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The program SFCHECK [Vaguine et al. (1999), Acta Cryst.

D55, 191±205] is used to survey the quality of the structure-

factor data and the agreement of those data with the atomic

coordinates in 105 nucleic acid crystal structures for which

structure-factor amplitudes have been deposited in the

Nucleic Acid Database [NDB; Berman et al. (1992), Biophys.

J. 63, 751±759]. Nucleic acid structures present a particular

challenge for structure-quality evaluations. The majority of

these structures, and DNA molecules in particular, have been

solved by molecular replacement of the double-helical motif,

whose high degree of symmetry can lead to problems in

positioning the molecule in the unit cell. In this paper, the

overall quality of each structure was evaluated using

parameters such as the R factor, the correlation coef®cient

and various atomic error estimates. In addition, each structure

is characterized by the average values of several local quality

indicators, which include the atomic displacement, the density

correlation, the B factor and the density index. The latter

parameter measures the relative electron-density level at the

atomic position. In order to assess the quality of the model in

speci®c regions, the same local quality indicators are also

surveyed for individual groups of atoms in each structure.

Several of the global quality indicators are found to vary

linearly with resolution and less than a dozen structures are

found to exhibit values signi®cantly different from the mean

for these indicators, showing that the quality of the nucleic

acid structures tends to be rather uniform. Analysis of the

mutual dependence of the values of different local quality

indicators, computed for individual residues and atom groups,

reveals that these indicators essentially complement each

other and are not redundant with the B factor. Using several

of these indicators, it was found that the atomic coordinates of

the nucleic acid bases tend to be better de®ned than those of

the backbone. One of the local indicators, the density index, is

particularly useful in spotting regions of the model that ®t

poorly in the electron density. Using this parameter, the

quality of crystallographic water positions in the analyzed

structures was surveyed and it was found that a sizable

fraction of these positions have poorly de®ned electron

density and may therefore not be reliable. The possibility that

cases of poorly positioned water molecules are symptomatic of

more widespread problems with the structure as a whole is

also raised.
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1. Introduction

The atomic coordinates of biological macromolecules

obtained by X-ray diffraction and NMR experiments repre-

sent a compromise between the ®t to the experimental data

and our knowledge of chemistry, because the data provided by
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these techniques usually lack atomic resolution. This

compromise is achieved with the help of re®nement proce-

dures. The quality of the model produced by these procedures

is not uniform. It not only depends on the quality of the

experimental data but also on the re®nement protocol and the

reference values used to describe the chemistry of the

macromolecular components. Additionally, a model of good

overall quality may still contain regions where the atomic

coordinates are less accurately de®ned. This may become a

particularly important issue if these regions are associated

with biological function.

Several software packages have been developed in recent

years for evaluating the quality of protein structures. The most

widely used programs are PROCHECK (Laskowski,

MacArthur et al., 1993) and WHAT-IF (Hooft et al., 1996).

These programs assess the quality of the geometric and

stereochemical parameters of protein molecular models (e.g.

covalent bonds and angles, main-chain and side-chain dihedral

angles, geometry of chiral centre etc.). This is performed by

evaluating how these parameters deviate from their standard

values, which are derived from crystals of small molecules

(Engh & Huber, 1991) and from a reference set of high-quality

protein structures (Laskowski, Moss et al., 1993; Hooft et al.,

1996).

More recently, standard values for the valence geometry of

the nucleic acid bases (Clowney et al., 1996) and sugar±

phosphate backbone (Gelbin et al., 1996) have also been

derived from small-molecule crystal structures. These were

used as the basis for the parameter ®les in nucleic acid

re®nement (Parkinson et al., 1996) in X-PLOR (BruÈ nger,

1992b) and CNS (Brunger et al., 1998). The program

NUCHECK (Feng et al., 1998) checks the deviation of the

covalent geometry from these standard values, the torsion-

angle ranges (Schneider et al., 1997) and chirality, among other

features, in all nucleic acid structures that are deposited in the

NDB (http://ndbserver.rutgers.edu/; Berman et al., 1992).

The model compliance with the standard geometric para-

meters is however inadequate for detecting errors, since these

parameters are usually also used as restraints in the re®ne-

ment and hence may leave their mark on the ®nal model

(Stewart et al., 1990). Furthermore, compliance with the

standard parameters does not re¯ect the agreement with the

experimental data, but with the standard re®nement practices

(Laskowski, MacArthur et al., 1993; Laskowski, Moss et al.,

1993).

The stereochemical quality measures must therefore be

supplemented with procedures that evaluate the quality of the

experimental data and the agreement of the derived atomic

model with those data. In the case of crystal structures, the

experimental data are the structure-factor amplitudes derived

from the X-ray diffraction of the crystal.

The quality and completeness of the experimental data are

usually evaluated during various stages of the structure-

determination process by different programs. However,

assessing the agreement of a given model with the experi-

mental data is still performed on a rudimentary level for

macromolecules.

Global indicators of the agreement between the experi-

mental data and the model, such as the R factor, can be

misleading, especially when there is limited data. The `free R

factor' (Rfree; BruÈ nger, 1992a), which is based on standard

statistical cross-validation techniques (BruÈ nger, 1997), is more

informative. However, there are so far no clear guidelines on

what an `acceptable' Rfree value should be (Kleywegt &

BruÈ nger, 1996), although several ways of estimating it have

been proposed (Dodson et al., 1996; Tickle et al., 1998, 2000).

Macromolecular structures feature different levels of

precision in different regions and there needs to be some local

quality indicators to help pinpoint regions with likely errors in

the structure. In small-molecule crystals this is achieved by

computing the estimated standard uncertainty (e.s.u.) for the

atomic coordinates and the B factors from the variance±

covariance matrix obtained by inverting the full normal

equation matrix (Cruickshank, 1965). This poses problems in

macromolecules, mainly because the quality of the re®nement

of structures below atomic resolution is dependent on

including restraints and hence the X-ray-based normal matrix

alone does not re¯ect the quality of the ®t between the model

and the experiment.

Lately, however, an increasing number of macromolecular

structures, primarily those solved at atomic resolution, have

had their e.s.u.s computed (Deacon et al., 1997; Harata et al.,

1998), often using the program SHELXL (Sheldrick, 1993;

Sheldrick & Schneider, 1997), which was recently extended to

proteins.

Other methods for determining the relative precision of

atoms in macromolecular structures involve calculating the

agreement between the model and the electron density in

speci®c regions. The newer approach by Zhou et al. (1998) is

related to the real-space R factor of Jones et al. (1991), but

computes the electron density in a different way (Chapman &

Rossmann, 1995).

We present here the application of a uni®ed set of criteria

for evaluating the experimental data and the agreement of the

model with those data in biological macromolecules. These

procedures are collated in the stand-alone software package

SFCHECK (Vaguine et al., 1999), which performs these

evaluations on a given structure completely automatically and

provides a concise pictorial output of the results in PostScript

format. This offers the opportunity of surveying and

comparing the results obtained for a large number of struc-

tures using the same criteria.

In this work, we use SFCHECK to survey the quality of

deposited nucleic acid structures. These structures, particu-

larly DNA, present a special challenge with respect to

validation. The diffraction data is often limited and the

frequently observed pseudo-continuous helix generated by

crystallographic symmetry is one cause for making errors with

respect to helix register, especially when molecular-replace-

ment methods are used for structure determination. Such

errors are usually quite dif®cult to detect (Joshua-Tor et al.,

1992; Vojtechovsky et al., 1995).

A total of 145 nucleic acid entries have been processed from

the NDB and the Protein Data Bank (PDB; Bernstein et al.,



1977; Berman et al., 2000; http://

www.pdb.org/) for which both

structure-factor data and atomic

coordinates were available.

From these, a subset of 105

structures is selected for which a

meaningful quality assessment

can be performed. The quality of

these structures is evaluated

both at the global and local

levels. At the global level, we

use descriptors such as the R

factor, correlation coef®cient

and various atomic coordinate

error estimates. At the local

level, a set of local quality

measures is computed for

each residue or atom group

in individual structures. These

measures comprise the per-

residue (or per-group) atomic

displacement, density correla-

tion and B factor, as well as a

measure of the local electron-

density level.

Our study focuses on identifying general trends across

structures and typical trends across groups within individual

structures chosen as examples. A detailed account of the

quality of individual structures examined in this work may be

obtained by consulting the SFCHECK outputs available on

the World Wide Web (http://ndbserver.rutgers.edu/NDB/

archives/).

2. Methods

2.1. Analysis performed by SFCHECK

In this section, we give a succinct description of the para-

meters computed by SFCHECK, as well as the conditions used

by this software in performing the analysis described in this

work. A detailed description of these parameters and the

various features of the software can be found elsewhere

(Vaguine et al., 1999).

2.1.1. Treatment of structure-factor data and scaling. The

following operations are performed on the structure-factor

data. Re¯ections are excluded if they are systematically

absent, negative or have ¯agged � values (99.9). Equivalent

re¯ections are merged. The amplitudes of missing re¯ections

are approximated by taking the average value for the cor-

responding resolution shell.

From the model coordinates, SFCHECK calculates struc-

ture factors and scales them to the observed structure factors.

The scaling factor S is computed using a smooth cutoff for low-

resolution data (Vaguine et al., 1999) as shown in Table 1. This

involves the calculation of the observed and calculated overall

B factors from the standard deviations of the Gaussian ®tted

to the Patterson origin peaks (see Table 1 and Vaguine et al.,

1999).

To assess the quality of the structure-factor data, the

program computes four additional quantities: the complete-

ness of the data, the uncertainty of the structure-factor

amplitudes, the optical resolution and the expected optical

resolution (see Table 1 for details).

2.1.2. Global agreement between the model and experi-
mental data. To evaluate the global agreement between the

atomic model and the experimental data, the program

computes three commonly used quality indicators of X-ray

structures of macromolecules. These are the classical R factor,

Rfree (BruÈ nger, 1992a) and the correlation coef®cient CCF

between the calculated and observed structure-factor ampli-

tudes (see Table 1). The ®rst two quantities are computed

using (i) all the considered re¯ections (except those approxi-

mated by their average value in the corresponding resolution

shell) and (ii) applying the same resolution and � cutoff as

those reported by the authors. The correlation coef®cient is

computed using all re¯ections from the reported high-

resolution limit, applying the smooth low-resolution cutoff but

no � cutoff.

2.1.3. Estimations of errors in atomic positions. The errors

associated with the atomic positions are expressed as standard

deviations (�) of these positions. SFCHECK computes three

different error measures. One is the original error measure of

Cruickshank (1949). The second is a modi®ed version of this

error measure, in which the difference between the observed

and calculated structure factors is replaced by the error in the

experimental structure factors. The ®rst two error measures

are the expected maximal and minimal errors, respectively,

and the third measure is the diffraction precision indicator
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Table 1
Parameters computed for the analysis of the structure-factor data.

The leftmost column lists the parameter, the next column gives the formula or de®nition of the parameter and the
third column contains a short description of the meaning of the parameter, whenever warranted.

Parameter Formula/de®nition Meaning

Completeness (%) Percentage of the expected number of
re¯ections for the given crystal
space group and resolution

Boverall (Patterson) 8�2�Patt/2
1/2² Overall B factor

Rstand(F) h�(F)i/hFi³ Uncertainty of the structure-factor amplitudes
Optical resolution �2��2

Patt � �2
sph��1=2²§ Expected minimum distance between two

resolved atomic peaks
Expected optical

resolution
Optical resolution computed considering

all re¯ections

CCF

hFobs � Fcalci ÿ hFobsi � hFcalci
��hF2

obsi ÿ hFobsi2� � �hF2
calci ÿ hFcalci2��1=2

Correlation coef®cient between the observed
and calculated structure-factor amplitudes

S

P �Fobs � fcutoff�2P �Fcalc � exp�ÿBoverall
diff � s2� � fcutoff�2

� �1=2

} Factor applied to scale Fcalc to Fobs

fcutoff 1 ÿ exp(ÿBoff�s2)²² Function applied to obtain a smooth cutoff
for low-resolution data

² �Patt is the standard deviation of the Gaussian ®tted to the Patterson origin peak. ³ F is the structure-factor amplitude and �(F)
is the structure-factor standard deviation. The brackets denote averages. § �sph is the standard deviation of the spherical
interference function, which is the Fourier transform of a sphere of radius 1/dmin, with dmin being the minimum d
spacing. } Boverall

diff � Boverall
obs ÿ Boverall

calc is added to the calculated overall B factor Boverall, so as to make the width of the calculated
Patterson origin peak equal to the observed one; s is the magnitude of the reciprocal-lattice vector. ²² Boff = 4d2

max, where s and
dmax are the magnitude of the reciprocal-lattice vector and the maximum d spacing, respectively.
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(DPI). The mathematical expressions for these error measures

are given in Table 2 and further details can be found in

Vaguine et al. (1999).

2.1.4. Local agreement between the model and the
experimental data. In addition to the global structure-

quality measures, SFCHECK also assesses the quality of the

model in speci®c regions by computing several quality esti-

mators for each residue in the macromolecule and, whenever

appropriate, also for solvent molecules and groups of atoms in

ligand molecules. These estima-

tors are the normalized atomic

displacement, shift; the elec-

tron-density correlation coef®-

cient, density correlation; the

density index; the average B

factor and the connectivity

index, connect. These quantities

are computed for individual

atoms and averaged over those

composing each residue or

group (see Table 3 and Vaguine

et al., 1999 for details).

2.1.5. Data sets. With the

goal of assessing the quality of

the nucleic acid structures

archived in the NDB and the

PDB, all entries for which both

structure-factor data and atomic

coordinates were available at

the time of this study were

processed by SFCHECK

(information on these entries is

available as supplementary

material1). Since SFCHECK

recomputes a number of para-

meters re¯ecting the agreement

between the experimental data

and the molecular model, it was

necessary to exclude from the

analysis a number of structures

for which such comparison

could not be meaningfully

performed. Of the total of

145 processed structures, we

excluded those for which the

experimental structure-factor �
values were missing, those that

were re®ned anisotropically (at

the time of this study,

SFCHECK was capable of

handling only isotropic re®ne-

ment) and structures that had

major disordered portions. This

reduced the number of analyzed

structures to 105, which are

referred to as set I throughout

this study.

From data set I, six high-quality structures were selected in

order to compare the quality of speci®c portions of the model:

the bases and the sugar±phosphate backbone. These struc-

tures, referred to as set II, ful®lled the following conditions:

R factor < 0.20, d spacing < 2.5 AÊ , completeness > 0.70,

Table 2
Estimations of errors in atomic coordinates.

The leftmost column lists the parameter, the next column gives the formula or de®nition of the parameter and the
third column contains a short description of the meaning of the parameters, when warranted.

Parameter Formula/de®nition Meaning

�(x) �(slope)/curvature² Standard deviation of the atomic coordinates
following Cruickshank (1949) for the
minimal and maximal errors (Vaguine
et al., 1999)

�(slope) for
maximal error

2� � fP�h2 � �Fobs ÿ Fcalc�2�g1=2

Vunit cell � a
³ Expression for �(slope) in the expected

maximal error following Cruickshank
(1949)

Curvature
2�2 �P �h2 � Fobs�

Vunit cell � a2
Expression for the curvature following

Murshudov et al. (1998)

�(slope) for
minimal error

2� � fP�h2 � ��Fobs�2�g1=2

Vunit cell � a
§ Expression for �(slope) in the expected

minimal error following Cruickshank
(1949)

DPI ��x� � Natoms

Nobs ÿ 4 � Natoms

� �1=2

� cÿ1=3 � dmin � Rfactor} Atomic coordinate error estimate following
Cruickshank (1996)

² �(slope) and curvature are the slope and curvature of the electron-density map at the atomic centre in the x direction; for
spherically symmetric peaks, �(x)' �(y)' �(z). ³ a is the crystal unit-cell length, h is the Miller index and Vunit_cell is the unit-cell
volume. § �(Fobs) is the standard deviation of the structure-factor amplitude. } c is the structure-factor data completeness
expressed as a fraction (0±1); Rfactor is the conventional R factor, Natoms is the total number of atoms in the unit cell, Nobs is the total
number of observed re¯ections and dmin is the minimum d spacing.

Table 3
Parameters computed by SFCHECK to assess the quality of the model in speci®c regions.

The leftmost column lists the parameter, the next column give the formula or de®nition of the parameter and the
third column contains a short description of the meaning of the parameters, when warranted.

Parameter Formula/de®nition Meaning

Shift (1/N�)
PN

i

�i;

�i = gradienti/curvaturei²

Normalized average atomic displacement computed
over a group of atoms or residue; re¯ects the
tendency of the group of atoms to move from
their current position

D_corr

P
�calc�xi��2�obs�xi� ÿ �calc�xi��P

�2
calc�xi�

� � P �2�obs�xi� ÿ �calc�xi��2
� 	ÿ �1=2³ Electron-density correlation coef®cient computed

over a group of atoms or residue; re¯ects the local
agreement of the model with the electron density

Density_index
Q
��xi��1=N=h�iall atoms

�
§ Re¯ects the level of the electron density for a group

of atoms; is a local measure of the density level
Connect Same as density_index, but considering only

backbone atoms}

² Gradienti is the gradient of the (Fobs ÿ Fcalc) map with respect to the atomic coordinates, curvaturei is the curvature of the model
map computed at the atomic centre (see Agarwal, 1978), N is the number of atoms in the group under consideration and � is the
standard deviation of the �i values computed in the structure. ³ �calc(xi) and �obs(xi) are, respectively, the electron density
computed from calculated and observed structure-factor amplitudes at the atomic centre. The summation is performed over all the
atoms in the considered group. For polymer residues, D_corr is computed separately for backbone and side-chain atoms. For the
calculation of the electron density at the atomic centre, see Vaguine et al. (1999). §

Q
��xi�

� �1=N
is the geometric mean of the

(2Fobs ÿ Fcalc) electron density of the considered atom subset and h�iall_atoms is the average electron density of the atoms in the
structure. For water molecules or for ions which are represented by a unique atom the above expression reduces to the ratio
�(xi)/h�iall_atoms. } Backbone atoms are N, C, C� for proteins and P, O50 , C50 , C30 , O30 for nucleic acids.

1 Supplementary data have been deposited in the IUCr electronic archive
(Reference: li0353). Services for accessing these data are described at the back
of the journal.



structure-factor � values must be available. Set II comprised

the following structures: ADH007, ADH038, BDJ017,

BDJ031, ZDG054 and ZDG056. Information on all 145

structures, including citation information, is available as

supplementary material.

3. Results

3.1. Validation of the SFCHECK scaling procedure

In evaluating the agreement of the molecular model with

the experimental data, an important but dif®cult issues one

must grapple with is the scaling of Fcalc to Fobs. In SFCHECK,

this scaling is performed using a somewhat different scaling

procedure than in many of the routinely used re®nement

programs. For both the calculated and observed amplitudes,

the Boverall parameter is derived from the standard deviation of

the Gaussian ®tted to the Patterson origin peak (see x2 and

Vaguine et al., 1999) rather than from the Wilson plot (Wilson,

1949). This scaling method yields more uniform Boverall values

over different d-spacing limits than the Wilson plot, as

illustrated in Fig. 1. This ®gure compares the Boverall computed

by both methods for data set I comprising the 105 nucleic acid

structures examined in this study. Fig. 1(a) displays its varia-

tion with the d spacing. At small d spacing (high resolution)

both methods yield quite similar Boverall values, differing by

less than 15 AÊ 2, whereas at larger d spacing (>2.0 AÊ ) the

Boverall calculated by Wilson and Patterson scaling tend to

deviate signi®cantly (20±40 AÊ 2). Interestingly, the Patterson

Boverall varies linearly across the entire range of optical reso-

lution of the electron-density map, whereas the Boverall from

the Wilson scaling shows different behaviours below and

above the optical resolution of 1.6 AÊ (Fig. 1b). On the basis of

these results, we conclude that Patterson scaling yields more

reliable estimates of the Boverall than the Wilson scaling does,

especially when only low-resolution data are available.

3.2. Quality assessment of structures in data set I

This section presents results on the analysis of the 105

nucleic acid structures from the NDB with deposited

structure-factor ®les and coordinate ®les referred to as data

set I. To perform the analysis, SFCHECK was run on each of

the 105 structures individually, yielding a comprehensive

SFCHECK output for each structure (available at http://

ndbserver.rutgers.edu/NDB/archives/). A detailed description

of the contents of the SFCHECK output can be found in

Vaguine et al. (1999). Various global and local quality indica-

tors output by SFCHECK were then used to evaluate the

quality of the analyzed structures at the global and local levels.

3.2.1. Global structure quality. Fig. 2 plots the R factor

reported by the authors versus that calculated by SFCHECK

using the reported d-spacing limits and � thresholds for the

structure-factor data. We ®nd that the recomputed R factor

often tends to be larger than the reported one. In general, the

difference between the two quantities does not exceed 5%.

This can be considered as a reasonable discrepancy, given that

SFCHECK uses a different scaling procedure, applies a

smooth low-resolution cutoff and sometimes considers a

slightly different number of re¯ections than the authors

(see x2).

Larger deviations between the recomputed and reported R

factors usually indicate problems with the coordinates or

structure-factor ®les, which for the most part occurred in the

course of data submission or processing. Several formatting

and syntax errors or missing and incorrect data were detected

and corrected based on the observation of R-factor dis-

crepancies. In some cases authors were contacted to verify

these corrections. Overall, in only six structures out of the

total of 105 (5%) did the recalculated and reported R factor

differ by more than 5%; in three of these (NDB IDs ADFB72,

ADF073 and ADJ081) the difference exceeded 10%.
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Figure 1
Boverall computed by SFCHECK from the Wilson plot (open triangles)
and Patterson scaling (®lled squares) as a function of (a) the d spacing
and (b) the optical resolution . Each point represents the Boverall of one of
the 105 nucleic acid structures of set I (see x2 for details).
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Fig. 3 shows the distributions of the d spacing, completeness

and R-factor values in the 105 analyzed structures. The

d-spacing distribution is rather broad, with a mean around

2.1 AÊ and a standard deviation of 0.55 AÊ . Only a handful of

structures are resolved to better than 1 AÊ resolution and no

structures are determined at a resolution lower than 2.8 AÊ .

Another useful indicator of the data quality is the complete-

ness of the structure-factor data, expressed in percent. Its

distribution for the 105 nucleic acid structures (Fig. 3b) shows

that in one third of these the completeness is less than 80%.

The R-factor values (recomputed by SFCHECK) are rather

narrowly distributed, with only ®ve structures (three A-DNA

structures, one Z-DNA and one RNA structure) having an R

factor above 0.25 (see legend of Fig. 3 for details).

Fig. 4 illustrates how the key global quality indicators, the

completeness, the R factor, the correlation coef®cient between

Fcalc and Fobs and the maximal error in atomic coordinates

estimated from the difference between Fcalc and Fobs (see

Table 2), vary as a function of the d spacing. The R factor

remains rather constant over the resolution range of the

analyzed structures, but the values display a large spread

(Fig. 4a). An even larger spread is displayed by the

completeness values (Fig. 4b), but the majority is above 80%,

especially in the 2 AÊ d-spacing range in which the largest

number of the structures have been determined. The corre-

lation coef®cient (Fig. 4c) and maximal error (Fig. 4d) vary

roughly linearly with the d spacing. The correlation coef®cient

decreases from 0.97 on average at 1.25 AÊ d spacing to about

0.87 at 3 AÊ d spacing, whereas the maximal error increases

about tenfold with d spacing, ranging from 0.05 to 0.45 AÊ in

the d-spacing range 1.25±3 AÊ .

Figure 3
Distributions of the values for three parameters measuring the overall
quality of individual structures in data set I with 105 nucleic acid crystal
structures. (a) Distribution of the d spacing (AÊ ); (b) distribution of the
data completeness; (c) distribution of the R factor computed by
SFCHECK.

Figure 2
The reported R factor [R factor (reported)] versus the R factor computed
by SFCHECK [R factor (SFCHECK)] for the 105 nucleic acid structures
in data set I (see x2 for details). The computed R factor was obtained
using structure factors within the same d-spacing range and � values as
those reported by the authors. The ®lled dots correspond to the three
structures for which the difference between the reported and recomputed
R factors exceeded 10%. The NDB (PDB) IDs for these structures are
ADFB72 (256d), ADF073 (257d) and ADJ081 (320d).



In addition to the analysis of global quality indicators, we

also computed the average values of three local quality indi-

cators computed by SFCHECK for each structure. These are

the density correlation, the atomic displacement and the

density index. The ®rst of these quantities is the electron-

density correlation coef®cient computed over a group of

atoms or residue (see Table 3). The second is the normalized

atomic displacement which indicates the tendency of the

considered atom or group of atoms to move away from their

current position. The density index of an atom or group of

atoms is a measure of the local level of the 2Fobs ÿ Fcalc

electron density computed by SFCHECK at the corre-

sponding atomic positions (Table 3).

Fig. 5 shows how these three quantities, duly averaged over

all the groups or atoms in each structure, vary with the d

spacing and R factor. In general, the variation with d spacing is

roughly linear, whereas that with the R factor is more diffuse.

The average density correlation, which is a ®ner measure of

the agreement between the observed and calculated structure

factors than the R factor, decreases approximately linearly

with the d spacing (Fig. 5a), albeit by a narrow range of about

4%. However, the scatter is large, indicating that other factors

in addition to data resolution also in¯uence this quality indi-

cator. A roughly linear decrease and large scatter is also

apparent for the average density correlation as a function of

the R factor (Fig. 5b).

The average atomic displacement increases with d spacing

and R factor (Figs. 5c and 5d). The variation with d spacing is

roughly linear, indicating that the convergence reached during

re®nement, re¯ected by this measure, is signi®cantly in¯u-
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Figure 4
Variation of global quality indicators with the nominal resolution (d spacing) of the crystallographic data. The quality indicators were computed by
SFCHECK for each of the 105 nucleic acid crystal structures in data set I; (a) R factor, (b) completeness, (c) correlation coef®cient and (d) maximal
error. For the meaning of the various quantities see x2. The three structures for which the reported and recomputed R factors differ by more than 10%
are highlighted as black circles. The NDB (PDB) codes for these structures are ADFB72 (256d), ADF073 (257d) and ADJ081 (320d). Other outliers,
identi®ed visually, are marked as ®lled squares in plots (c) and (d). No outliers are marked on plot (b), owing to the large scatter in this plot.
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Figure 5
Variation of average local quality indicators with the crystallographic d spacing and R factor, respectively. The analyzed indicators are the density
correlation (a, b), the atomic displacement (c, d) and the density index (e, f). Filled circles indicate outlier structures, which also display the largest
difference between their reported and computed R factors.



enced by the resolution of the X-ray data. However, the

corresponding R-factor plot displays a much larger scatter and

a less clear trend.

For the average density index, a linear decrease with d

spacing is observed (Fig. 5e) and the dependence on the R

factor is also weak (Fig. 5f). The decrease with d spacing

re¯ects the fact that lower resolution of the X-ray data yields

models with poorer ®t to the electron-density map. It is

noteworthy that the scatter of the average density-index

values in the d-spacing plot (Fig. 5e) is signi®cantly lower than

for the other average local quality indicators. This suggests

that this parameter should be a particularly useful indicator

for the quality of a structure as a whole.

3.2.2. Identifying structures with unusual properties. The

analysis presented above could in principle be used to ¯ag

outlier structures, those for which one or more global quality

indicators display unusual values. To de®ne such values in a

rigorous manner requires a sound statistical analysis. Unfor-

tunately, the limited number of structures in data set I (105) as

well as the variable deposition procedures (incomplete data

sets and no cross-validation data assigned) precluded at this

stage the computation of meaningful distributions as a func-

tion of resolution or other useful parameters.

Nevertheless, visual inspection of Figs. 4 and 5 allowed us to

qualitatively identify the most prominent outliers. Note that in

doing so the few structures determined at 3 AÊ resolution were

ignored. We found that four A-DNA and B-DNA structures

(ADF073, ADFB72, GDL013, ADJ081) are outliers in many

plots. Three of these (ADF073, ADFB72 and ADJ081;

marked as ®lled circles) also displayed the largest difference

between their reported and computed R factors (Fig. 2). It is

thus very likely that these structures or the corresponding

structure-factor ®les have a problem.

Six additional structures stand out in some of the plots.

The outliers in the correlation coef®cient versus d-spacing

plot (Fig. 4c) include two DNA structures (ZDFB21,

GDL012). The maximal error versus d-spacing plot (Fig. 4d)

features a further three outliers (BDL042, BDL029,

ADFB63). The density-index plots in Figs. 5(e) and 5(f) show a

Z-DNA structure (ZDFB31) as standing out owing to its very

high average density index (>1.75). This structure is not an

outlier in any of the other plots of Fig. 4 and 5; detailed

inspection of the full SFCHECK output for this structure

indicates that it is of quite high resolution (1.3 AÊ ) and of

unusually high quality with, among other things, a data

completeness of 90.5%.
3.2.3. Structure quality at the local level. To evaluate the

quality of the structures of data set I in speci®c regions of the

model, we analyze the local quality measures, those computed

for individual residues or groups of atoms in each structure.

SFCHECK computes four different local measures: the three

local measures mentioned above, namely the density corre-

lation, the atomic displacement and density index, as well as

the well known B factor. A legitimate question to ask,

therefore, is the degree of correlation between them, since two

highly correlated measures could reasonably be considered as

redundant.

To investigate this question, we analyze the pairwise rela-

tionships between all four measures, ®rst within individual

structures of set I that contain a suf®ciently large number of

residues and then across all 105 structures in this set.

Figs. 6(a)±6(f) display the scatter plots for pairs of local

quality measures in one of the largest structures of our set,

that of the hammerhead ribozyme catalytic RNA loop

(URX035; PDB code 1mme; Scott et al., 1995), which contains

82 residues. Of particular interest are the relationships

between the average residue B factor and the other local

measures. Not unexpectedly, the average B factor is clearly

anticorrelated to the residue density index (Fig. 6a), with a

roughly exponential behaviour. The B factor rises quite

steeply as the value of the density index, which measures the

electron-density level, decreases. Interestingly, the points in

Fig. 6(a) follow two independent curves. The points in the

lower curve (in red) correspond to the nucleic acid bases,

whereas those in the upper curve (black) represent the

sugar±phosphate backbone. This indicates that the bases are in

general better de®ned in the electron density than the back-

bone, most certainly owing to the constraints imposed by base-

pair formation.

The correlation of the residue B factor with other local

measures is in general poorer. It shows virtually no correlation

with the residue atomic displacement (Fig. 6b) and hence the

latter quality measure also correlates poorly with the density

index (Fig. 6c). On the other hand, the fourth residue quality

indicator, the electron-density correlation, appears to display

weak linear correlation with the residue B factor (Fig. 6d),

density index (Fig. 6e) and atomic displacement (Fig. 6f),

respectively. This trend is clearer for the bases than for the

backbone: an additional indication that the former are

generally better de®ned than the latter.

The local quality indicators computed by SFCHECK thus

provide information on the model which is complementary to

that given by the residue B factor. This information is parti-

cularly helpful for ®nding problem regions in a structure which

would not be detectable on the basis of a high B factor alone.

To further illustrate this point, two individual B-DNA

structures (BDJ037 and BLDB76) are examined in detail. In

the ®rst structure (Fig. 7a) the backbone of residue 11 (Cyt in

chain B) has only a marginally higher B factor than residues 8

and 16, but its density index is <0.5, is the lowest value

encountered in the entire structures, an indication that at least

one of its atoms has very low electron density. In the second

structure, the backbone of residue 15 (Cyt in chain B) has a

zero density index (Fig. 7b), which means that at least one of

its atoms lies completely outside any density. The average B

factor for the same group is again rather low (�20 AÊ 2) and is

lower than that of the backbone of several other residues

whose density indices are higher.

Inspection of the SFCHECK results for other structures in

data set I revealed similar trends and con®rmed that the value

of the average density index of a given group of atoms is

particularly helpful for identifying problem regions.

In order to double-check the SFCHECK results, 2Fo ÿ Fc

electron-density maps were computed for several structures
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featuring residues with low density-index values. This was

performed using the CCP4 package (Collaborative Compu-

tational Project, Number 4, 1994) and the maps were displayed

using the program O (Jones et al., 1991). The typical result

obtained is illustrated in Fig. 8, which displays the electron

density at and around guanine residues 19 and 20 in the

structure BDJB27. In this region, which corresponds to the

termini of the DNA duplex, there are breaks in the electron

Figure 7
Local quality indicators of individual nucleic acid residues along the chain. The plotted local quality indicators are the density index (top) and the B
factor (bottom). The residue number is indicated horizontally. (a) Plots for the B-DNA structure BDJ037 (1d57; Yuan et al., 1992). Note that in this
structure residues 5 and 17 contain modi®ed bases which have not been analyzed. (b) Plots for the B-DNA structure BDLB76 (285d; Shatzky-Schwatz et
al., 1997).

Figure 6
Pairwise relations between the various local quality indicators computed by SFCHECK. (a)±(f) display the plotted values for the crystal structure of the
hammerhead ribozyme catalytic RNA loop, URX035 (PDB code 1mme), which contains 82 residues (Scott et al., 1995). The meaning of the displayed
parameters is described in x2. Two outliers have been taken out of (a)±(f) in order to display a meaningful ®gure. The red triangles are for the bases,
whereas the black triangles are for the sugar±phosphate backbone. An appreciable number of groups, corresponding primarily to bases, have zero
density index and hence appear on the abscissa or on the ordinate in some of the plots.



density at the 1� level, in agreement with the low density

index of the sugar±phosphate backbone of these residues,

which is 0.4 and 0.75, respectively.

However, these are de®nitely not the worst errors that

SFCHECK is able to detect. Analysis of the 2Foÿ Fc electron-

density maps of ADF073, one of the outliers in the plots of

Figs. 4 and 5, shows regions with a particularly poor agreement

between the model and the data. Several atoms of residue G10

in chain B are out of density, in complete agreement with the

low density index (zero) and the density-correlation values

computed by SFCHECK. The solvent region is also poorly

modelled, with many electron-density peaks unaccounted for

and some of the modelled solvent outside the electron density,

even at the 1� level. Analysis of the complete SFCHECK

output for this structure reveals that there is a 20% dis-

crepancy between the number of re¯ections reported to be

used in re®nement and those that SFCHECK retrieves from

the deposited structure-factor ®le, using the resolution limits

and � value indicated by the authors. The observed anomalies

may thus stem from a mismatch between the deposited model

and structure-factor ®les.

3.2.4. Differences in model quality between the sugar±
phosphate backbone and bases across DNA structures of data
set II. The trends in three key local quality indicators, the

atomic displacement, density index and B factor were

analyzed separately for the nucleic acid backbone and bases in

the six DNA structures of data set II, with the results given in

Table 4.

We see that in the examined structures the atomic dis-

placement of the sugar±phosphate backbone is on average

larger than the atomic displacement of the bases. Three of the

six selected DNA structures show about the same atomic

displacement for the backbones and bases (ADH007,

ZDG054 and ZDG056); the others have higher atomic

displacement for the backbones than the bases. This is also

observed in all the structures in data set I (data not shown). In

addition, the average density index of the sugar±phosphate

backbone is barely above 1 for most structures, even though

the backbone includes the more electron-dense phosphates. In

contrast, the density index of the bases is consistently higher in

all the structures in data set II as already

pointed out. This con®rms that the bases

tend to be better positioned in the electron

density than the backbone atoms, a ®nding

in turn corroborated by the B-factor

values, which are consistently higher for

the nucleic acid backbone than the bases

(Table 4).

Analysis of the density index of the

bases and sugar±phosphate moieties in the

2056 individual nucleic acid residues of the

structures in data set I con®rms this

conclusion. It shows that on average the

density index of the bases (1.45) is higher

that of the backbone atoms (1.2), as seen

from the distributions depicted in Fig. 9. A

very small fraction of both moieties have a

density index of zero, which means that at

least one of their atoms lies outside any

electron density altogether. Twice as many

bases (66) as backbone groups (34) display

this property. However, whereas the

backbone groups with zero density index

are evenly distributed amongst DNA and

RNA structures, nearly all the poorly
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Figure 8
The 2Fo ± Fc electron-density map (blue contours) and model (bold black lines) in the region
around residues 19 and 20 in BDJB27 (2d25; Heinemann & Hahn, 1992). These residues have an
average and above average density-index values for the bases, but low density indices for the
backbone (0.4 and 0.75 for residues 19 and 20, respectively). Inspection of the ®gure reveals that
there are breaks in the electron density at the 1� contour level of the map computed using the
CCP4 program suite and displayed using the program O. Figures are generated using Molscript
(Kraulis, 1997).

Table 4
Summary of the quality assessment results for structures in data set II.

The leftmost column gives the NDB code of the structure. The second column
lists the atom groups over which the quality indicators were averaged. The
quantities in the last three columns refer to local quality indicators averaged
over the atoms included in each group. The atomic displacement and B factor
are given in AÊ and AÊ 2. The density index is a dimensionless ratio (see x2).

Entry Atom groups
Atomic
displacement

Density
index

B
factor

ADH007 All nucleic acid atoms 0.083 1.073 18.1
Backbone atoms 0.082 1.052 19.5
Base atoms 0.083 1.095 16.6

ADH038 All nucleic acid atoms 0.044 1.211 17.8
Backbone atoms 0.048 0.992 20.4
Base atoms 0.040 1.431 15.2

BDJ017 All nucleic acid atoms 0.039 1.224 16.5
Backbone atoms 0.042 1.047 20.3
Base atoms 0.036 1.401 12.6

BDJ031 All nucleic acid atoms 0.070 1.183 10.7
Backbone atoms 0.078 1.046 13.3
Base atoms 0.062 1.320 8.0

ZDG054 All nucleic acid atoms 0.074 1.181 13.6
Backbone atoms 0.073 1.140 14.3
Base atoms 0.075 1.222 12.9

ZDG056 All nucleic acid atoms 0.086 1.139 17.6
Backbone atoms 0.089 1.103 19.3
Base atoms 0.083 1.176 16.0
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determined bases (65 of 66) belong to RNA molecules; closer

inspection indicates that they occur mainly in globular

macromolecular RNA structures. This is most likely to be

because the positions of the bases in these structures are not as

restricted as in helical structures.

3.2.5. Quality of water positions. Having determined that

the density index is a particularly useful indicator of how well

the model ®ts the electron density, we use it to analyze crys-

tallographic water positions in the structures of data set I.

Fig. 10 displays the distribution of the density index values

of the 6720 water positions in data set I. This distribution is

very different from those of the density index of nucleic acid

atoms (Fig. 9) and displays several striking features. Its median

equals 0.75, a much lower value than for the nucleic acid

groups, with a sizable fraction of water molecules (29%)

having a density index of 0.5 or lower. Of these, 469 molecules

have a density index exactly equal to zero, indicating that they

are positioned outside the electron density altogether. More-

over, the distribution displays a very long tail towards density

index values as high as 6, suggesting that the corresponding

water positions are located in regions with electron-density

values much higher than average and conceivably higher than

those expected for water molecules.

In order to gain insight into the possible causes of these

unusual properties, we selected a set of 22 structures from

those containing a particularly high fraction of water mole-

cules with low density indices (Table 5). 2Fo ÿ Fc electron-

density maps were computed for all 22 structures using the

CCP4 software package (Collaborative Computational

Project, Number 4, 1994) and the results were examined using

the program O (Jones et al., 1991). In addition, we examined

the high-quality Z-DNA structure (NDB code ZDFB31),

which was taken as a reference (see above). We could verify

that its water molecules all had density-index values in the

same range as those of the nucleic acid groups, the atomic

model showed good agreement with the electron-density map

across the entire structure and no excessive density was

observed outside the model. Data on the 23 structures are

given in Table 5.

The examined water molecules in the 22 selected structures

fell into three main categories. The ®rst and largest category

included the vast majority (98%) of the cases. They corre-

sponded to water molecules with very low density-index

values (<0.1) which were found to have no electron density in

the computed map. The other two categories grouped the

remaining 2% of the cases. One comprised water molecules

with low density indices but medium to high electron density

in the computed maps and the other grouped water molecules

with a normal or high density index but weak or missing

electron density in the map.

A typical example of the observations made for waters in

category 1 is illustrated in Fig. 11(a), which displays the

position of water molecule 85 in the electron density of

structure ADJB83. We see that while the atomic positions of

the bases ®t well into the electron-density contours, the water

molecule has no density at all. A possible reason that these

water molecules are positioned in such a way is that different

kind of maps (such as 3Fo ÿ Fc map) may have been used by

the authors when adding water molecules during re®nement.

Alternatively, some of the water molecules may have moved

away from the electron-density peaks during the last stages of

re®nement, but have not been removed from the coordinate

®le.

Figs. 11(b) and 11(c) illustrate typical observations made for

the small fraction of water molecules in categories 2 and 3.

Waters in category 2, having a density index of zero or <0.1 but

weak to medium electron density, were found in the 2Fo ÿ Fc

electron-density maps of a few structures. A good example of

this situation is water molecule 33 in structure ADHP36

(Fig. 11b). It has a density index of 0.04 but medium electron

density in the map. This apparent discrepancy with the

SFCHECK results might be because of differences in the

Figure 9
Distribution of the density-index values for (a) nucleic acid backbone and (b) bases in the 105 structures analyzed in this work.



protocols for electron-density calculation (e.g. scaling proce-

dure) used in SFCHECK and CCP4. It may also be a conse-

quence of the fact that water 33 is positioned in a rather

narrow isolated peak, surrounded from all sides by regions

with low electron density. Indeed, to compute the electron

density at a given position, SFCHECK averages electron-

density values of neighboring grid points within a 2.5 AÊ

distance limit and applies a smooth cutoff (Vaguine et al.,

1999). Low or missing electron density at these points could

contribute to lower signi®cantly the computed density for the

water position and hence its density index.

The corollary of the above behaviour is displayed by the

waters in category 3. These have rather high density indices,

but most surprisingly show no electron density at all or only

very weak density in the 2Fo ÿ Fc maps (e.g. ADJB83 and

ADJB86). A typical example of this observation is water 34 in

structure ADJB83. This water has a density index of 1.58, but

the 2Fo ÿ Fc electron-density map shows no electron density

at the corresponding position (Fig. 11c). On the other hand,

there is extra electron density very close by which is un-

accounted for, as highlighted in Fig. 11(c). When SFCHECK

computes the electron density for this water molecule, it sums

over this excessive electron density, yielding a high density-

index value. A similar result would be obtained if a water

molecule is too close to other atoms such as a phosphate group

or an O atom, or generally when it is off-centred from its

electron-density peak.

Very large density-index values for water positions could

also result from incorrectly assigning water molecules to

positions actually corresponding to metal ions. Such cases can

be identi®ed by comparing the geometry of the contacts
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Figure 10
Distribution of the density-index values of the 6720 water molecules in
the 105 nucleic acid structures analyzed in this study.

Table 5
Summary of the 24 nucleic acid structures whose water positions were analyzed in detail.

Iso. Re®n., isomorphous re®nement; Mol. Repl., molecular replacement; MIR, multiple isomorphous replacement; ISRR, iterative single isomorphous
replacement. The last structure in the list (ZDFB31) is a high-quality Z-DNA structure (see text), taken as reference.

NDB ID
PDB
ID Program

Space
group

d-spacing
range (AÊ )

Phasing
method Authors

ADH047 118d NUCLSQ P43212 8.0±1.64 Iso. Re®n. C. Bingman, X. Li, G. Zon, M. Sundaralingam
ADHP36 1d26 NUCLSQ P43212 6.0±2.12 Iso. Re®n. U. Heinemann, L.-N. Rudolph, C. Alings,

M. Morr, W. Heikens, R. Frank, H. Bloecker
ADJ081 320d X-PLOR P212121 8.0±2.15 Mol. Repl. D. B. Tippin, M. Sundaralingam
ADJ082 321d X-PLOR P212121 8.0±2.15 Mol. Repl. D. B. Tippin, M. Sundaralingam
ADJB79 318d X-PLOR P61 8.0±2.2 ISIR D. B. Tippin, M. Sundaralingam
ADJB80 319d X-PLOR P212121 8.0±2.5 Mol. Repl. D. B. Tippin, M. Sundaralingam
ADJB83 322d X-PLOR P61 8.0±2.15 ISIR D. B. Tippin, M. Sundaralingam
ADJB84 323d X-PLOR P212121 8.0±2.15 Mol. Repl. D. B. Tippin, M. Sundaralingam
ADJB86 325d X-PLOR P61 8.0±2.5 ISIR D. B. Tippin, M. Sundaralingam
ADJB87 326d X-PLOR P212121 8.0±2.5 Mol. Repl. D. B. Tippin, M. Sundaralingam
ADJB88 327d X-PLOR P6122 8.0±1.94 Mol. Repl. D. B. Tippin, B. Ramakrishnan, M. Sundaralingam
AHH071 246d X-PLOR R3 10.0±2.2 Mol. Repl. M. C. Wahl, C. Ban, C. Sekharudu, B. Ramakrishnan,

M. Sundaralingam
ARL048 157d NUCLSQ P21 7.0±1.8 Mol. Repl. G. A. Leonard, K. E. McAuley-Hecht, S. Ebel, D. M. Lough,

T. Brown, W. N. Hunter
BDL038 1d65 NUCLSQ P212121 8.0±2.2 Mol. Repl. K. J. Edwards, D. G. Brown, N. Spink, S. Neidle
GDL032 102d X-PLOR P212121 8.0±2.2 Mol. Repl. C. M. Nunn, S. Neidle
GDL033 109d X-PLOR P212121 8.0±2 Mol. Repl. A. A. Wood, C. M. Nunn, A. Czarny, D. W. Boykin,

S. Neidle
GDL045 289d X-PLOR P212121 8.0±2.2 Mol. Repl. J. O. Trent, G. R. Clark, A. Kumar, W. D. Wilson,

D. W. Boykin, J. E. Hall, R. R. Tidwell, B. L. Blagburn,
S. Neidle

GDL048 303d X-PLOR P212121 8.0±2.2 Iso. Re®n. G. R. Clark, C. J. Squire, E. J. Gray, W. Leupin, S. Neidle
GDL052 311d X-PLOR P212121 8.0±2.2 Iso. Re®n. G. R. Clark, D. W. Boykin, A. Czarny, S. Neidle
TRNA08 3tra NUCLSQ C2221 10.0±3 E. Westhof, P. Dumas, D. Moras
UHJ055 1®x X-PLOR P4322 5.0±2.3 MIR N. C. Horton, B. C. Finzel
URL050 280d X-PLOR P1 8.0±2.4 Mol. Repl. S. E. Lietzke, C. L. Barnes, C. E. Kundrot
ZDFB31 1d76 NUCLSQ P212121 8.0±1.3 Mol. Repl. B. Schneider, S. L. Ginell, R. Jones, B. Gaffney,

H. M. Berman
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Figure 11
The 2Fo ÿ Fc electron-density maps around selected water molecules in
DNA structures, computed using the CCP4 package and contoured at the
� = 1 level. Figures are generated using Molscript (Kraulis, 1997). (a)
Electron-density map around water molecule 85 (WAT85) in the DNA
structure ADJB83 (322d; Tippin & Sundaralingam, 1997). WAT85 (red)
has a density index of zero and no electron density in the map. (b)
Electron-density map around water molecule 33 in DNA structure
ADHP36 (1d26). WAT33 (red) has a density index of zero, but a medium-
level electron density in the map. Electron density on the right-hand side
of the ®gure is from a symmetry-related molecule. The other large red dot
denotes another water molecule which is in the density. (c) Electron-
density map around water molecule 34 in the DNA structure ADJB83
(322d; Tippin & Sundaralingam, 1997). According to SFCHECK, WAT34
(red) has a high density index (1.58). The electron density is not
coincident with the position of the water molecule.

between assigned solvent position and neighbouring nucleic

acid atoms with the coordination geometry of metals

commonly used in nucleic acid crystallization (results to be

published).

An important conclusion from this analysis is that the

density index computed by SFCHECK is a very useful indi-

cator of the reliability of the water positions. A second

conclusion is that a sizable fraction of the crystallographic

water molecules (�30%) in deposited nucleic acid structures

may be inadequately positioned. Based on the smaller subset

of structures that was examined in detail, it is more than likely

that the majority of these unreliable water positions are

con®ned to a limited number of structures. Nevertheless, this



calls for great caution in studies aimed at analyzing water±

nucleic acid interactions in crystal structures and for much

greater attention in monitoring the addition of water mole-

cules during the last stages of re®nement.

Lastly, the possibility that the detected problems with water

positions are symptomatic of more widespread problems with

the model as a whole should be seriously considered. With the

majority of the nucleic acid structures and particularly those in

Table 5 being solved by molecular-replacement methods,

incorrect positioning in the unit cell of the highly symmetrical

double-helical motif could be a much more common error

than suspected previously. Validation with SFCHECK might

be a convenient means of detecting such errors. However, a

systematic analysis is needed to establish the combination of

symptoms detected by SFCHECK that reliably re¯ect these

errors.

4. Conclusions

In this study, we have presented a survey of the quality of 105

nucleic acid crystal structures for which structure-factor data

were deposited and which contained enough information to

allow a meaningful comparison with the information depos-

ited by the authors.

Unlike most previous surveys of the quality of crystal

structures, which have been mainly geared to evaluating the

quality of the atomic coordinates, this one analyzes the quality

of the deposited structure-factor data, as well as the agree-

ment of the atomic coordinates with the electron-density map.

The latter analysis is performed (i) for each structure taken as

a whole, by computing the values of a number of global quality

indicators, and (ii) for speci®c regions of each model, by

computing the values of several local quality indicators.

Based on the survey of the global quality indicators, we

conclude that the analyzed nucleic acid structures are of rather

uniform quality, with only very few structures exhibiting what

seem to be unusual values for these indicators. However, the

limited number of analyzed structures and the fact that the

deposited experimental data is often incomplete and contains

no information on cross-validation data, did not permit at this

stage the computation of resolution-dependent ranges of

expected values for these indicators.

The survey of the local quality indicators was mainly

focused on investigating the relationships between the various

indicators. This showed that they were generally not redun-

dant with, but complementary to, the commonly used B factor.

Finally, we also showed that the density-index parameter

computed by SFCHECK is particularly useful for examining

the quality of the model and particularly of crystallographic

water positions and found that quite often the quality of these

positions in nucleic acid crystals was not optimal. It was also

suggested that a high number of unreliable water positions

could be symptomatic of problems with the model as a whole,

which may have various origins, including the incorrect posi-

tioning of the model by molecular-replacement techniques, an

aspect currently under investigation. The fact that many of the

entries examined in this study do not include low-resolution

data may also have serious deleterious effects on the quality of

the corresponding maps, particularly in the solvent-boundary

regions.

These results taken together show that SFCHECK should

be a useful complement to validation procedures based on

geometric and stereochemical criteria alone, such as

PROCHECK or WHAT-IF, which do not take into account

the X-ray data.

Presently, the main bottleneck to the improvement and

generalization of procedures such as SFCHECK is that the

diffraction data are not available for most of the publicly

deposited structures or are of rather uneven quality for the

structures for which they have been provided. This needs to

change if we wish to see the emergence of more effective

structure-validation protocols which combine geometrical and

X-ray-based quality-assessment measures.

The full SFCHECK output (as per Fig. 1) for the 105 nucleic

acid structures analyzed in this study is available at http://

ndbserver.rutgers.edu/NDB/archives/.
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