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ABSTRACT The TASSER structure prediction
algorithm is employed to investigate whether NMR
structures can be moved closer to their correspond-
ing X-ray counterparts by automatic refinement
procedures. The benchmark protein dataset in-
cludes 61 nonhomologous proteins whose struc-
tures have been determined by both NMR and X-ray
experiments. Interestingly, by starting from NMR
structures, the majority (79%) of TASSER refined
models show a structural shift toward their
X-ray structures. On average, the TASSER refined
models have a root-mean-square-deviation (RMSD)
from the X-ray structure of 1.785 Å (1.556 Å) over
the entire chain (aligned region), while the aver-
age RMSD between NMR and X-ray structures
(RMSDNMR_X-ray) is 2.080 Å (1.731 Å). For all proteins
having a RMSDNMR_X-ray >2 Å, the TASSER refined
structures show consistent improvement. However,
for the 34 proteins with a RMSDNMR_X-ray <2 Å, there
are only 21 cases (60%) where the TASSER model is
closer to the X-ray structure than NMR, which may
be due to the inherent resolution of TASSER. We
also compare the TASSER models with 12 NMR
models in the RECOORD database that have been
recalculated recently by Nederveen et al. from origi-
nal NMR restraints using the newest molecular
dynamics tools. In 8 of 12 cases, TASSER models
show a smaller RMSD to X-ray structures; in 3 of 12
cases, where RMSDNMR_X-ray <1 Å, RECOORD does
better than TASSER. These results suggest that
TASSER can be a useful tool to improve the quality
of NMR structures. Proteins 2006;63:451–456.
© 2006 Wiley-Liss, Inc.

Key words: NMR structure refinement; X-ray struc-
ture; TASSER; Protein structure predic-
tion

INTRODUCTION

The majority of the protein structures in the Protein
Data Bank (PDB)1 are determined by either nuclear
magnetic resonance (NMR) spectroscopy or X-ray crystal-
lography.2,3 Because NMR models are obtained by opti-
mally satisfying experimental restraints,4 NMR experi-
ments usually provide an ensemble of models that may

represent both the thermal motion of the protein chain in
solution5,6 as well as inaccuracies in the force field used in
NMR refinement. X-ray crystallography requires that the
protein crystallize and that the crystal be of good quality.7

The protein structure determined by X-ray diffraction
results from converting the electron density data into a
model, and it is generally of higher resolution than NMR,
although crystal packing effects may distort the protein
structure.8–11

Several studies12–14 have shown that the structure
generation protocols of NMR often use severely simplified
nonbonded interactions for the sake of speed, which may
lead to structural problems. Using molecular dynamics
simulations, Fan and Mark15 analyzed the relative stabil-
ity of NMR and X-ray structures and found that X-ray
structures are significantly more stable than NMR struc-
tures. The comparison of NMR and X-ray structures by
Garbuzynskiy et al.16 revealed that for the same proteins,
there are differences in all side chain, backbone, and
backbone–side chain contacts as well as in the backbone–
backbone hydrogen bonds. In addition, they also found
that NMR structures can be altered significantly depend-
ing on the algorithms used to construct the model from the
experimental restraints. Therefore, although NMR some-
times provides additional structural and dynamic informa-
tion not available from X-ray structures and NMR re-
straints are readily implemented into protein structure
prediction algorithms,17,18 there is considerable room for
improvement of the quality of NMR structures.12,14,19–21

In principle, NMR structures in solution need not neces-
sarily be the same as the X-ray structure determined from
a crystalline environment that may restrict structural
motion. However, because X-ray structures are highly
hydrated, one might envision that such effects are mini-
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mal; in such a case, NMR and X-ray structures should be
similar. Therefore, it is of interest to explore whether NMR
structures on appropriate refinement could move closer to
X-ray structures. Of course, to engage in such a refinement
study, an algorithm that can actually refine protein struc-
tures is essential.

In this work, to address this intriguing question, we
perform the structure refinement of NMR PDB structures
and compare our final models with X-ray structures. For
refinement, we employ our modeling algorithm, TASSER
(Threading ASSEmbly Refinement), which showed the
ability to recognize the majority of nonevolutionarily re-
lated folds in the PDB library as well as for structure
refinement in comprehensive benchmarks as well as in
CASP6.22–25 The original version of TASSER generates
models by using template alignments from our sequence/
structure alignment algorithm, PROSPECTOR_3.26 For
the current situation, we generate templates directly from
the NMR structures. The test set includes 61 nonhomolo-
gous proteins with size ranging from 46 to 188 residues
and having both NMR and X-ray structures available in
the PDB. We will also compare our refined models with
recently recalculated NMR protein structures in the RECO-
ORD database.

MATERIALS AND METHODS

TASSER consists of template identification, structure
assembly, and final model selection. Because detailed
descriptions of TASSER are available,22–24 here we merely
provide a brief overview.

Template Identification

For a given target sequence, TASSER usually uses
template information generated by our threading program
PROSPECTOR_3,26 an iterative sequence/structure align-
ment approach. Here, because our objective is to refine
NMR structures in the PDB library, we take templates
directly from NMR-based PDB files, each of which usually
contains more than 10 models. Only the consensus regions
of the NMR models will be used as TASSER input tem-
plates. To define the consensus regions, we superimpose
all models with the first model of the NMR PDB file and
calculate the distance, d(i,m), between the i-th C� atom
pairs in the first and m-th models. The averaged distance
of residue i over all the models is defined as

d�i� �
1

N � 1 �
m�2

N

d�i,m�,

where N is the total number of models in the NMR PDB
file. The i-th residue will be considered as a consensus
residue if d(i) is less than a cutoff distance, �cut. We adjust
�cut so that the consensus region has 90% coverage.

On- and off-Lattice C� and Side Chain-Based (CAS)
Model

In TASSER, a protein is represented by its C� atoms and
side-chain centers of mass (SG), called the CAS model. The
aligned regions (here, consensus regions in the NMR

models) provide structural fragments whose internal geom-
etry remains unchanged during the simulations. These are
off-lattice. The remaining C� atoms belonging to the
unaligned regions (here, inconsistent regions in the NMR
models) are confined to an underlying cubic lattice system.

The CAS force field consists of four classes of terms: (1)
predicted secondary structure propensities, (2) statistical
propensities including local C� correlations, hydrogen
bonding and hydrophobic burial interactions, (3) consen-
sus side-chain contacts taken from the NMR models, and
(4) protein specific SG-pair potentials. The force field we
use was previously optimized on a set of 100 nonhomolo-
gous training proteins (extrinsic to the proteins considered
here) that consists of a random collection of NMR and
X-ray structures;22 as such it is not biased to either X-ray
or NMR structures. Except for the fact that the templates
and consensus contacts are prepared from NMR struc-
tures, this work uses the same procedure as in the original
TASSER method; therefore, all other propensities are
predicted ones over the entire chain.

Structure Assembly

Because template alignments provide no information
about the unaligned or loop regions, these portions of the
chains are predicted by the ab initio component of TASSER.
Zhang and Skolnick24 used two types of parameters to
evaluate the accuracy of TASSER prediction for these
unaligned or loop regions: the RMSDlocal for the local
conformation and RMSDglobal for both the local conforma-
tion and global orientation. They observed that the accu-
racy of unaligned or loop modeling decreases with increas-
ing size; interestingly, the local conformation of the chain
is rather well predicted, while the global orientation
becomes worse for large size loops. A similar situation was
noted here as well. Therefore, to enhance the modeling
accuracy of TASSER, we split the unaligned or loop region
into two small parts by assigning a center unaligned
residue as an aligned one and TASSER is then rerun. By
shortening the length of unaligned region, we slightly
improve the quality of the final models.

Because template identification just provides coordi-
nates of the aligned regions, an initial full-length model is
prepared by connecting the continuous template frag-
ments by a random walk of C�–C� lattice bond vectors. The
unaligned regions serve as linkages for rigid block move-
ment. There are two kinds of conformational updates: (1)
off-lattice movements involving rigid fragment translation
and rotations, and (2) lattice confined residues are updated
by two- to six-bond movements and multibond sequence
shifts. From the initial full-length model, conformational
space is sampled using Parallel Hyperbolic Monte Carlo
Sampling27 where 40 replicas are used in TASSER. Of
these, the 14 lowest temperature replicas are submitted to
the structural clustering program, SPICKER,28 to select
the final models. These models are ranked by structure
density. Finally, we analyze the final models by comparing
those with X-ray PDB structures.
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RESULTS AND DISCUSSIONS
Benchmark NMR/X-ray PDB Data Set

For test proteins, we use a NMR/X-ray PDB data set
having both NMR and X-ray structures available in the
PDB library, which has been previously used in the
comparison study of X-ray and NMR structures by Gar-
buzynskiy et al.16 By carefully inspecting the SCOP data-
base 1.63 release,29 they constructed the data set by 10
criteria; for example, there is no modified residue in chain,
all heavy atoms have coordinates, the sequence identity
between different chosen proteins does not exceed 30%,30

the NMR and X-ray structures correspond to the same
sequence except perhaps for a few residues at the end of
chain, and nonwater ligands are either identical or small
(which means they contain fewer than 10 heavy atoms).
Here, we add one additional criterion to their original
NMR/X-ray PDB test protein set: we exclude protein pairs
where the NMR PDB file contains only one model struc-
ture for which the conserved structural region cannot be
identified. This results in 61 NMR/X-ray pairs with length
from 46 to 188 residues. Of these, 16, 17, 24, and 4 are all
�-, all �-, ��-, and small proteins, respectively.

Refinement of NMR PDB Structures

Here, as previously mentioned, TASSER uses a subset of
NMR structures that are structurally conserved as the
template. We note that the main objective of this work is to
examine whether TASSER refined models are closer to
X-ray structures; therefore, the RMSD and TM-score31 (a
measure of similarity of global topologies of protein struc-
tures ranging from [0,1], with 0.17 the average value of a
pair of random structures independent of chain length. A
TM-score of 1.0 means that the two structures are identi-
cal) values are calculated with respect to the X-ray struc-
tures.

Figure 1(a) shows the comparison of RMSD of NMR
models and that of the TASSER refined models, which are
calculated over the same aligned region (gray circles).
Seventy-nine percent of the final models (48 of 61 proteins)
show an improvement (smaller RMSD to X-ray structure)
over the initial NMR structure-based templates. We also
compare the full-length RMSD values of the initial NMR
structures with those of TASSER refined models (black
triangles). Again, the majority of TASSER refined models
have greater similarity to X-ray structures than NMR
structures. The final models have an average RMSD of
1.785 Å (1.556 Å) over the entire chain (aligned region),
while NMR structures have an average RMSD of 2.080 Å
(1.731 Å). In Figure 1(b), we show the comparison of the
TM-score of the TASSER models and NMR structures. The
average TM-score of the structures increases from 0.828 to
0.846 after TASSER refinement. We note that X-ray
structures are slightly more compact than NMR struc-
tures. Their average radius of gyration of 12.74 Å is
slightly less than that of NMR structures (12.86 Å). The
final models have an average radius of gyration of 12.65 Å,
indicating that they are slightly more compact than both
NMR and X-ray structures.

A representative example for an NMR/X-ray pair (1acp/
1l0h) is shown in Figure 2(a). The initial NMR structure
has a RMSD/TM-score of 4.431 Å/0.520 over the entire
chain. After refinement, TASSER generates a final model
which has a RMSD/TM-score of 1.396 Å/0.857. Obviously,
in the majority of cases, the TASSER refined models are
closer to the X-ray structures than to the NMR structures.

To assess the performance of TASSER modeling in
detail, we show a histogram of the cumulative fraction of
better and worse TASSER refined models in Figure 3.
There are five NMR/X-ray pairs (1oca/2cpl, 1d3z/

Fig. 1. Comparison of (a) the RMSD of TASSER final models with the
RMSD of the NMR structures over the same aligned region (gray circles)
and entire chain (black triangles). (b) Scatter plot of TM-score of TASSER
final models versus TM-score of NMR structures. All RMSD and TM-score
are calculated with respect to X-ray structures.
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1ubi, 3gb1/1pgb, 1r63/1r69, and 1aey/1shg) that have a
RMSDNMR_X-ray �1 Å. In this regime, (which is actually at
or below the limit of resolution of TASSER and most
experimental results), TASSER moves only one target
(1d3z/1ubi) slightly closer to the X-ray structure. However,
as the RMSDNMR_X-ray increases to between 2 to 5 Å, a
regime where experimental differences become more mean-
ingful, TASSER refined models show a clear improvement
compared with NMR structures. Especially, we note
that although TASSER fails to improve some proteins (13
of 61) whose NMR and X-ray structures are very similar
(RMSDNMR_X-ray �2 Å), TASSER successfully refines all
models toward X-ray structures for proteins having a
RMSDNMR_X-ray �2 Å in our test set.

Table I presents a summary of TASSER modeling
results starting from NMR templates. Except the case for
five proteins having RMSDNMR_X-ray �1 Å, TASSER re-
fined models have a smaller RMSD and larger TM-score
than those of NMR structures. All results for each of 61
proteins are available on our homepage, http://www.bioin-
formatics.buffalo.edu/current_buffalo/TASSER/NMR_X-
ray/.

Recently, Nederveen et al.21 constructed a refined NMR
database (RECOORD) by recalculating NMR structures
for which coordinates and NMR restraints are available
from the Protein Data Bank (http://www.ebi.ac.uk/msd-srv/
docs/NMR/recoord/main.html), by using state-of-the-art
atomic molecular dynamics tools. In the RECOORD data-
base, we find 12 proteins that are included in our protein
set. Table II shows the comparison of TASSER refined
models with protein models in the RECOORD database
(CNW set from CNS). Each protein model in the RECO-
ORD database has 25 structures, and the calculated
RMSD to the X-ray structure is the averaged value over
these 25 structures. For the 12 proteins, the protein
models in RECOORD also have a smaller average RMSD
of 2.358 Å than the RMSD (2.423 Å) of the original NMR
structures. However, TASSER refined models are on aver-
age closer to the X-ray structures (average RMSD of 2.193
Å) than the models in RECOORD. For 8 of 12 proteins,
TASSER refined models are closer than those of RECO-
ORD. There are three NMR/X-ray pairs (1oca/2cpl, 3gb1/
1pgb, and 1r63/1r69) having an RMSDNMR_X-ray �1 Å for
which the RECOORD models are closer than our models.
In the remaining one case (1k19/1kx8), the TASSER
refined model also shows improvement over original NMR
structure, although the improvement due to RECOORD is
better.

CONCLUSIONS

In this work, we combine spatial restraints taken from
NMR structures with the inherent force field of TASSER
and examine whether the NMR structures could be moved
closer to their X-ray determined counterparts, because
X-ray experiments have been shown in general to have
higher stability and structural accuracy. We applied this
methodology to a benchmark set of 61 NMR/X-ray struc-
ture pairs. The majority of TASSER refined models (48 of
61) clearly become closer to their X-ray structures than the
starting NMR structures. The TASSER refined models

Fig. 2. Representative example showing the improvement of the TASSER final model with respect to the
NMR structure. (a) NMR (1acp) structure superimposed to X-ray structure (1l0h) of the same protein with a
RMSD/TM-score of 4.431 Å/0.520. (b) TASSER final model superimposed on the X-ray structure with a
RMSD/TM-score of 1.396 Å/0.857. The thick lines are the X-ray structure and the thin lines are (a) NMR
structure and (b) TASSER final model. Red color identifies those residue pairs of distance �5 Å after TM-score
superposition.

Fig. 3. Histogram of the cumulative fraction of better and worse
TASSER modeling cases as compared to the RMSD between NMR and
X-ray structures.
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have an average RMSD of 1.785 Å (1.556 Å) over the entire
chain (aligned region) and an average TM-score of 0.846.
The corresponding NMR structures have an average RMSD
of 2.080 Å (1.731 Å) and a TM-score of 0.828. In 13 of 34
proteins whose NMR and X-ray structures are very close
(RMSDNMR_X-ray �2 Å), TASSER fails to drive the NMR
model closer to the X-ray structure, which shows the need
for a higher level of representation of the protein in the
TASSER force field for refinements at this reso-
lution. However, we note that for all proteins with a
RMSDNMR_X-ray �2 Å in our benchmark set, TASSER
provides the consistent improvement compared with NMR
structures. We also compare our TASSER refined models
with recalculated NMR structures by the newest molecu-
lar dynamics tools from original NMR restraints in the
RECOORD database. Most of the TASSER refined models
are closer to their X-ray structure than those of RECO-
ORD, with the exception of three proteins having a RMSD-
NMR_X-ray �1 Å, a region where the accuracy of TASSER
modeling is limited by the reduced representation.

After TASSER runs, there are 26 final models whose
unaligned loops regions show a relatively large
RMSDlocal/global. To improve the accuracy of TASSER
modeling for unaligned or loop regions, we shorten the
length of these regions and rerun TASSER. This is accom-
plished by splitting the unaligned region in half and

inserting an aligned residue in the middle of the loop.
Because this residue is off-lattice, this increases the effi-
ciency of the conformational search. Interestingly, for 23 of
26 proteins, this slightly improves the RMSD and TM-
score of the final models. For example, for the 1myf/1duk
NMR/X-ray pair, the RMSD of the final model decreases
from 1.686 to 1.266 Å and the TM-score increases from
0.933 to 0.947. The utility of this approach for the more
general problem of structure prediction will be explored in
future work.

Overall, the work shows the possibility of systematically
improving the quality of NMR structures by combining
NMR consensus motifs with automated structure model-
ing procedures. The further application of current method-
ology to all NMR structures in the PDB library is in
progress.
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