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Abstract Here we explore the subjectivity intrinsic to macromolecular crystallography,
focusing on the hydration/counter-ion region of nucleic acids.Water molecules, monovalent
and divalent cations, and polyamines compete for similar or adjacent sites. Many of these
species give identical electron distributions (electron density maps). Such scattering 
iso-types allow one to construct different models that give similar fits of model to data.
Even models with different electron densities can give similar fits of model to data because 
various parameters compensate. The geometries of the coordinating ligands of many species
(magnesium excluded) are similar to each other, and are effectively identical within the 
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limitations of macromolecular crystallography. The observed distances are commonly 
occupancy-weighted averages. In sum, atom-type assignments and occupancies in the 
hydration/counter region cannot be unambiguously extracted from conventional X-ray dif-
fraction experiments.We give several examples where incorrect atom-type assignments have
been revealed by anomalous scattering experiments. Published structures and the database
that contains them do not provide realistic representations of subjectivity. Reconsideration
of macromolecular model-building protocols may be in order. Anomalous scattering pro-
vides information that can allow one to characterize the hydration/counter-ion region with
greater accuracy than was previously possible.

Keywords Hydration · Water · Sodium · Potassium · Ammonium · Magnesium · 
Monovalent · Divalent · Cation · DNA · DNA–drug complexes · RNA · Uncertainty · Error

1
Introduction

The subjectivity inherent in macromolecular crystallography is not always ap-
parent to end-users, or even practitioners of crystallography. Here we wish to
focus on the dark side, and to discuss and illustrate errors and uncertainty. The
focus is the hydration/counter-ion milieu of nucleic acids – including DNA and
RNA oligonucleotides, DNA–drug complexes and DNA–protein complexes, and
ribosomes. For nucleic acids and their complexes the hydration/counter-ion 
region is especially non-homogeneous because the high anionic charge induces
association of many types of cations.Water molecules, monovalent and divalent
cations, and polyamines compete for binding. Therefore many of the issues 
discussed here are relevant to nucleic acids, but not necessarily to proteins. The
goal is to stimulate new approaches, and to promote cautious and reasoned 
interpretation of structural information.We believe reconsideration of model-
building, reporting, and archiving protocols is in order.

The method scrutinized here is the assignment of water molecules and ions
to isolated sum and difference electron density peaks (2|Fo|-|Fc| and |Fo|-|Fc|
Fourier peaks) during the latter stages of refinement. The protocol is ‘when in
doubt, make it a water’, with occupancy 1.00. If the thermal factor and geom-
etry remain reasonable after refinement, then the water atom-type assignment
and occupancy of 1.00 are considered to be validated. As explained below,
advanced experimental approaches (anomalous scattering) demonstrate that
these methods are not reliable. In the absence of anomalous scattering data,
alternate atom-type assignments are possible, giving many models with rea-
sonable thermal factors and geometry that fit the data equally well. Selecting
one model, with a given composition of the hydration/counter-ion region, over
another model with a different composition is essentially a subjective enterprise,
and is not grounded in the experiment. In the concluding section we give some
examples from our own work illustrating how the conventional approach can
go very wrong.
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2
Estimates of Errors

The macromolecular crystallographic method provides less information on 
errors, and less information to assess the fit of model to data, than is the norm
for physical-chemical or biophysical fitting processes. To help the reader appre-
ciate the distinctiveness of macromolecular crystallography, here we compare it
with isothermal titration calorimetry (ITC) and small molecule crystallography.

3
Isothermal Titration Calorimetry

In this method one collects data (heats of injection) and conceives a model with
parameters such as an equilibrium constant, a stoichiometric coefficient,
and an enthalpy of binding. The parameters and the model are used to obtain
calculated heats of injection. Differences between observed heats and the cal-
culated heats are minimized by adjusting the parameters. During and after the
fitting process one obtains a measure of global fit (c2), along with estimates of
error of each parameter. The relationship between global fit and estimates of
parameter error is not direct. The measure of global fit might be very good,
even while estimate of error in one or more of the parameters is large, for 
example, if data on one side of the binding curve were absent.

4
Small Molecule Crystallography

In this method one collects data (observed structure factor amplitudes,
|Fo(hkl)|) and establishes a preliminary model. The parameters of the model
are the x, y, z coordinates of various atom-types, their thermal factors (which
are generally anisotropic) and their occupancies. The parameters are used to
obtain calculated structure factor amplitudes (|Fc(hkl)|). Differences between
|Fo(hkl)| and |Fc(hkl)| are minimized by adjusting the parameters, and often by
adding or subtracting atoms from the model. As with ITC, correctness of the
model is indicated by global measures of fit (the R-factor) in addition to esti-
mates of error in individual parameters.

5
Macromolecular Crystallography

As in the small molecule method, in the macromolecular method differences
between |Fo(hkl)| and |Fc(hkl)| are minimized by adjusting the parameters of
the model. Both methods yield global measures of fit (R-factor, R-free). How-
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Fig. 1 Stereoview of sum (2|Fo|-|Fc|) electron density from a DNA duplex CGCGAATTCGCG
at 1.4 Å resolution contoured at 1.0 s (NDB entry bdl084). Only the electron density sur-
rounding the hydrated magnesium ion (blue net), the partial spermine molecule (green net),
and the minor groove solvent sites (red net) that interact with DNA bases is shown. For this
structure, solvent sites were fitted to water molecules. The sum density from two minor
groove solvent sites has been abstracted on the left side, to illustrate the lack of correspon-
dence between the radius of a peak of electron density and the radius of the atom type

ever, realistic estimates of uncertainties of individual parameters (the x, y, z 
coordinates of each atom, the thermal factors, and the occupancies) are not 
obtained from the macromolecular method. The origins of this deficiency are
beyond the scope of this discussion, but are related to very large numbers 
of parameters and very large numbers of data. Macromolecular structures 
(entries in the Nucleic Acid Database, NDB [1]) do not specify uncertainties
of individual x, y, z coordinates, their thermal factors, or occupancies because
those estimates of error are not available.

The protocol, after a reasonable model of the macromolecule along tight
binding ligands is established, is to model the hydration/counter-ion region by
adding water molecules and/or ions to corresponding sum and difference peaks
of electron density (examples of sum electron peaks are shown in Fig. 1). How-
ever, the electron density in the hydration/counter-ion region of nucleic acid
crystals is intrinsically uninformative and ambiguous.Ambiguity arises (i) from
mixed and partial occupancies, (ii) from scattering iso-types, and (iii) from pa-
rameter-compensation. Each of these effects is explained and discussed below.



6
Mixed and Partial Occupancies

Crystallographic electron density and models are not restricted to formally 
correct chemical entities. The observed electron density is an ensemble average.
Partially-occupied atoms and hybrid atom-types are ‘observed’. This phenome-
non is particularly acute in the hydration/counter-ion region of nucleic acids.
Many species including water molecules, monovalent and divalent cations, and
polyamines compete for similar or adjacent sites. It is possible for an electron den-
sity peak to arise from 40% one species, 30% another species, and 30% nothing.

7
Scattering Iso-Types

A large number of chemically distinct models give identical electron distribu-
tions (electron densities). This degeneracy arises because many of the species
in the hydration/counter-ion region are scattering iso-types (our term). Scat-
tering iso-types are defined as chemically distinct species (molecules or ions)
with indistinguishable electron distributions (and X-ray scattering properties).
An ammonium ion and a water molecule are scattering iso-types. The number
of electrons in each is the same (10 electrons). The shape of the electron den-
sity is the same (spherical). A list of scattering iso-types is given in Table 1.
Since partial and mixed occupancies are possible, the list of scattering iso-types
is not restricted to formally correct chemical entities. The effective number 
of electrons of a potassium ion, when 55% occupied, is the same as that of a 
water molecule. In Table 1, occupancies that give equivalent numbers of elec-
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Table 1 Scattering Iso-types: full and partial occupancy

Species Occupancy Radius Number 
(Å) of electrons

H2O 1.0 1.40 10
Na+ 1.0 0.95 10
Na+

4 1.0 1.40 10
Mg2+ 1.0 0.65 10
K0.6

+   a 0.6 1.33 10
Rb+

0.4
b 0.28 1.48 10

Tl0.11
+   c 0.11 1.49 10

Ca+
0.4

d 0.4 1.69 10

a 60% occupied potassium ion.
b 28% occupied rubidium ion.
c 11% occupied thallium ion.
d 40% occupied calcium ion.



trons are indicated for common species. The list of possible scattering iso-types
can be infinitely expanded by continuously varying the partial occupancies as
illustrated for H2O/Na+ hybrids in Table 2 and H2O/K+ hybrids in Table 3.

One might naively assume that differences in shape, arising from differences
in ionic/atomic radii could differentiate various species. The molecular radius
of H2O is greater than the ionic radius of Mg2+, suggesting that the electron
density from a Mg2+ ion should be of greater amplitude at the peak center and
of less breadth than that of a water molecule. However, the effective dispersion
of the electrons about the atom center, which is described in the structure 
factor equation as the rms amplitude of the atomic displacement, varies with
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Table 2 Scattering iso-types: mixed occupancy H2O/Na+

Occupancy Occupancy Effective radius Effective  number
H2O Na+ (Å) of electrons

1.0 0.0 1.40 10
0.9 0.1 1.36 10
0.8 0.2 1.31 10
0.7 0.3 1.27 10
0.6 0.4 1.22 10
0.5 0.5 1.18 10
0.4 0.6 1.13 10
0.3 0.7 1.09 10
0.2 0.8 1.04 10
0.1 0.9 1.00 10
0.0 1.0 0.95 10

Table 3 Scattering iso-types: mixed occupancy H2O/K+

Occupancy Occupancy Effective radius Effective  number
H2O K+ (Å) of electrons

1.0 0.00 1.40 10
0.9 0.05 1.40 10
0.8 0.10 1.39 10
0.7 0.15 1.39 10
0.6 0.20 1.38 10
0.5 0.30 1.37 10
0.4 0.35 1.37 10
0.3 0.40 1.36 10
0.2 0.45 1.35 10
0.1 0.50 1.34 10
0.0 0.55 1.33 10



thermal fluctuations, positional disorder, and data quality. The contributions
of those effects generally obscure differences in ionic/atomic radii. This effect
is illustrated in Fig. 1.

8
Compensating Parameters

The problem extends beyond scattering iso-types and partial occupancies.
Models with different electron densities can fit the same data equally well.
Changes in one parameter are compensated in the fit by changes in other pa-
rameters. For example, decreasing the number of electrons of a K+ ion
(achieved by decreasing the occupancy or by changing the atom type from K+

to Na+ or H2O) is compensated wholly or partially by decreasing the thermal
factor. This compensation is related to determinacy (ratio of data to parame-
ters). Therefore, hydration/counter-ion occupancies are generally not refined.
Instead occupancies are fixed at a default value of 1.00 (the number of signifi-
cant figures is absurd). This default value is arbitrary. In many cases switching
an occupancy from 1.00 to 0.80 would not affect map quality or refinement sta-
tistics. Adjustments in thermal factors would eat up the difference.

9
Coordination Fingerprints

As explained above, the hydration/counter-ion region of nucleic acids is espe-
cially difficult to characterize unambiguously.Yet there is some hope provided
by coordination fingerprints. The octahedral geometry and the ligand-to-metal
distances of a well-ordered Mg2+ do allow reliable identification. It is con-
ceivable that Na+ could be distinguished from H2O by a coordination finger-
print. The ideal distance from Na+ to ligand is less than that from H2O to 
ligand (Brown [2] has provided useful surveys of coordination geometries).
However, in the macromolecular experiment, the experimentalist must inter-
pret subtle differences in geometries because the observed distances are gen-
erally occupancy-weighted averages (Tables 2 and 3). How does one interpret
nominally short contacts between water molecules? Do they arise from partial
Na+ occupancy or simply from coordinate error? The database contains very
few examples of Na+ ions with unambiguous coordination geometry, many
with unreasonable geometry, and none with reasonable estimates of atom-type
error. Many if not most of the Na+ ions in the NDB have coordination geome-
tries consistent with those of water molecules.
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10
Revaluation of Published Structures

Considering the limitations imposed by mixed and partial occupancies, scat-
tering iso-types, compensating parameters, and occupancy-weighted geome-
tries it is simply impossible to unambiguously extract the correct identities of
the contributing species from the data (in the absence of anomalous scattering
data). The hydration/counter-ion region cannot be reliably characterized by
standard macromolecular x-ray methods. We believe there is a realistic possi-
bility that many or even most ‘water molecules’ and ions are mis-assigned
and/or incorrectly described in the NDB. In the following sections we provide
some examples where the mis-assignment of atom-types has been experi-
mentally revealed.

11
Mis-assigned Peaks

11.1
Z-DNA

A very high resolution structure (1.0 Å resolution) of the spermine form of
Z-DNA [3] was determined by Martin Egli, Loren Williams, and Qi Gao, as post-
doctoral researchers, in the laboratory of Alexander Rich.Water molecules were
assigned to sum and difference electron density peaks, including a series of reg-
ularly spaced peaks in the minor groove, which formed a ‘spine of hydration’.
The water molecules were well-behaved, with reasonable geometry and inter-
actions, realistic thermal factors, good electron density, etc. The final published
structure (NDB entry) contains water molecules within the ‘spine of hydration’,
which are assigned atom types of O (hydrogen atoms are implicit).

After that structure had been completed and published, evolution of cryo-
crystallographic techniques allowed the same group to collect the first ever data
set from a flash-frozen crystal of DNA [4], consisting of the same spermine-form
Z-DNA. Lowering the temperature dampens molecular motions, increasing the
information content of the diffraction data. The data obtained from a flash-
frozen crystal indicated that the minor groove contained a spermine molecule.
Lowering the temperature converted the isolated peaks in the minor groove
that had been assigned to a spine of hydration into a tube of electron density.
The spine of hydration morphed into a spermine molecule. At room tempera-
ture the methylene groups of the spermine molecule were thermally disordered,
and so not visible in the electron density maps. The amino groups of the sper-
mine formed hydrogen bonds to the floor of the minor groove and were ordered
at room temperature, and appeared as spheres of electron density. The peaks
of electron density in the minor groove had been mis-assigned during the 
original refinement of the room temperature structure. They were not water
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molecules but were the amino groups of a spermine molecule. Our retrospec-
tive assessment is that our original conclusion, that peaks of electron density
indicated a spine of hydration, was an over-interpretation of the data. However,
even the revised structure, with occupancies of 1.00 for the spermine molecule,
etc., is also an over-interpretation.

11.2
B-DNA #1

By 1998 there were 68 isomorphous members of the CGCXAATTYGCG (X=G
or A, Y=C or T) dodecamer family in the NDB. Collectively those structures
contain thousands of water molecules, and no monovalent cations, divalent
cations, or polyamines.1 We proposed an alternative interpretation of the data
[5–7] in which the grooves of the B-DNA in those crystals are decorated with
various types of cations. That proposal is now accepted, based in part on sub-
stitution experiments with scattering cations that give distinctive (anomalous)
scattering information [8–10] (also see work by Egli and coworkers [11]). It is
now clear that much of the hydration/counter-ion region contains partial and
mixed-occupancy water molecules and cations. The results of anomalous ex-
periments indicate that the A-tract minor groove contains monovalent cations.
Increasing data quality has revealed that the major groove is associated with
hydrated magnesium ions and spermine molecules (Fig. 1). Our retrospective
assessment is that the original models, which for example assumed that peaks
of electron density indicated a well-ordered spine of hydration [12, 13], were
over-interpretations of the data. The predominant monovalent cation in the
crystallization solutions was Na+ (a scattering iso-type with water). Models
with Na+/H2O partial occupancy hybrids would therefore fit the data equally 
as well as models with water only. There was never any experimental basis for 
setting the atom-types as pure water or their occupancies as 1.00.

11.3
B-DNA #2

In 1998 we identified a Mg2+ ion in the major groove of CGCGAATTCGCG [7].
The ion was well-behaved in the refinement, with excellent electron density,
thermal factors, geometry, etc. The location of the Mg2+ was confirmed by other
investigators [14, 15]. It is a ‘consensus’ cation, observed in structures obtained
from a variety of crystallization conditions and DNA modification. The major
groove Mg2+ has been assigned a structural role by several investigators, and
is thought to contribute to the famous ‘dodecamer bend’.
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now considered to be a hydrated magnesium ion.



In 2001 we discovered with an anomalous scattering experiment that the
major groove Mg2+ is not fully occupied [9]. A monovalent signal is subtle in
the sum and difference maps but is unambiguous in the anomalous map. The
monovalent site is displaced somewhat from the divalent site, although the
proximity is such that occupancy of either site by a cation would preclude 
occupancy of the other (the sum of the occupancies cannot exceed 1.00). Since
the Mg2+ is only partially occupied, the role of the Mg2+ in contributing to the
dodecamer bend is unclear.

Our retrospective assessment is that our original major groove Mg2+ ion
model was an over-interpretation of the data. The good thermal factor/good
geometry criterion was not sufficient to ascribe an occupancy of 1.00 to the
Mg2+.

11.4
DNA–Drug Complexes

In X-ray structures of several early DNA–anthracycline complexes, well-de-
fined and fully occupied Na+ ions mediate interactions between the intercalated
chromophore and the DNA [16, 17]. In considering the reliability of those Na+

assignments the following factors require consideration:

1. The Na+ atom-type assignments are based on geometric considerations.
It was assumed that six ligands surrounding an electron density peak is 
definitively an indicator of Na+ ion occupancy.

2. After initial refinement, the geometry of the ligands surrounding the Na+

peak was restrained, to ‘ideal’ octahedral Na+ geometry.
3. The definition of ideal Na+ geometry has evolved over time. Six-coordinate

octahedral geometry is no longer considered a reliable indicator of sodium.
As noted by Jeffery [18], water molecules engaging in bifurcated hydrogen
bonding can be six-coordinate.

4. Structures of some DNA–anthracycline complexes lack localized cations 
[19, 20]. The Na+ ions in the original structure have not proved to be fully
reproducible.

5. Recent anomalous experiments show that there are additional monovalent
cation sites in the DNA–anthracycline complexes [21]. In the anomalous 
experiments the original Na+ sites are not as highly occupied as other sites.

Our retrospective assessment is that localized cations and electrostatic forces
are indeed important in structure, thermodynamics, and sequence specificity
of DNA–ligand complexes. Favorable interactions of adriamycin and cations
with the sequence-specific electrostatic landscape of DNA may be universal
characteristics of DNA–small molecule interactions and may be useful in 
sequence-specific ligand design. However, the certitude and the details of the
original Na+ descriptions are in error.
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12
Summary

Water molecules, monovalent and divalent cations, and polyamines compete for
similar or adjacent sites in the hydration/counter-ion regions of nucleic acids.
In general, crystallographic models of hydration/counter-ion regions are biased
simplifications. In assessing the reliability of crystallographic models one must
consider many factors:

1. With scattering iso-types one can construct many different models with 
indistinguishable electron density maps.

2. Even models with different electron density maps can give similar fits of
model to data.

3. The geometries of the coordinating ligands of common species (Mg2+ ex-
cluded) in the hydration/counter-ion region of DNA are very similar to each
other, and are effectively identical within the limitations of macromolecular
crystallography.

4. The good thermal factor/good geometry criterion is not sufficient to ascribe
an occupancy of 1.00.

5. Published structures and the database that contains them do not provide 
realistic representations of uncertainty.

6. The atom type assignments and occupancies in the hydration/counter 
region are generally subjective.

7. In many cases electron density peaks should be assigned to wild-card atoms
(10 electrons, identity unknown).

8. Anomalous scattering experiments provide important information that 
allows one to characterize the hydration/counter-ion region with greater 
accuracy than was previously possible.
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