disturbed
the carefully maintained balance between the two
datasets. The results obtained with the ‘consensus’
model as a starting model for joint-refinement were
very similar.
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Performing the spin-diffusion analysis by calcu-
lating proton-proton distances in the model obtained
at this stage and lengthening those NOEs that have
probably been affected by spin diffusion allowed us
to continue the joint refinement, with a higher weight
on the X-ray data than was used previously. The final
model showed good geometry and a high Ramachan-
dran score (95.5% in most favoured, 4.5% in addition-
ally allowed regions, see Figure 4d). The final R-factor
was 27.4%, Riree 30.8% and 4 NOE violations greater
than 0.5 A, with an rmsd of 0.06 A.

Main chain differences

Right from the beginning of the joint-refinement
procedure, three problematic areas in the protein,
where differences in the main-chain conformation
were observed, were identified. They concerned pep-
tide planes which were ‘flipped’ in the NMR structure
with respect to the X-ray structure:

— between residues 2 and 3: the N-terminal a-helix
in the X-ray structure starts at residue 2, in the
NMR models at residue 3;

— between residues 42 and 43: these two residues are
part of the first B-strand;

— between residues 82 and 83: the C-terminal o-
helix in the X-ray structure starts at residue 82, in
the NMR models at residue 83.

The causes for these so-called ‘peptide flips’
(Jones et al., 1991) were closely examined. In the last
case, illustrated in Figure 5, the culprit was identified
as a hydrogen-bond restraint which was erroneously
assigned between the oxygen atoms of residue 82
to the amide hydrogen of residue 84. Secondary-
structure analysis on the NMR data (Vis et al., 1994)
had already indicated that the C-terminal a-helix
spanned from residue 83, possibly 82, to residue 90.
The hydrogen-bonding partners for slowly exchanging
amide hydrogens, which are assumed to be involved
in secondary-structure forming hydrogen bonds, are
always difficult to identify unequivocally. In the case
of HUBst, the assignment was done based on initial
models in the structure determination process. A small
hydrogen-bond assignment error in this case had the
effect of pushing the intermediate residue, 83, into the
disallowed region of the Ramachandran plot. Since
hydrogen-bond restraints are usually short distances,
they have a major effect on the structure calculations.
Correction of the aforementioned restraint to 82 O-
86 HN resolved the conflict for this particular peptide
plane: residue 82 became a part of the C-terminal

Figure 5. Orientation of peptide bond between residues 82 and 83
(highlighted): (a) In the X-ray structure; the 3F' obs_9 peale electron
density map is shown as a light blue mesh, hydrogen bonds are
shown with dashed lines. Part of the a-helix is indicated by a ribbon;
(b) in an NMR structure; the dashed lines represent hydrogen-bond
restraints.



a-helix and residue 83 moved to the more favoured
regions of the Ramachandran plot.

The second case, of the peptide plane between
residues 42 and 43, is more puzzling. In the X-ray
structure, the carbonyl oxygen of residue 42 forms
a hydrogen bond with the amide nitrogen of residue
50 in the second B-strand. There is no hydrogen-bond
restraint for these particular atoms in the NMR data,
even though both flanking hydrogen bonds (between
42 HN and 50 O and between 44 HN and 48 O, see
Figure 6) are defined as restraints. About half the
NMR models in 1HUE (26 out of 50) have the hy-
drogen bond between 42 O and 50 HN present, in
the other models the peptide plane is ‘flipped’. Even
though it seems unlikely that the B-sheet would be
interrupted midway while continuing on either side,
it should be noted that studies on the mobility of NH
bonds in HUBst have shown that this §-strand is more
mobile than might be expected (Vis et al., 1998). Fur-
thermore, the ‘aberrant’ models still fully satisfy the
NMR restraints. To avoid the ambiguity, the hydrogen-
bond restraint was incorporated into the dataset in
calculations in this study.

In the case of the first peptide plane, the X-ray
structure shows that the amide nitrogen of residue
3 is involved in a hydrogen bond with a carboxylic
oxygen of a symmetry-related molecule (see Fig-
ure 7) in both monomers. In the earlier, incomplete
HUBst structure (PDB entry 1HUU), all three inde-
pendent monomers in the asymmetric unit equally
show hydrogen bonds between different oxygens from
symmetry-related molecules to this amide nitrogen.
This indicates that the orientation of the peptide plane
between residues 2 and 3 could be influenced by
packing contacts in the two crystal structures. In this
particular region, the NMR structure may well give a
better indication of the molecule’s conformation free
in solution.

Side-chain differences

The dimer interface of HUBst consists entirely of
hydrophobic residues: all five leucines, all four pheny-
lalanines and several other hydrophobic residues are
situated in this region. There were many differences in
side-chain conformations; the most important ones are
located in the interface between the two monomers.
Leul6, for example, has an unusual conformation in
47 of the 50 NMR models (x| = +49+1°, x> = +44
=+ 3°). A study of the distribution of side-chain torsion
angles in high-resolution X-ray structures (Kleywegt
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et al., 1998) has shown that 94% of all leucines have
x! = —60 or 180°. Interestingly, one of the NOE
restraints, between H* and MD1 of Leul6, is severely
violated for these 47 models; in the remaining 3 mod-
els, Leul6 has a much more acceptable conformation
(average ' = —68 +23°, x> = +174 & 3°) but in
these models, three other NOEs are violated. This situ-
ation looks like a tug-of-war between different NOEs,
with the randomized starting point of the structure cal-
culation determining which conformation will prevail.
The spin-diffusion analysis described earlier indicates
that all NOEs involved have probably been affected by
spin diffusion and their upper-bounds should therefore
be lengthened for Leul6 to reach the correct confor-
mation. This is probably a general phenomenon for all
the residues in the dimer interface, since all the hy-
drophobic residues in this region contribute to a high
local density in hydrogen atoms, which increases the
chance of indirect transfer of magnetization via other
protons.

Conclusions

When a protein structure has been independently de-
termined by NMR spectroscopy and X-ray diffraction
experiments, it is usually not satisfactory to simply
compare the resulting structures. Differences in ex-
perimental conditions during data collection, in infor-
mation content of the data, and in protocols and force
fields used for the determination of the two structures
can render a straightforward comparison inappropri-
ate. In our experience, the combination of NMR and
X-ray data in the determination of a protein structure
may have presented some ‘logistic’ difficulties, but
the insight gained in the process was extremely valu-
able. In addition, errors in the experimental data or
structure determination process could be identified and
corrected.

Globally, the NMR and X-ray data for HUBst are
in agreement. Both methods give structures which
are very similar in secondary-structure elements and
their relative orientation. This is confirmed by the
rms deviation of C* positions of the core residues
which is approximately 1 A between separate X-ray
and NMR models. One obvious difference lies in the
flexibility of the arms, extensively studied by NMR
techniques, which is limited to two distinct conforma-
tions in the X-ray structure, and therefore also in the
joint-refinement model.
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Figure 6. Schematic representation of the core P-sheet of HUBst. Dashed lines represent hydrogen bonds, boxed dashed lines are
hydrogen-bond restraints. The arrow indicates the peptide bond between residues 42 and 43, discussed in the text.

The most difficult step in the joint-refinement pro-
cedure proved to be molecular replacement using
NMR-generated models. This was due to several fac-
tors, including the fact that the arms are likely to be in
a different position compared to that seen in the crystal
structure, and they can therefore not be included in
the search model. Furthermore, NMR data consists for
the greater part of proton-proton distances; informa-
tion on the geometry of heavy atoms depends on the
force field used in the calculations. Especially for the
non-bonded contacts, we have seen that there can be
problems with the standard X-plor protocols.

Starting with two polypeptide chains of random
conformation, we used only the NMR restraints to fold
them into a dimeric molecule and performed molecu-
lar replacement with this initial model. When the joint-
refinement process halted, we analyzed the model for
possible spin-diffusion influences and adjusted the af-
fected NOEs, which gave a significant improvement
both in terms of R-factors and NOE violations.

The joint-refinement procedure greatly aided in
identifying problematic regions, such as peptide flips

in the main-chain conformation, where there were dis-
crepancies between the NMR and X-ray data. In some
cases the differences could be attributed to artefacts
in either method, such as errors in the assignment of
hydrogen-bonding partners or effects of spin diffusion
in the NMR data, or crystal packing in the X-ray struc-
ture. The effects of spin diffusion could be accounted
for by the use of relaxation matrix based structure cal-
culation protocols (Boelens et al., 1988; Borgias and
James, 1990; Bonvin et al., 1994). However, routine
use of these methods would require renewed efforts in
developing more efficient and user-friendly programs
than are hitherto available.

Simultaneous refinement of a protein structure
against NMR and X-ray data is a useful protein struc-
ture validation tool, as it allows the detailed examina-
tion of discrepancies at the level of the experimental
data.
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.

Figure 7. Orientation of peptide bond between residues 2 and 3 (highlighted): (a) In the X-ray structure; the 3FPS-2 F€4l¢ electron density

map is shown as a light blue mesh, hydrogen bonds are shown with dashed lines.

glutamic Acid from a symmetry-related molecule; (b) in an NMR structure.

Part of the a-helix is indicated by a ribbon. Residue 70 is a
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