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Abstract The 13Ca chemical shifts for 16,299 residues

from 213 conformations of four proteins (experimentally

determined by X-ray crystallography and Nuclear Mag-

netic Resonance methods) were computed by using a

combination of approaches that includes, but is not limited

to, the use of density functional theory. Initially, a vali-

dation test of this methodology was carried out by a de-

tailed examination of the correlation between computed

and observed 13Ca chemical shifts of 10,564 (of the 16,299)

residues from 139 conformations of the human protein

ubiquitin. The results of this validation test on ubiquitin

show agreement with conclusions derived from computa-

tion of the chemical shifts at the ab initio Hartree–Fock

level. Further, application of this methodology to 5,735

residues from 74 conformations of the three remaining

proteins that differ in their number of amino acid residues,

sequence and three-dimensional structure, together with a

new scoring function, namely the conformationally aver-

aged root-mean-square-deviation, enables us to: (a) offer a

criterion for an accurate assessment of the quality of NMR-

derived protein conformations; (b) examine whether X-ray

or NMR-solved structures are better representations of the

observed 13Ca chemical shifts in solution; (c) provide

evidence indicating that the proposed methodology is more

accurate than automated predictors for validation of protein

structures; (d) shed light as to whether the agreement be-

tween computed and observed 13Ca chemical shifts is

influenced by the identity of an amino acid residue or its

location in the sequence; and (e) provide evidence con-

firming the presence of dynamics for proteins in solution,

and hence showing that an ensemble of conformations is a

better representation of the structure in solution than any

single conformation.

Keywords 13C chemical shift prediction � Solution

structure � Protein structure validation � X-ray and NMR

structures � Ubiquitin

Introduction

Since the observation of numerous carbon resonances of

Hen Egg-White Lysozyme (Allerhand et al. 1973), it has

been recognized that this NMR spectroscopic technique

constitutes a source of important structural information for

proteins. Growing interest followed in the characterization

of the factors affecting observed 13C chemical shifts,

among other nuclei, and how these measured quantities can

be used for protein structure determination and/or refine-

ment. The existence of a plethora of papers and reviews

regarding the prediction of chemical shifts in biological

systems is evidence of the importance of the problem

(Oldfield and Allerhand 1975; Howard and Lilley 1978;

Malthouse 1985; Chesnut and Moore 1989; de Dios et al.

1993a, b; Case et al. 1994; Laws et al. 1995; Luginbühl

et al. 1995; Jameson 1996; Wishart and Nip 1998; Iwadate

et al. 1999; Berman et al. 2000; Case 2000; Wishart and

Case 2001; Xu and Case 2001; Oldfield 2002; Xu and Case
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2002; Meiler 2003; Neal et al. 2003; Hunter et al. 2005;

Dyson and Wright 2005; Moon and Case 2006). The

motivation to predict 13C chemical shifts arises from the

fact that they can reveal detailed information about protein

structure because their magnitudes are very sensitive to,

and depend mainly on, the backbone torsional angles

(/, w) (Spera and Bax 1991), although the influence of the

side-chain torsional angles v’s cannot be disregarded

(Havlin et al. 1997; Pearson et al. 1997; Xu and Case

2001; Sun et al. 2002; Villegas et al. 2007). However,

computation of the chemical shifts at the ab initio Hartree–

Fock or density functional theory (DFT) level for protein

structures represents a formidable task and, despite the

existence of powerful computational resources, this task

cannot be accomplished unless some approximations are

adopted. Thus, for example, Xu and Case (2001) made use

of a database of peptide chemical shifts, computed at the

DFT level, for an automatic prediction of 15N, 13Ca, 13Cb

and 13C¢ chemical shifts with their SHIFTS program (Xu

and Case 2001). The database was constructed from com-

puted chemical shifts of 1335 peptides whose backbone

torsional angles are limited to areas of the Ramachandran

map around helical and b-sheet conformations. They

obtained very good agreement between computed and

observed chemical shifts in several applications to proteins.

However, the adopted approach limits the application of

the methodology to regions of regular secondary structure,

i.e., to about 40% of the residues in proteins (Xu and Case

2001).

A different approach to solve this problem at the

quantum chemical level has been introduced by Oldfield’s

group (Havlin et al. 1997; Sun et al. 2002). They have been

able to compute the 13Ca and 13Cb shielding surfaces for

the 20 naturally occurring amino acid residues by using a

combination of approaches that includes, but is not limited

to, the following: (1) embedding each amino acid residue

in an N-formyl-amino acid amide molecule; (2) using the

locally dense basis set [6-311++G(2d,2p)] approach for the

heavy atoms and hydrogen of the backbone Ca and Cb, but

not beyond Cb (except for isoleucine side chains for which

a more extended basis set was used), with a 3-21G basis set

for the other atoms; and (3) choosing the basic side-chain

geometries that are the most abundant forms present in

proteins. Their results show good agreement with either

X-ray or average-solution NMR structures of the protein

ubiquitin, and rationalize many interesting behaviors of

observed chemical shifts in proteins, such as the observed

increase in the isotropic shielding of b-sheet over helical

geometries (Spera and Bax 1991). However, there is

considerable dependence of 13C chemical shifts on both the

backbone torsional angles (/, w) and the side-chain

torsional angles v’s (Havlin et al. 1997; Pearson et al.

1997). After a detailed comparison involving X-ray and

NMR-derived protein conformations of ubiquitin, Xu and

Case (2001) noted that modification of side-chain orienta-

tion is frequently very useful for improving the prediction

of 13C chemical shifts. This is not unexpected since the

three torsional angles /, w and v1 are not independent of

each other but involve the bonds connected to a common

Ca atom (Dunbrack and Karplus 1994; Chakrabarti and Pal

1998).

Recently, Lindorff-Larsen et al. (2005) presented a

protocol for the experimental determination of ensembles

of protein conformations that contain the native structure

and its associated dynamics. Among other important con-

clusions, these authors noted that side chains, even in the

core of the protein, occupy multiple rotameric states

(having a liquid-like character) and show considerable

variability within each rotamer, e.g., 38 out of 68 non-Ala/

Gly residues in the human protein ubiquitin were reported

to populate more than one v1 rotamer (Lindorff-Larsen

et al. 2005). In line with their observation, in recent work

(Villegas et al. 2007), we have been able to show that, for

most of the naturally occurring amino acid residues in

b-sheet strands, proper consideration of the side-chain

preferences, in particular but not limited to the v1 torsional

angle, may be crucial for good agreement between

observed and computed 13Ca chemical shifts. Hence, for

protein structure refinement at a high-level of accuracy, or

evaluation of the quality of NMR-derived structures,

proper consideration of the side-chain positions may also

be required.

Therefore, the question arises as to whether it is possible

to predict 13Ca chemical shifts for proteins without either

presupposition about the side-chain positions or a priori

assignment of the conformation of any amino acid residue

to a particular region of the Ramachandran map. An

additional question that arises is: can the computed 13Ca

chemical shifts be used to assess the quality of protein

conformations? To address these questions, use is made

here of the following combination of approaches: (1) each

of the experimentally determined conformations of a pro-

tein was regularized; (2) each amino acid X in the protein

sequence was treated as a terminally blocked tripeptide in

the regularized experimentally determined backbone and

side-chain conformations; and (3) computation of the 13Ca

chemical shifts for each amino acid residue X was carried

out by using the locally dense basis set approach. It is

worth noting that, although the proposed methodology

could be used to compute the chemical shifts for all the

nuclei of a given amino acid residue, we will focus here

only on the computed 13Ca chemical shifts for all the 20

naturally occurring amino acid residues. In this respect,

there is abundant information indicating that the main

factors affecting 13Ca chemical shifts are the backbone

(/, w) dihedral angles and the side-chain torsional angles
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(Spera and Bax 1991; Pearson et al. 1997; Iwadate et al.

1999; Villegas et al. 2007) with no influence of amino acid

sequence (Iwadate et al. 1999; Xu and Case 2002).

In this study, we first validated our methodology by

comparing the results obtained from the analysis of the

computed 13Ca chemical shifts of ubiquitin with that of an

independent study carried out by Sun et al. (2002) at the

ab initio Hartree–Fock level. Then, we applied this meth-

odology to compute the 13Ca chemical shifts for three

proteins that differ in their number of amino acid residues,

sequence and function, as well as in their three-dimensional

structure.

The results obtained from a detailed analysis of the

correlation between observed and computed 13Ca chem-

ical shifts of four proteins, listed in Table 1, enable us to

(a) estimate the quality of protein structures, i.e., by

using the computed 13Ca chemical shifts to obtain a new

scoring function: the conformationally averaged root-

mean-square-deviation (ca-rmsda); (b) examine whether

an X-ray or an NMR-solved structure is a better repre-

sentation (in terms of the ca-rmsda) of the observed 13Ca

chemical shifts in solution; (c) analyze the reliability of

the ranking of NMR-solved structures in the Protein Data

Bank (PDB); and (d) provide some evidence that the

current methodology is more accurate for validation of

protein structures than automated server predictors, such

as SHIFTS and SHIFTX (Xu and Case 2002; Neal et al.

2003).

Methods

Experimental set of structures

The experimental set of structures contains four proteins

(experimentally determined by X-ray crystallography and

NMR methods listed in Table 1) (Vijay-Kumar et al.

1987; van Nuland et al. 1994; Cornilescu et al. 1998;

Napper et al. 1999; Amann et al. 2003; Babini et al.

2004; Lindorff-Larsen et al. 2005), and their coordinates

were obtained from the Protein Data Bank (PDB) (Ber-

man et al. 2000). These proteins are identified by a four-

symbol PDB code. Details of the four-protein set ana-

lyzed, including: (i) protein names and PDB codes; (ii)

total number of amino acid residues; (iii) experimental

conditions; (iv) number of conformers used; (v) struc-

tural class, and any other data relevant to this work, are

listed in Table 1.

Table 1 Set of proteins analyzeda

Protein nameb (PDB code) Experimental conditionsc <rmsda>d (ppm) Number of observed 13C chemical shiftse

1D3Z (76) [10] (i) NMR (298, 6.6) [TSP] 2.7 ± 0.2 [2.5] (2.3)

76 (6457) [a + b]1UBQ (76) [1] (ii) X-ray (1.8) 2.7 [2.7] (2.6)

1XQQ (76) [128] (iii) Molecular dynamics 3.0 ± 0.2 [2.4] (2.1)

1HDN (85) [30] (iv) NMR (303, 6.5) [TSP] 7.2 ± 0.2 [6.9]
85 (2371) [a + b]

1CM2 (85) [1] (v) X-ray (1.8) 2.7 [2.7]

1M9O (40) [23] (vi) NMR (293, 5.8) [TSP] 4.4 ± 0.4 [3.5] 38 (5525) [n/a]

1TTX (109) [20] (vii) NMR (298, 6.5) [DSS] 3.4 ± 0.2 [2.7] 109 (6705) [a]

a For which the 13Ca chemical shifts were computed, as explained in the ‘‘Methods’’ section
b Four-symbol code used to designate the protein in the Protein Data Bank (Berman et al. 2000); (i), (ii) and (iii) pertain to ubiquitin; (iv) and (v)

pertain to the Histidine-containing Phosphocarrier protein HPr; (vi) pertains to tristetraprolin; and (vii) pertains to b-parvalbumin. The total

number of residues per protein is in parentheses; the total number of conformers used in this work is in brackets. Hence, the total number of

residues is 16,299. References to the authors of the experimental or theoretical characterizations of the structures are in parentheses, namely: (i)

Cornilescu et al. (1998); (ii) Vijay-Kumar et al. (1987); (iii) Lindorff-Larsen et al. (2005); (iv) van Nuland et al. (1994); (v) Napper et al. (1999);

(vi) Amann, et al. (2003); and (vii) Babini et al. (2004)
c Experimental method; temperature in degrees Kelvin and pH (in parentheses); and reference used for the observed 13Ca chemical shifts [in

brackets]; if the structure was solved by X-ray diffraction, the resolution in Å is in parentheses. For details of the molecular dynamics refinement

against order parameters used to generate the 128 conformers for 1XQQ see Lindorff-Larsen et al. (2005)
d The mean values <rmsda> were computed using Eq. 4, as described in the ‘‘Methods’’ section. Ca-rmsda values are reported in boldface and

brackets, and in bold face in parentheses, with correction factors of 1.82 ppm and 1.25 ppm, respectively, and were computed using Eq. 2 as

described in the ‘‘Methods’’ section and as discussed in Results and discussion section ‘‘Analysis of the error distributions of...’’. For a single

structure, as for X-ray-derived conformations, the reported value was computed by using Eq. 3 as described in the ‘‘Methods’’ section
e Total number of 13C chemical shifts as listed in the accession number under which the data can be found (Biological Magnetic Resonance Data

Bank); accession number (italicized in parenthesis) from where the observed values for the 13Ca chemical shifts were taken to compute the

correlation coefficient (Press et al. 1992), R, the rmsda and the ca-rmsda; the structural class is given [in brackets]; [n/a] is used to denote the non-

existence of any regular secondary structure elements

)
o
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Conversion of the experimental structures from flexible

to rigid ECEPP geometry

In order to carry out the present study, all the experimen-

tally determined conformations (a) were regularized, i.e.,

all residues were replaced by the standard ECEPP/3 resi-

dues (Némethy et al. 1992) in which bond lengths and

bond angles are fixed (rigid geometry approximation), and

(b) hydrogen atoms were added, if necessary. The con-

version process was carried out by generating the new

rigid-geometry conformation from the N-terminus by

adding one residue at a time and minimizing the root-

mean-square-deviation (rmsd) between all heavy atoms in

the generated fragment and the corresponding fragment in

the experimental structure (Ripoll et al. 2005). The pro-

cedure was iterated until the C-terminal group was added to

the chain. The final conformations resulting from this

regularization procedure are quite close to the experimental

ones in all cases, with rmsd values for all the heavy atoms

up to 0.2 Å, as for 1 UBQ.

Quantum-chemical calculations of the 13Ca chemical

shift

It is possible to obtain theoretical shielding values of good

quality by using large basis sets located only on the atoms

whose shifts are of interest while the rest of the atoms in

the molecule are treated with more modest basis sets

(Chesnut and Moore 1989). This is called the locally dense

basis set approach, and its use enables us to minimize the

length of the chemical-shift calculations while maintaining

the accuracy of the results (Laws et al. 1995; Pearson et al.

1997; Vila et al. 2003; Vila et al. 2004a, 2004b; Villegas

et al. 2007). A recent analysis of the effect of the locally

dense approximation to treat the effect of near-neighbor

residues in both sequence and space, such as those in

consecutive strands of a b-sheet, has been presented by

Villegas et al. (2007), who reported that an extraordinary

reduction of computational cost without significant loss of

accuracy was found.

Based on these observations, in this work we decided to

compute the 13Ca chemical shifts by treating a single res-

idue, i.e., the guest residue X, with a locally dense basis set

[6-311+G(2d,p)], while the rest of the molecule is treated

with the simpler 3-21G basis set. This notation refers to the

basic basis sets of Pople and co-workers (Hehre et al.

1986) as implemented in Gaussian-98 (Frisch et al. 1998).

All the calculated isotropic shielding values (r) were ref-

erenced with respect to a tetramethylsilane (TMS) 13Ca

chemical shift scale (d), as described previously (Vila et al.

2002).

Following the approach of Xu and Case (2001) for the

computation of the shielding, all the ionizable groups were

assumed to be uncharged. Alternatively, the charges could

have been computed by exploring the 2n possible ioniza-

tion states at a given fixed pH for all the n ionizable groups

(Ripoll et al. 1996, 2004, 2005) of every conformation of

the ensemble. Whether this alternative method would lead

to a better representation of the experimentally observed
13Ca chemical-shift values than the procedure used here

(based on uncharged side-chains) is a very important issue.

However, such analysis is beyond the scope of this work,

but is presently undergoing consideration in our laboratory.

Conversion of the computed TMS-referenced values for

the 13Ca chemical shifts to either 2,2-dimethyl-2-silapen-

tane-5-sulfonic acid (DSS) or 3-(Trimethylsilyl) propionate

sodium salt (TSP) references was carried out by adding

1.7 ppm or 1.82 ppm, respectively, to the computed values

(Wishart et al. 1995).

Method used to compute the 13Ca chemical shifts in

proteins

The following approaches were used: (1) each of the

experimentally determined conformations was regularized;

(2) each amino acid X in the protein sequence was treated

as a terminally blocked tripeptide with the sequence

Ac-GXG-NMe in the conformation of the regularized

experimental protein structure; and (3) computation of the
13Ca chemical shifts was carried out with a 6-311+G(2d,p)

locally dense basis set for each amino acid residue X, while

the remaining residues in the tripeptide were treated with a

3-21G basis set. In step (2), a local minimization for

relaxing any possible steric interactions between the side

chain of amino acid X and the rest of the tripeptide was

carried out using the ECEPP/3 force-field. However, the

only torsional angles allowed to vary during the minimi-

zation procedure were those of the N- and C-terminal

blocking groups and the neighboring glycine amino acid

residues. In other words, all backbone and side-chain tor-

sional angles of the amino acid X were identical to those

obtained after the regularization procedure. The 13Ca

chemical shifts can be computed, with the current meth-

odology, for both the reduced and oxidized forms of cys-

teine. However, for the only protein in Table 1 that

contains cysteines (in the reduced form) we omitted a

comparison between the computed and observed values for

the reasons discussed in section ‘‘Zinc-binding domain

protein’’.

Although it is possible to use computations of 13C

chemical shifts to determine whether the peptide group of

proline is in the cis or trans conformation (Schubert et al.

2002), such computations were not carried out because it is

not the goal of this paper to carry out a refinement of the

structures analyzed. Moreover, no geometry optimization

at the ab initio level was carried out because there is evi-
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dence (Pearson et al. 1997; Vila et al. 2002) that a geom-

etry-optimized structure has only a very small effect on the

computed shielding.

The time for calculation of the isotropic shielding values

(r) varied, depending on the amino acid residue type, from

~40 minutes (for Gly) to ~7 hours (for Arg) with an Athlon

2800+ processor. This means that, by using coarse-grained

parallelization, all the 13Ca chemical shifts for a protein

with l amino acid residues could be computed, on average,

in about 7 h with a Beowulf class cluster with l processors.

Use of the Computed 13Ca chemical shifts from four

proteins

The values of the 13Ca chemical shifts from 139

conformations of ubiquitin (Table 1) were computed here

to validate the proposed methodology by comparing the

computed and observed chemical shifts with results

obtained from another independent study carried out by

Sun et al. (2002), as explained in the ‘‘Results and

discussion’’ section. The computed values of the 13Ca

chemical shifts for 5,735 residues from 74 conformations

of three other proteins (Table 1) were used to estimate

the quality of the protein structures and examine whether

an X-ray or an NMR-solved structure is a better

representation of the observed 13Ca chemical shifts in

solution.

A new scoring function: the conformationally averaged

rmsda

There is abundant evidence indicating that the 13Ca

chemical shifts depend on secondary structure (Spera and

Bax 1991; Kuszewski et al. 1995; Iwadate et al. 1999) with

no influence of amino acid sequence (Iwadate et al. 1999;

Xu and Case 2002). Since a protein in solution exists as an

ensemble of conformations, we can assume that the

observed chemical shifts 13Ca
observed;l for a given amino

acid l can be interpreted as a conformational average over

different rotational states represented by a discrete number

of different conformations all of which satisfied the NMR

constraints. Hence, for each observed value, we can com-

pute the following quantity: 13Ca
computed;l ¼

PX
i¼1

ki
13Ca

l;i,

where 13Ca
l;i is the computed chemical shift for amino

acid l in conformation i out of W protein conformations

(that must satisfy the observed NMR constraints, such as

NOEs, vicinal coupling constants, Residual Dipolar Cou-

pling constants, etc., from which the conformations were

derived), and ki is the weight factor for conformation i,

with the condition
PX
i¼1

ki � 1. Under conditions of fast

conformational averaging, we will assume that ki = 1/W,

i.e., all weight factors contribute equally. Hence, for each

amino acid l, we define a function Da
l ffi ð

13
Ca

observed;l

�\13Ca
computed[l) with

\13Ca
computed[l ¼ ð1=XÞ

XX
i¼1

13Ca
l;i ð1Þ

where 1 £ l £ N, with N being the number of observed
13Ca chemical shifts. Then, a new scoring function to

assess the quality of an ensemble of conformations, namely

the conformationally averaged rmsda (ca-rmsda), can be

defined as:

ca-rmsda ¼ ð1=NÞ
XN

l¼1

ðDa
lÞ

2

" #1=2

ð2Þ

For a single structure, as an X-ray derived one, W = 1, and

hence,

ca-rmsda � rmsda

¼ ð1=NÞ
XN

l¼1

ð13Ca
observed;l � 13Ca

computed;lÞ
2

" #1=2 ð3Þ

The reported mean <rmsd> value, for a given set of W
conformations is computed as:

\rmsda[ ¼ ð1=XÞ
XX
i¼1

rmsda
i

" #
ð4Þ

The supplementary material

Information not considered crucial for the discussion is

provided in a supplementary file, which contains two fig-

ures. One of the figures is a ribbon diagram of the super-

position of 128 NMR-derived models of the protein

ubiquitin, and the other one is the frequency of the error

distribution computed from 760 (1D3Z) and 9728 (1XQQ)

residues of ubiquitin.

Results and discussion

Validation of the methodology: test on ubiquitin

Predictions of the 13Ca chemical shifts were carried out for

10,564 residues from 139 ubiquitin protein conformations

(the first three entries in Table 1). 138 of these are NMR-

derived conformations: 128 of these structures (PDB code:

1XQQ) were reported by Lindorff-Larsen et al. (2005) and

10 structures (PDB code: 1D3Z), shown in Fig. 1, were
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reported by Cornilescu et al. (1998). The remaining one is

an X-ray structure solved at 1.8 Å resolution by Vijay-

Kumar et al. (1987) [PDB code: 1UBQ].

A broad dispersion of the rmsda values among all the

1XQQ conformations is found, i.e., ranging from ~2.6 ppm

to ~3.6 ppm, as shown in Fig. 2. Such dispersion has been

observed for all four proteins analyzed in this work. Dotted

horizontal lines in Figs. 2 and 3 represent the average

<rmsda> values computed from the 1XQQ (3.0 ± 0.2 ppm)

and 1D3Z (2.7 ± 0.2 ppm) set of structures, respectively.

By using the computed 13Ca shielding surfaces for all

the naturally occurring amino acids residues, Sun et al.

(2002) carried out a comparison between computed and

observed 13Ca shielding values for the protein ubiquitin

(1D3Z). The best value of the rmsda deviation reported

by Sun et al. (2002), i.e., when using individual amino

acid shielding surfaces, is 2.7 ppm whereas, for the

X-ray structure (1UBQ), they reported an rmsda of

3.6 ppm. In our calculations, we found: (a) an averaged-

value over the 10 NMR-derived conformations of 1D3Z

of <rmsda> = 2.7 ± 0.2 ppm, and for the X-ray structure

we obtain rmsda = 2.7 ppm (as shown in Table 1); and

(b) a ca-rmsda = 2.5 ppm. Our results for 13Ca chemical

shifts for the protein ubiquitin are in excellent agreement

with those obtained by Sun et al. (2002) and, hence,

constitute a validation of our methodology. It should be

noted that Sun et al. (2002) used a single average NMR

structure as compared to the ensemble of conformations

considered in this work.

Assessment of the quality of derived molecular

conformations by using the ca-rmsda

Many quality indicators of molecular conformations of

proteins have been developed, all based on X-ray structures

(Vriend 1990; Morris et al. 1992; Vriend and Sander 1993;

Laskowski et al. 1993; Pontius et al. 1996; Doreleijers

et al. 1998; Wilson et al. 1998; Nabuurs et al. 2004;

Melnik et al. 2005; Ban et al. 2006).

Fig. 1 Ribbon diagram of the superposition of 10 NMR-derived

conformations of the protein ubiquitin (PDB code: 1D3Z)

Fig. 2 Grey filled bars indicate the rmsda computed as described in

the ‘‘Methods’’ section for each of the 128 conformations of ubiquitin

(PDB code: 1XQQ). Black filled vertical bar indicates the rmsda

computed for the X-ray derived structure of ubiquitin (PDB code:

1UBQ). The horizontal dotted line (3.0 ppm) represents the mean-

value for the rmsda computed from 128 conformations of ubiquitin

(PDB code: 1XQQ). The solid horizontal line (2.4 ppm) indicates the

ca-rmsda value computed from 128 conformations of 1XQQ (as

explained in section ‘‘Using the ca-rmsda to assess the quality...’’)

Fig. 3 Grey filled bars indicate the rmsda computed as described in

the ‘‘Methods’’ section for each of the 10 conformations of ubiquitin

(PDB code: 1D3Z). Black filled vertical bar indicates the rmsda

computed for the X-ray derived structure of ubiquitin (PDB code:

1UBQ). The horizontal dotted line (2.7 ppm) represents the mean-

value for the rmsda computed from 10 conformations of ubiquitin.

The solid horizontal line (2.5 ppm) indicates the ca-rmsda value

computed from 10 conformations of 1D3Z (as explained in section

‘‘Using the ca-rmsda to assess the quality...’’)
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Although a discussion of the precision and accuracy of

X-ray and NMR-derived conformations (Zhao and Jar-

detzky 1994; Simon et al. 2005) is beyond the scope of this

paper, our interest is to determine the quality of the

structures as a basis to validate protein conformations. The

term quality is used here only to establish whether a con-

formation, or set of conformations, is a ‘‘good represen-

tation’’ of the observed 13Ca chemical shifts in solution. It

is important to note that such ‘‘good representation’’ does

not assure that the set of protein conformations would also

satisfy other ‘quality’ indicators such as the ‘stereochemi-

cal quality’ (Laskowski et al. 1993; Vriend 1990), the

average numbers of satified NMR constraints, the rmsda

value relative to the mean coordinates, etc. From this point

of view, the conclusions derived from our analysis should

be considered complementary to other ‘quality factor’

indicators.

X-ray structures are frequently used as standards for

comparison since they appear to be more accurate (Pearson

et al. 1995; Celda et al. 1995; Laskowski et al. 1996).

However the X-ray structure may not be available or it may

not provide, in terms of the 13Ca, a better chemical-shift

representation of the structure in solution than that pro-

vided by NMR-derived conformations. As an alternative to

surmount these problems, we propose to use the values of

the ca-rmsda-per-residue. Because proteins usually differ,

among other things, in the total number of amino acid

residues, this normalized ca-rmsda would provide a rapid

assessment of the relative quality of different protein

conformations.

In the next sections, we will focus on the analysis of the

following set of proteins (listed in Table 1): (a) a set of 30

NMR-derived conformations for the histidine-containing

phosphocarrier protein (van Nuland et al. 1994) [PDB code

1HDN] and the corresponding X-ray structure solved at

1.8 Å resolution (Napper et al. 1999) [PDB code 1CM2];

and (b) two metal-binding proteins: (i) a set of 23 NMR-

derived conformations for the zinc-binding domain from

tristetraprolin (Amann et al. 2003) [PDB code 1M9O]; and

(ii) a set of 20 NMR-derived conformations for a calcium-

binding protein (Human b- Parvalbumin) (Babini et al.

2004) [PDB code 1TTX].

Analysis of a histidine-containing phosphocarrier protein

This protein contains 85 amino acid residues and it belongs

to the a + b structural class. Figure 4 shows the rmsda

versus the protein conformation number for 30 NMR-

derived protein conformations (grey-filled bars) plus the

X-ray solved structure (black-filled vertical bar). The X-ray

structure differs from the NMR-derived sequences in the

identity of the amino acid residue at position 15, i.e., Asp

for the X-ray conformation and His for the NMR-derived

conformations. Regardless of this, it can be seen from

Fig. 4 that the X-ray structure is a significantly better

representation of the observed 13Ca chemical shifts (with

an <rmsda> of 2.7 ppm) than any of the NMR-derived

conformations. The average over all 30 conformations

<rmsda> is 7.2 ± 0.2 ppm (shown by a horizontal dotted

line in Fig. 4).

Analysis of two metal-binding protein

Zinc-binding domain protein (PDB code 1M9O). This

protein was selected because the three-dimensional solu-

tion structure of the first domain reveals a novel fold

around a central zinc ion. As the authors (Amann et al.

2003) noted, the core structure is disk-like, and the fold is

distinct from all previously characterized metal-binding

domains (Amann et al. 2003). The only regular secondary

structure element is a small one-turn helix from residue

17–20 (see Fig. 5). The structure possesses three Cys res-

idues that are coordinated to the zinc. The observed 13Ca

chemical shifts for the three Cys were omitted from the

comparison with the computed values since the regularized

conformation of the structures does not take the presence of

zinc into account. For this reason, the rms deviations

reported in Table 1 were computed from 35 out of 38

Fig. 4 Grey filled bars indicate the rmsda computed as described in

the ‘‘Methods’’ section for each of the 30 conformations of a

histidine-containing phosphocarrier protein (PDB code: 1HDN).

Black filled vertical bar indicates the rmsda computed for the

corresponding X-ray structure of the histidine-containing phospho-

carrier protein after the mutation of His15 to Asp15 (PDB code:

1CM2). Horizontal dotted line (7.2 ppm) represents the mean-value

for the rmsda over the 30 conformations. The solid horizontal line
(6.9 ppm) indicates the ca-rmsda value computed from 30 confor-

mations of the protein 1HDN by using Eq. 2
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observed 13Ca chemical shifts. Figure 6 shows the distri-

bution of the rmsda value versus the protein conformation

number for 23 NMR-derived protein conformations (grey-

filled bars).

The computed values (higher than those obtained for the

protein ubiquitin) for the ensemble-averaged rmsda devia-

tion (as reported in Table 1) imply that it should be pos-

sible to improve the structure of 1M9O by using 13Ca

chemical shift information.

Calcium-binding protein (PDB code 1TTX). This is a

109 amino acid residue Ca2+ binding protein (Babini

et al. 2004) which, in comparison with the zinc-binding

protein, possesses a very well-defined, mainly a-helical,

secondary structure. The distribution of the rmsda values

as a function of the protein conformation number is

shown in Fig. 7.

Common features. There are several common features in

the analysis of these two metal-binding proteins. The

presence of the bound metal, i.e., zinc or calcium, was not

taken into account during the computation of the 13Ca

chemical shifts. We observe a significant dispersion of the

rms deviation as a function of conformation number (as

shown in Figs. 6, 7). For both proteins, the best represen-

tative deposited conformer (in terms of computed chemical

shifts) reported by Amann et al. (2003) and Babini et al.

(2004), is their conformation No. 1, although in our study

the best agreement was obtained for conformations Nos. 10

and 12, for the zinc- and calcium-binding proteins,

respectively (see Figs. 6, 7). There is notably better

agreement between computed and observed 13Ca chemical

shifts for protein 1TTX than for 1M9O, as reported in

Table 1.

Using the ca-rmsda to assess the quality of the NMR-

derived conformations

The use of the ca-rmsda value (shown in Table 1 in

brackets) as a scoring function to evaluate the quality of

Fig. 5 Ribbon diagram of the superposition of 23 NMR-derived

conformations of a metal-binding protein (PDB code: 1M9O)

Fig. 6 Grey filled bars indicate the rmsda computed as described in

the ‘‘Methods’’ section for each of the 23 conformations of a metal-

binding protein (PDB code: 1M9O). Horizontal dotted line (4.4 ppm)

represents the mean-value for the rmsda over the 23 conformations.

The solid horizontal line (3.5 ppm) represents the ca-rmsda value

computed from 23 conformations of the protein 1M9O by using Eq. 2

Fig. 7 Grey filled bars indicate the rmsda computed as described in

the ‘‘Methods’’ section for each of the 20 conformations of a metal-

binding protein (PDB code: 1TTX). Horizontal dotted line (3.4 ppm)

represents the mean-value for the rmsda over the 20 conformations.

The solid horizontal line (2.7 ppm) represents the ca-rmsda value

computed from 20 conformations of the protein 1TTX by using Eq. 2
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protein conformations has led to the following general

conclusions. For the proteins 1XQQ, 1HDN, 1M9O and

1TTX, the results in terms of the ca-rmsda value provide a

better, or equal, prediction of the observed 13Ca chemical

shifts than do any of the individual conformations (see

solid line in Figs. 2, 4, 6, 7). In the case of 1D3Z, a similar

conclusion can be derived, except for conformation No. 4,

as can be seen from Fig. 3. The 13Ca chemical shifts of

1XQQ and 1D3Z in solution can be reproduced almost

equally well, although the results for the 1XQQ ensemble

seem to be slightly better (see values in brackets in Ta-

ble 1). On the other hand, both the 1XQQ and 1D3Z

ensembles are better representations of the observed 13Ca

chemical shifts in solution than the X-ray structure (see the

values in brackets in Table 1). In general, the ca-rmsda

values are significantly lower when compared with the

mean <rmsda> for all proteins.

Since Table 1 contains proteins with different numbers

of amino acid residues, in the next two sub-sections we will

focus first on the quality of conformations belonging to the

same protein, namely ubiquitin, and then we will discuss

the relative quality of the conformations belonging to dif-

ferent proteins.

Analysis of the quality of ubiquitin protein conformations

A comparison of the results obtained for the protein

ubiquitin shows that there is a larger decrease between

the <rmsda> and ca-rmsda values (shown in Table 1) for

1XQQ than for 1D3Z. Our interest centers in under-

standing the origin of such differences for these two sets

of protein conformations. The ensemble of structures of

1D3Z is significantly more compact than that of 1XQQ.

This can be seen qualitatively, by a visual inspection of

Figs. 1 and S1 (see supplementary material), or quanti-

tatively by comparing the standard deviation (r) of the

error distribution (see ‘‘Analysis of the error distributions

of...’’ section or Fig. S2a–b). The error distribution de-

rived from 1XQQ (r = 2.4 ppm) shows a broader dis-

persion than that from 1D3Z (r = 1.7 ppm). Although

both ensembles satisfied all the experimental NOEs, the

backbone residual dipolar coupling, and the side-chain

scalar couplings with similar accuracy (Lindorff-Larsen

et al. 2005), the ensemble of conformations representing

both the native structure and its dynamics, namely

1XQQ, seems to be a slightly better representation of the

observed 13Ca chemical shifts in solution, as revealed by

the ca-rmsda shown in brackets in column 3 of Table 1,

than that derived from a highly refined set of structures,

namely 1D3Z, in which the dynamics associated with the

backbone and side-chain mobility was not taken into

account explicitly (by using information derived from

NMR relaxation parameters).

Analysis of the quality among four different sets of proteins

In terms of the ca-rmsda-per-residue, computed for each

of the protein sets shown in Table 1, the ranking of quality

is: 1TTX (0.025) > 1XQQ (0.032) ~ 1D3Z (0.032) ~
1CM2(0.032) ~ 1UBQ (0.035) >> 1HDN (0.081) >

1M9O (0.10). These results suggest that further refinement

of the 1HDN and 1M9O structures is necessary in order to

improve the computed ca-rmsda-per-residue to the level

observed for the other three proteins.

Analysis of the error distributions of ubiquitin protein

conformations

An analysis of the error distributions of the computed 13Ca

chemical shifts was carried out for all the conformations of

the ubiquitin protein, and is listed in Table 2. The error

between computed and observed 13Ca chemical shifts, for

each residue (l) of each conformation of these proteins,

was evaluated as: Da
l ¼ ð

13
Ca

observed;l � 13Ca
computed;lÞ. In all

cases, the accumulated error distribution (see Fig. S2a and

b for 1D3Z and 1XQQ, respectively, in supplementary

material) can be modeled by a Normal (or Gaussian)

function with a characteristic mean (xo) and standard

deviation (r). These values, characterizing the error

Table 2 Analysis of the 13Ca error distribution for ubiquitin con-

formationsa

PDB codeb Parameters for the Gaussian

distribution of the errorsc

Mean valued

(xo) [ppm]

Standard deviation

(r) [ppm]

1D3Z (760) 0.6 (0.0) 1.7

1UBQ (76) 0.8 (0.1) 1.4

1XQQ (9728) 0.9 (0.3) 2.4

a The error between computed and observed 13Ca chemical shifts,

for each residue (l), was computed as: Da
l ¼ ð13Ca

observed;l�
13Ca

computed;lÞ. Then, the frequency of the distribution within a certain

interval was binned, and the resulting data were fitted with a Gaussian

(or Normal) function (see Fig. S2a–c in supplementary material)
b The total number of residues in the ensemble, obtained as the

product of the number of residues in the sequence, 76, times the

number of conformers that were considered for the error calculations,

is shown in parentheses
c Parameter obtained from the Gaussian (Normal) distribution of

errors, namely the mean (xo) and the standard deviation (r), based on

the total number of errors between computed and observed 13Ca

chemical shifts
d The mean (xo) value in parentheses was computed assuming a

correction factor of 1.25 ppm, rather than 1.82 ppm used here, to

convert the TMS-referenced values for the 13Ca chemical shifts to

TSP, as explained in the Results and discussion section ‘‘Analysis of

the error distributions of...’’
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distribution of the computed 13Ca chemical shifts for each

of these sets of conformations, are listed in Table 2. All the

Normal (or Gaussian) distributions possess a mean value

(xo) close to ~0.7 ppm (which should be compared with the

ideal value of xo = 0 ppm). In particular, the r values listed

in Table 2 are similar and within, or show a small depar-

ture from, the range of the standard deviation (0.90 ppm

£ r £ 2.25 ppm) observed by Wang and Jardetzky

(2002) for 13Ca chemical shifts (from a database containing

more than 6,000 amino acid residues in a-helix, b-sheet

and statistical-coil conformations). An important source of

the computed errors from the ubiquitin conformations

came from residues exhibiting high mobility, such as those

that pertain to loops or highly flexible portions of the

molecule, for example, Gly-76 (Da = 10.4 ppm, confor-

mation 6) and Asn-60 (Da = 9.6 ppm, conformation 2)

from 1D3Z; Met-1 (Da = 12.8 ppm and 11.6 ppm, con-

formations 82 and 99, respectively) from 1XQQ, etc.

The existence of large errors (Da ‡ 10 ppm) for some

residues of proteins 1D3Z and 1XQQ (see Fig. S2a and b

in the supplementary material) deserves some additional

consideration. The origin of such large errors may lie in

either the method or in deficiencies in the structure set.

However, these are not likely sources because the method

was already tested in the ‘‘Validation of the methodology:

test on ubiquitin’’ section, and all the structures were

determined at a high level of resolution. Even more

important than the existence of such large errors is their

frequency because it will critically affect the computation

of the ca-rmsda. As can be seen from Fig. S2a and b

(supplementary material), such frequencies for 1XQQ are

extremely small because of the Gaussian nature of the error

distribution. In other words, about 99.7% of the errors lie

within 3r, i.e., with a Da £ 7.0 ppm).

It is well known that use of different methods and

standards for chemical-shift referencing could be an

important source of errors (Wishart et al. 1995; Iwadate

et al. 1999; Cornilescu et al. 1999). For this reason, it is

common practice to apply corrections to the published

shifts to bring the data of several proteins into close

agreement (Iwadate et al. 1999). More important, protein

structures obtained by NMR based on the same standards,

such as TSP or TMS or DSS, may require different cor-

rections, in some cases greater than 1 ppm (Iwadate et al.

1999). We avoid including such adjustments because they

add empiricism to the predictive method. However, the

reader should be aware that such corrections may have

significant influence on some parameters that are reported

here. Thus, for example, if we use an empirical correction

factor of 1.25 ppm, rather than the 1.82 ppm suggested by

Wishart et al. (1995), and used here, to convert the com-

puted TMS-referenced values for the 13Ca chemical shifts

to TSP, the systematic shift (~0.7 ppm) observed in the

mean value, xo, for 1D3Z, 1UBQ and 1XQQ will be sig-

nificantly lower, i.e., the recomputed mean xo value will be

zero (see Fig. S2c in supplementary material), or close to

zero, as shown in parentheses in column 2 of Table 2. As a

consequence, the recomputed ca-rmsda (values in paren-

thesis in column 3 of Table 1) will also be lower, i.e., by

~0.2 ppm, than the values reported in brackets in column 3

of Table 1, for 1D3Z, 1UBQ and 1XQQ. Although further

calibration, using a larger data set of proteins, would

alleviate such problems, it is not computationally feasible

at the moment and, hence, a discussion of such effect for

the remaining three proteins in Table 1 is beyond the scope

of this work.

Distribution of the agreements for the 13Ca chemical

shifts in 1XQQ

A complementary analysis to that of section ‘‘Analysis of

the error distributions of...’’ is the percentage of agreement

between observed and computed 13Ca chemical shifts, for

each amino acid residue in the sequence. Here, agreement

means that the computed error (Da) between observed and

computed 13Ca chemical shifts is lower than a certain

cutoff (2.25 ppm). This selected cutoff corresponds to the

highest standard deviation (r) observed for 13Ca chemical

shifts for a-helix, b-sheet and statistical-coil by Wang and

Jardetzky (2002). Among all the protein conformations for

ubiquitin (1UBQ, 1D3Z and 1XQQ), we chose to illustrate

the analysis on the 128 conformations of ubiquitin from

1XQQ. Thus, the results obtained from 9,728 residues (see

Table 2), enabled us to draw two conclusions.

First, the distribution of the agreements does not depend

on the amino acid residue type. For example, two alanines

in ubiquitin, Ala-28 and Ala-46, have 72% and 25% of

agreement, respectively; two out of six glutamines, Gln-31

and Gln-41, have agreements of 83% and 32%, respec-

tively, etc. The fact that some amino acids in regular sec-

ondary-structure regions, with little, or no, influence of the

side-chain conformations, such as Ala-28 in the a-helical

region of the molecule, do not show 100% agreement be-

tween observed and computed 13Ca chemical shifts within

a cutoff of 2.25 ppm, deserves some additional consider-

ation. Because of the methodology used here for the cal-

culation of the 13Ca chemical shifts, the possible existence

of small steric clashes or other artifacts related to the cal-

culations other than structural differences among confor-

mations, must be ruled out. For the residue Ala-28, analysis

of the dispersion of the backbone (/, w) angles [among the

128 conformations of 1XQQ] showed that 41% and 57% of

the / and w angles, respectively, are, within a cutoff of 10�,

in agreement with the canonical a-helical values (–60.0�;

–40.0�). A 100% agreement is attained only if the adopted

cutoff is 30�. The criterion of 10� was adopted because
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most of the a-helices are well represented by canonical

values of the dihedral angles, i.e., with / = –62�± 8� and

w = –42�± 10� (Spera and Bax, 1991), although some

exceptions appear for solvent-exposed a-helices which are

often bent. The rmsd between observed and predicted 13Ca

chemical shifts for Ala-28, computed from the 128 con-

formations, is 1.6 ppm and the difference between the

maximum and minimum 13Ca chemical shifts (the range of

the predictions) computed among the 128 conformations

for Ala-28 is 4.23 ppm. As an additional test on Ala-28, the

same analysis was carried out for the 10 conformations of

1D3Z. Significantly lower values were found: (i) for the

dispersion of the backbone angles, 100% of the backbone

(/, w) angles are within a 10� cutoff with respect to the

canonical a-helical values; and (ii) for the difference

between the maximum and minimum 13Ca chemical shifts

(the range of the predictions), a value of 0.47 ppm, was

found. Consistently, a markedly lower rmsd (1.0 ppm) was

also obtained. Moreover, 100% of the Ala-28 residues in

1D3Z show an error (Da), between observed and computed
13Ca chemical shifts, lower than the standard deviation

(r = 1.7 ppm) computed for this set of conformations. This

analysis allows us to conclude that the broad range of

variations of the backbone (/, w) angles of Ala-28, in the

set of 128 conformations of 1XQQ, is the origin of the

observed dispersion in the distribution of the agreements

for this residue.

Second, there is no clear preference, in terms of the

agreement, for a particular location of the residue in the

sequence, i.e. for a-helix, extended strands or loop regions

(as seen in Fig. 8). For example, Val-26 is in an a-helix

portion while Val-70 belongs to an extended-strand, and

they exhibit agreements of 50% and 80%, respectively.

Among all the threonines, Thr-9 pertains to a loop region,

whereas, Thr-12, Thr-14, Thr-55 and Thr-66 to extended-

strands with very dissimilar percentages of agreement,

namely, 84%, 18%, 18%, 81% and 10%, respectively.

Analysis of the average agreement within a given sec-

ondary structure element, i.e., without considering the

identity of the residues, indicated that there is no significant

difference in the average values obtained for the a-helix

regions (~67%) or for the extended strand regions (~59%,

i.e., as an average over the 7 extended strands in the se-

quence). Moreover, none of these average values deviate

significantly from the one computed for the whole se-

quence (~59%) (see Fig. 8). These results indicate that the

agreement between computed and observed 13Ca chemical

shifts does not show significant dependence on either the

identity of the amino acid residue or the location of the

residue in the sequence.

Additional evidence for the presence of dynamics: the

theoretical minimal-rmsd model for 1XQQ

Examination of the chemical shifts of all the amino acids in

the 128 conformations of 1XQQ enable us to identify the

amino acid at each position in the sequence whose com-

puted chemical shifts most closely match the observed

ones, among all these conformations. This identified set of

individual amino acid conformations corresponds to only

one conformation of the whole chain: the ‘theoretical

minimal-rmsd model’. Such conformations possess an

rmsd equal to 0.28 ppm which is drastically lower, i.e.,

about 10 times, than any rmsd of any ubiquitin confor-

mation from which it was derived. However, such a con-

formation is one with multiple atomic clashes, i.e., with a

non-bonded energy greater than 1012 kcal/mol according to

the ECEPP/3 force-field, and with an all heavy-atom rmsd

greater than 10 Å when compared with any conformation

solved by NMR or X-ray, such as 1XQQ, 1D3Z or 1UBQ.

This example illustrates that a single conformation as an

‘optimal representation’ of the observed 13Ca chemical

shifts in solution does not exist for ubiquitin, and it might

not exist for any protein. This constitutes evidence, addi-

tional to that showing that the ca-rmsd is lower than the

<rmsd>, for the presence of dynamics for the structures in

solution. In other words, the observed 13Ca chemical shifts

in solution cannot be represented by a single conformation.

This analysis also points out that a necessary condition,

to use the 13Ca chemical shifts for a validation test, is that

Fig. 8 Bars indicates the distribution of the percentage of agreement

(for each residue of 1XQQ in the whole ensemble) between computed

and observed 13Ca chemical shifts, within a tolerance of 2.25 ppm, as

described in ‘‘Results and discussion’’ section ‘‘Distribution of the

agreements for the 13Ca chemical shifts in 1XQQ’’. The a-helix

portions (from residues 24–33 and 56–59) is shown in red, the

extended-strands (from residues 2–7, 12–15, 22, 41–45, 48–49, 55,

66–71) are indicated in green, while the rest of the residues are in

light-grey. The dashed horizontal line indicates the average percent-

age of agreement (~59%) computed over all the residues in the

sequence
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the conformation or ensemble of conformations must sat-

isfy all the other NMR constraints, as was mentioned in

section ‘‘A new scoring function: the conformationally

averaged rmsda.’’ In other words, validation of a confor-

mation or set of conformations based only on the agree-

ment between computed and observed 13Ca chemical shifts

is not sufficient, preventing their use, if additional NMR

data such as NOEs are not provided, for protein structure

determination (Vila et al. 2007).

Validation of structures: a comparison with results

of automated prediction of 13Ca chemical shifts

Our interest focuses on whether the results from a physics-

based method, such as those obtained with the current

methodology, are more accurate than those obtained from

automated servers, such as SHIFTX (Neal et al. 2003) and

SHIFTS (Xu and Case 2001, 2002), for validation of pro-

tein conformations. As a test of the sensitivity of the dif-

ferent methods to significant differences in protein

structure, we considered conformation 1 of two proteins,

i.e., 1D3Z (shown in Fig. 1) and 1M9O (shown in Fig. 5).

These two proteins were chosen because they possess large

differences in stereochemistry quality. For example,

according to the PROCHECK program (Laskowski et al.

1996), ~2% and ~70% of the non-proline non-glycine

residues in 1D3Z and 1M9O, respectively, are outside of

the most favored regions of the Ramachandran map. The

average number of abnormally short interatomic distances

per residue, according to the WHAT_IF program (Vriend

1990), is considerably different in 1D3Z and 1M9O (~0.08

and ~1.1, respectively). The correlation coefficient R, or

Pearson coefficient (Press et al. 1992) between observed
13Ca chemical shifts and those computed with SHIFTX,

SHIFTS and with our methodology for conformation 1 of

1D3Z is: R = 0.98, 0.98 and 0.90, respectively, while the

corresponding values for conformation 1 of 1M9O are:

R = 0.94, 0.89 and 0.62, respectively. If only the corre-

lation coefficient, R, was used to assess the quality of these

two protein conformations, we would conclude that, in the

case of SHIFTX, both conformations are of comparable

quality; in the case of SHIFTS, one conformation is of

better quality and, from our calculations, one conformation

shows significantly better quality, in line with its greater

stereochemical quality. The SHIFTS predictions can dis-

criminate between structures better than those of SHIFTX,

but not as well as the current methodology. This conclusion

should not be surprising because SHIFTS makes use of a

database of peptide chemical shifts computed at the DFT

level (Xu and Case 2001). On the other hand, SHIFTX

(Neal et al. 2003) is a hybrid predictive method, which

combines an empirical hypersurface approach to calculate

chemical shifts from atomic coordinates. In other words,

our analysis of 1M9O and 1D3Z conformations indicated

that the results from these servers are less sensitive than the

current methodology to validate conformations and,

therefore, may not be able to provide enough guidance in

selecting the most accurate protein structures.

Conclusions

The methodology tested here on a set of 139 conformations

of ubiquitin led to results that show better agreement, in

terms of ca-rmsda, than those from the analysis of Sun

et al. (2002). Conceivably, the good agreement in the

prediction of the 13Ca chemical shifts in terms of the

ca-rmsda value for both the 1D3Z and the 1XQQ ensem-

bles is a consequence of the fact that it does not seem to be

crucial, for accounting for prediction of 13C chemical

shifts, as to whether or not the residues belong to a-helix,

extended structure, or loop regions of the molecule.

Some additional conclusions regarding the comparison

between computed and observed 13Ca chemical shifts dis-

cussed here follow. First, the X-ray-derived structure may

be (see Fig. 4) or may not be (see Figs. 2, 3) a better

structure than the NMR-derived solution structures with

which to compute (represent) the observed 13Ca chemical

shifts. In terms of the ca-rmsda value, the NMR-derived

structures of ubiquitin from both 1D3Z (see Fig. 3) and

1XQQ (see Fig. 2) are better representations of the ob-

served 13Ca chemical shifts in solution than the X-ray

structure. Second, there is a random correlation, R, between

the rmsd of a single structure and the ranking of the NMR-

solved structures deposited in the PDB for all proteins,

except 1HDN (see ranking distribution in Figs. 2–4, 6, 7).

The computed correlations are: R = 0.02; 0.12; 0.43;

0.14; and –0.04, for 1XQQ, 1D3Z, 1HDN, 1M90 and

1TTX, respectively. As a consequence, if there is a need

for selection of a single structure from an ensemble of

conformers, e.g., as frequently may occur for structure

predictions in drug or protein design, analysis of protein–

protein interactions, or antibody specificity, etc., some

standard criterion should be adopted. We propose here that

a fast and straightforward selection of a ‘reliable single-

model structure’ can be carried out (a) by using the ap-

proach presented here to predict the 13Ca chemical shifts

for each of the available models, and (b) select the best-

ranked structure based on the quality of the models as

determined by their rmsda. Furthermore, use of the ca-

rmsda value has led to closer agreement with the observed
13Ca chemical shifts in solution than when individual, or

the mean, rmsda was used. In other words, proteins in

solution are conformationally labile, as indicated by both

the ca-rmsd and the theoretical minimal-rmsd model

analyses, and this must be taken into account (as we do

here by averaging over all conformations of the set) to
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predict the 13Ca chemical shifts most accurately. This result

should not be surprising because we know from Zhao and

Jardetzky (1994) that ‘‘...the ‘‘true’’ solution structure is in

reality an ensemble of structures...’’

Notably, among all conformations analyzed in this work

in terms of the ca-rmsda-per-residue, the set of 20 confor-

mations of Protein 1TTX (Babini, et al. 2004) is the best

representation of the observed 13Ca chemical shifts in solution.

Although quantum mechanical methodologies such as

the one proposed here are much more CPU demanding than

the automatic servers, they are extremely sensitive to the

coordinates of all atoms, and hence very useful for judging

the quality of different conformations for a given protein.

In particular, our analysis has demostrated that the current

methodology is more accurate than those utilized in the

automated servers for the purpose of protein structure

validation, which is a necessary, but not sufficient, condi-

tion for the process of protein structure generation, evalu-

ation and refinement. Certainly, it does not minimize the

importance and the capabilities of the predictions of servers

such us SHIFTX and SHIFTS for many other applications,

such as chemical shift assignment, chemical shift valida-

tion, reference checking, etc. (Neal et al. 2003). Even more

important, the information obtained with the current

methodology can be incorporated into any of the existing

automatic servers to improve their sensitivity.

Further application of the current methodology includes

protein structure determination by a combined use of NOEs

and torsional constraints for both the backbone and side

chain, derived from the 13Ca chemical shifts computed at

the DFT level. This is feasible because the current meth-

odology enables us to identify and select a set of backbone

and side-chain torsional angles for all amino acid residues

in the sequence, based on the lowest error between com-

puted and observed chemical shifts (Vila et al. 2007).
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