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Abstract Advances in structural biology are opening
greater opportunities for understanding biological
structures from the cellular to the atomic level. Partic-
ularly promising are the links that can be established
between the information provided by electron micros-
copy and the atomic structures derived from X-ray
crystallography and nuclear magnetic resonance spec-
troscopy. Combining such different kinds of structural
data can result in novel biological information on the
interaction of biomolecules in large supramolecular as-
semblies. As a consequence, the need to develop new
databases in the field of structural biology that allow for
an integrated access to data from all the experimental
techniques is becoming critical. Pilot studies performed
in recent years have already established a solid back-
ground as far as the basic information that an integrated
macromolecular structure database should contain, as
well as the basic principles for integration. These efforts
started in the context of the Biolmage project, and re-
sulted in a first complete database prototype that pro-
vided a versatile platform for the linking of atomic
models or X-ray diffraction data with electron micros-
copy information. Analysis of the requirements needed
to combine data at different levels of resolution have
resulted in sets of specifications that make possible the
integration of all these different types in the context of a
web environment. The case of a structural study linking
electron microscopy and X-ray data, which is already
contained within the Biolmage data base and in the
Protein Data Bank, is used here to illustrate the current
approach, while a general discussion highlights the ur-
gent need for integrated databases.
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Introduction

Structural biology is undergoing an explosive expansion
at all levels of resolution. At the atomic scale there is
rapid growth in the number and complexity of models
from biomolecules determined by nuclear magnetic res-
onance spectroscopy (NMR), X-ray crystallography and
also, in a few cases, electron crystallography. Equally
important is the increasing improvement in the number
and quality of 3D reconstructed images of molecular
aggregates and cellular complexes obtained by electron
microscopy. The information afforded by these two
types of data brings the promise of visualizing complex
biological structures at a continuum of scales from the
cellular to the atomic level of organization. In the last
few years the combination of X-ray crystallography and
three-dimensional electron microscopy (3D-EM) has
yielded substantial progress in studies of large viruses
(Butcher et al. 1997; Dokland et al. 1999; Grimes et al.
1998; Prasad et al. 1999; Wikoff et al. 1997), viral
complexes (Bella et al. 1998; Hewat et al. 1997) and
important molecular aggregates such as muscle-related
filaments (Steinmetz et al. 1998), amyloid fibrils
(Jimenez et al. 1999), microtubules (Hirose et al. 1999;
Kozielski et al. 1998), chaperones (Nitsch et al. 1998;
White et al. 1997), proteasomes (Wang et al. 1997),
membrane-bound molecules (Celia et al. 1999; Luo
et al. 1999) and the ribosome (Ban et al. 1998; Cate
et al. 1999). A survey of the current extent of data
generation in combination 3D-EM/X-ray methods is
shown in Fig. 1.

Despite the complementary nature of atomic models
and related 3D images, the availability of these two
types of structural data is very different, mainly because
they are stored in different ways. Atomic models are
routinely deposited and can be retrieved efficiently from
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Fig. 1 The chart shows the percentage of 3D electron microscopy
(3D-EM) studies where there is a combination with X-ray diffraction
data over the total number of 3D-EM articles published. Note the
increasing rate of combined studies during the past three years. A
thorough bibliographic follow-up has been performed by personal
inspection on a weekly basis in order to obtain the 3D-EM studies
reported on 16 of the most popular journals in the field (around 200
articles containing close to 350 individual 3D structures have been
considered)

a number of databases, including the Protein Data Bank
(PDB) (Abola et al. 1997; Bernstein et al. 1977) by the
entire scientific community. However, 3D reconstructed
images are not systematically stored and have a limited
access.

This undesirable situation motivated the proposal
developed within the Biolmage project (HIPERVIN-
CULO, http://www.bioimage.org), aimed at providing a
means of organization and access to microscopic data,
as well as developing new capabilities to integrate dif-
ferent data sources — in the context of this work, 3D-EM
and X-ray data — (Carazo and Steltzer 1999; Carazo
et al. 1999). The central development was a modern
database design that structured the data and the meta-
data in a unified manner (Lindek et al. 1999). In this way
the Biolmage project developed the prototype of a
complete service, which included the submission of da-
tasets, querying against certain key words as well as the
retrieval of metadata and data. Also, special attention
was given to the provision of appropriate visualization
as well as data conversion tools to address these varied
data sources (Pittet et al. 1999).

The present work emphasizes some of the possibilities
that the Biolmage database infrastructure offers within
the context of high-resolution structural biology. Fitting
of atomic models into 3D reconstructed images repre-
sents the most abundant application among the high-
resolution combined studies, with a large and diverse
number of important achievements. As a representative
example of fitting studies, the interaction between foot
and mouth disease virus with the Fab fragment of the
neutralizing monoclonal antibody SD6 will be presented
in some detail. Other advantages in combining X-ray
diffraction data with 3D EM images will also be illus-
trated by briefly summarizing some relevant recent
studies. The work initiated by Biolmage will be further
developed within the field of structural biology in close
cooperation with the central data repositories, and more
specifically with the EBI in Europe.

Steps towards an integrated resource
for the structural biology of macromolecules

In the context of high-resolution structural biology, the
first attempts to organize microscopic data and relate
them to other types of data information such as X-ray
studies were performed within the Biolmage project.
Specifically, Biolmage provided a first implementation
of a database that enabled structural searches and
analyses of 3D volumes of molecules or molecular
assemblies, in a similar way to how this is now done
with atomic models in the PDB. The database opened
the possibility of organizing a diversity of combined
studies where 3D volumes were correlated with other
types of structural information and, in particular, with
molecular models. In recent years, research in high-
resolution structural biology has increasingly required
the combination of different experimental methodolo-
gies (Baker and Johnson 1996; Grimes et al. 1999).
Many of these combined studies use atomic models
determined by X-ray crystallography and 3D volumes
obtained by microscopy, particularly cryo-electron
microscopy (cryo-EM) together with image recon-
struction techniques.

Studies that combine X-ray data and 3D-EM recon-
structed images can be classified into three different
categories according to the type of data combination
used (Table 1):

1. Comparison/validation: this refers to studies where
molecular structures or electron density maps are
represented at lower than atomic resolution for a
qualitative or a semi-quantitative comparison or
validation of a 3D-EM volume.

2. Fitting: this category that, as indicated before, in-
cludes the largest number of high-resolution com-
bined studies, consists in the docking of molecular
structures into EM volumes, providing a pseudo-
atomic resolution model according to the “divide and
conquer” strategy. The information obtained in fit-
ting studies ranges from the atomic modeling of a
complex molecular assembly to the characterization
of local movements within large macromolecules.

3. Phasing: this includes studies where 3D images are
used as search models for the crystallographic phase
determination by some variation of the molecular
replacement method used extensively in crystallog-
raphy (Rossmann 1990).

A feature common to all the studies referred to
above, and that clearly shows in the context of database
design, is that, besides the 3D-EM volume data in
themselves produced by 3D-EM, some complementary
information had also to be provided in order to be able
to address the diversity of applications and analysis
envisioned. The complementary information varies ac-
cording to the experimental method used to obtain the
volume data, in particular, according to the level of
resolution attained.
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Table 1 Representative combined studies of 3D-EM reconstructed images with X-ray data (1997-1999)

Combination Ref. Remarks

Comparison Wikoff et al.
(1997)

residues in 3D structure of CMV

Butcher et al.

Cucumber mosaic virus at 23 A by EM agreed with X-ray data at 8 A. Similarities with cowpea chlorotic
mottle virus were demonstrated, and alignment of their sequences gave a probable distribution of

Pseudomonas dsSRNA phage 6 polymerase complex solved at 20 A compared with blue tongue virus (BTV)
X-ray data core shows striking similarities, supporting 7" = 2 arrangement. Functional correspondence

(1997)
was suggested
Dokland X-ray structure of the closed procap51d of DNA virus ¢X174 solved at 3.5 A was compared with
et al. (1999)

the previously determined cryo-EM image of the open procapsid at 25 A. The major structural

rearrangements that must occur during assembly were derived

Grimes et al.
(1997)

Hewat et al.
(1997)

Nitsch et al.
(1998)

Fitting

rearrangement
Malhotra
et al. (1998)
the L1 protein
Kozielski
et al. (1998)
motor complex was built
Luo et al.
(1999)

Wang et al.
(1997)

Phasing

X-ray scattering
Ban et al.
(1998)

The structure of the 7 = 13 VP7 layer of BTV was generated by fitting the X-ray
crystal structure of individual VP7 trimers into the core particles determined by EM at 23 A

The structure of the FMDV-SD6 Fab complex at about 30 A was determined by fitting the X-ray
crystal structures of its components (see details in the main text and in Fig. 2)

The a-only thermosome map at 28 A provides a first view on the open state of a group II chaperonin.
Fitting of the atomic structures into the electron microscopy density allowed derivation of the domain

The high quality 3D EM map of Escherichia coli 70 S ribosome at 15 A provided important clues,
in particular allowing the docking of the crystal structures from a bound tRNA molecule and from

The kinesin motor domain dimer-microtubule complex was determined at about 35 A. Using the
X-ray coordinates of the monomeric human kinesin motor domain, an atomic resolution of the

The 3D EM image of the insulin-insulin receptor complex at 20 A allowed the fitting of the available
atomic domain substructures which provided a detailed model of this transmembrane receptor
The 2.3 A X-ray structure of the proteolytic component of the caseinolytic protease from E. coli was

solved using as initial phases a cylindrical model determined by EM and solution small-angle

The large ribosomal subunit from Haloarcula marsmortui was solved at 9 A by a combination of data
from multiple isomorphous replacement and anomalous scattering together with a molecular

replacement solution using as a searching model a 20 A EM map

Grimes et al.
(1998)

The 3.5 A X-ray structure of the core particle of BTV (700 A diameter) was solved by molecular
replacement and phase extension using as a starting model the VP7 shell constructed using EM and

X-ray data in a fitting experiment (see Grimes et al. 1997)

Cate et al.
(1999)

Prasad et al.
(1999)

Structures of 70S ribosome functional complexes solved at 7.8 A. Molecular replacement on a 25
A cryo-EM single particle reconstruction of vacant E. coli ribosomes gave initial phases in the model
The crystal structure of a calicivirus was determined at 2.3 A by molecular replacement and phase
extension using as a starting model the EM volume determined at 3 A resolution

The case of a combined study currently in Biolmage

To illustrate the diverse requirements that fitting studies
demand in order to be efficiently stored in Biolmage, we
present the case of the complex between foot and mouth
disease virus serotype C (FMDV-C) and a strongly
neutralizing monoclonal antibody (SD6). This case is of
interest because all the required data are now deposited
in Biolmage and in the PDB. The atomic model of this
complex was generated using the 3D map determined by
cryo-EM to 30 A resolution (Hewat et al. 1997). The X-
ray atomic structures were available for both the intact
particle of FMDV-C and the SD6 Fab co-crystallized
with a synthetic peptide corresponding to the dominant
antigenic loop, the GH loop, from the viral capside
protein 1 (VP1). An atomic model of the entire complex
was obtained by docking the two crystallographic
structures into the reconstructed EM map. The 3D
reconstructed image of the FMDV-Fab complex was
deposited in the Biolmage database in the MRC map
format, with ID 12. Also Biolmage contains the links to
the available coordinates in the PDB and the transfor-

mation matrices necessary to generate the new complex.
Thus, when retrieving the 3D volume information from
Biolmage, the corresponding atomic model can be de-
rived (Fig. 2).

We conclude from the work described above that,
additionally to the EM maps and the primary links to the
PDB, the assembly matrices needed to construct a mac-
romolecule from its basic parts as well as the matrices to
dock the X-ray data on EM maps are required to repro-
duce the atomic model of the complex. Thus, these
complementary data need to be submitted for such
combined studies. The scheme shown in Fig. 3a repre-
sents a possible submission data flow. Fitting and
assembly matrices are defined as compulsory and will
allow the database user to know the precise geometric
relations between the different structures involved. This
additional information has to be entered during data
submission, but it will be automatically generated in the
near future by the fitting programs themselves. The actual
submission step for this information is shown in Fig. 3b.

Additionally, a first step into the real integration
between EM and X-ray data has been done: we have
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Fig. 2a, b Docking study of the
FMDV-Fab complex. a The top
part of the figure shows the 3D
reconstructed image of the
virus-antibody complex (left)
and the atomic structures of
both the FMDYV capside pro-
tomer (middle) and the Fab
fragment of the complex of the
monoclonal antibody SD6 with
the cognate peptide (right). The
bottom part of the figure shows
the result of the fitting proce-
dure. The relative disposition of
the Fab in the complex allowed
the modeling of residues situat-
ed in the hinge of the epitopic
loop (see reference for details).
b Scheme of the general path ’
followed in most docking stud-
ies. Fitting matrices that define "
the movements to be applied to -
the different PDB structures are
stored in Biolmage together
with the corresponding links to
the PDB (see text and Fig. 3).
In turn, the new coordinates

: " Realand reciprocal .
space refinement .

(like the ones corresponding to
the hinge in the example pre-
sented) derived from this mod-
eling are proposed to be
deposited in the PDB, indicat-
ing their origin and peculiarities
(see text)

submitted to PDB the coordinates of the FMDV-SD6
complex, with ID 1QGC. This submission represents
the first structure in PDB pointing to a 3D volume
in Biolmage. We have stated the fundamentals for a
new protocol in the frame of the PDB for this kind of
study, according to the previously defined protocol in
BioImage.

Closing the circle: the need for tighter
links between structural databases

Considering the combined structural studies analyzed in
the context of developing Biolmage, two questions arise.
These may have key strategic implications for the further
relationships between low-resolution structural data-
bases (such as Biolmage) and atomic resolution data-
bases (such as PDB).

Should the atomic resolution database reference low/
medium resolution (3D-EM) databases? An increasing
number of submissions in the PDB have used EM data
as referred above and in Table 1. A link from the PDB
to the appropriate low/medium resolution entries would
therefore be essential to convey a complete picture of the
actual experimental data used to derive that PDB entry.

Should the atomic resolution database contain fitted
atomic models? Fitting studies, particularly those which
allow flexibility in the fitted molecule, generate ““pseudo-
atomic” models. These data have no precise resolution
value, but in the light of their increasing number and
wider use, it seems convenient to have them available in
the database, providing the appropriate links to different
pieces of information actually used. This would increase
the quantity of useful and manageable structural infor-
mation and enhance the power of the links described
here.
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Fig. 3 a Complementary information to be added in a combined
study: fitting and assembly matrices, proposed as compulsory data in
the Biolmage design. This information allows the actual oligomer
merged in the 3D reconstruction image to be assembled from atomic
models of the protomers deposited in the PDB. b Submission interface
on Biolmage where a fitting matrix of the docking study considered in
Fig. 2 is shown. This matrix corresponds to the merging of the viral
capside protomer onto the 3D reconstruction image of the virus-
antibody complex

This forward and backward linking, from and into
low/medium resolution databases and other structural
databases (with PDB as the major one), will generate a
close relation between all the deposited structures, from
low to high resolution. In the light of the experience
generated in the context of this first prototype work with
Biolmage, it is now clear that future efforts towards data
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integration from the structural databases point of view
should address issues such as the submission and orga-
nization of (1) 3D images, (2) basic geometric relations,
as matrices to merge such images with atomic models,
and (3) links to the repositories of such atomic models.

Conclusion

In conclusion, the Biolmage project has developed a first
approach aimed at filling a “gap’ as far as the existence
of appropriate database infrastructures for structural
biology is concerned. The 3D electron microscopy field
clearly needs an infrastructure similar in concept to what
PDB represents for data at atomic resolution, since in
most cases atomic resolution will not be directly ob-
tained by 3D-EM. Similarly, this first step towards the
storage and organization of X-ray/EM combined studies
has proven the validity and usefulness of an integrated
approach.
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