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Summary

Structures of macromolecular complexes are necessary for a mechanistic de-
scription of biochemical and cellular processes. These structures can be defined by
experimental methods such as x-ray crystallography, nuclear magnetic resonance
spectroscopy, electron microscopy, cross-linking, and footprinting, as well as
computational approaches such as protein structure prediction, docking, and bioin-
formatics analysis of subunit sequences and structures. Technical advances in in-
strumentation and computer hardware have expanded their applicability and
helped close the resolution gaps between different methods. We argue for comput-
ing three-dimensional models of a given protein assembly that are consistent with
all available information about its composition and structure, which may vary
greatly in terms of its source, accuracy, and resolution. For illustration, we de-
scribe an approach that combines comparative protein structure modeling of as-
sembly subunits with their docking into low-resolution electron density maps ob-
tained by electron microscopy and its application to the yeast and E. coli
ribosomes.

1. Introduction

The function of a protein is defined by its interactions with other molecules in
its environment. The interactions can be either transient, such as protein-protein
interactions involved in intra-cellular signaling, or relatively stable, such as the
protein-protein and protein-RNA interactions in ribosomes. A structural descrip-
tion of these interactions is an important step toward understanding the mecha-
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nisms of biochemical, cellular, and higher order biological processes. There is a
need to integrate structural information gathered at multiple levels of the biologi-
cal hierarchy — from atoms to cells — into a common framework. Recent develop-
ments in several experimental and computational techniques allow structural biol-
ogy to shift its focus from the structures of the individual proteins to larger
assemblies (Sali et al., 2003; Baumeister, 2002).

Macromolecular assemblies vary widely in their functions and sizes (Alberts,
1998; Goto et al., 2002; Grakoui et al., 1999; Courey, 2001; Noji and Yoshida,
2001). They play crucial roles in most cellular processes, and are often depicted as
molecular machines (Alberts, 1998). This metaphor accurately captures many of
their characteristic features, such as modularity, complexity, cyclic functions, and
energy consumption (Nogales and Grigorieff, 2001). For instance, the nuclear
pore complex, a 50-100 MD protein assembly, regulates and controls the traffic of
macromolecules through the nuclear envelope (Rout et al., 2000); the ribosome is
responsible for protein biosynthesis; the RNA polymerase catalyzes the formation
of RNA (Murakami and Darst, 2003); and the ATP synthase catalyzes the forma-
tion of ATP (Noji and Yoshida, 2001). Macromolecular assemblies are also in-
volved in transcription control (ie, IFNB enhanceosome) (Courey, 2001; Nogales,
2000), regulation of cellular transport (ie, microtubulines in complex with molecu-
lar motors myosin or kinesin) (Vale, 2003; Goldstein and Yang, 2000; Vale and
Milligan, 2000), and are crucial components in neuronal signaling (eg, the postsy-
naptic density complexes) (Gomperts, 1996).

The estimation of the total number of macromolecular complexes in a proteome
is a non-trivial task. This difficulty can be partly ascribed to the multitude of com-
ponent types (eg, proteins, nucleic acids, nucleotides, metal ions), and the varying
lifespan of the complexes (eg, transient complexes such as those involved in sig-
naling and stable complexes such as the ribosome).

The Protein Quaternary Structure Database (PQSD; Nov 2002) contains
~10,000 structurally defined protein assemblies of presumed biological signifi-
cance, derived from a variety of organisms (http://pgs.ebi.ac.uk/pgs-doc.shtml).
Each assembly consists of at least two protein chains. These assemblies can be or-
ganized into ~3,000 groups that contain chains with more than 30% sequence
identity to at least one other member of the group (Figure 1) (Sali et al., 2003).

(Figure 1)

The most comprehensive information about protein-protein interactions is
available for the yeast proteome consisting of ~6,200 proteins. The lower bound
on binary protein-protein interactions and functional links in yeast has been esti-
mated to be in the range of ~30,000 (Kumar and Snyder, 2002; von Mering et al.,
2002); this number corresponds to ~9 protein partners per protein, though not nec-
essarily all at the same time. The human proteome may have an order of magni-
tude more complexes than the yeast cell; and the number of different complexes
across all relevant genomes may be several times larger still. Therefore, there may
be thousands of biologically relevant macromolecular complexes whose structures
are yet to be characterized (Abbott, 2002).
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In contrast to structure determination of the individual macromolecules, struc-
tural characterization of macromolecular assemblies usually poses a more difficult
challenge. A comprehensive description of large complexes generally requires the
use of several experimental methods, underpinned by a variety of theoretical ap-
proaches to maximize efficiency, completeness, accuracy, and resolution of the
determination of assembly composition and structure.

X-ray crystallography has been the most prolific technique for the structural
analysis of proteins and protein complexes, and is still the ‘gold standard’ in terms
of accuracy. Structures of several macromolecular assemblies have recently been
solved: the RNA polymerase (Cramer et al., 2001), the ribosomal subunits (Ban et
al., 2000; Harms et al., 2001; Wimberly et al., 2000); the complete ribosome and
its functional complexes (Yusupov et al., 2001); the proteasome (Lowe et al.,
1995); GroEl (Braig et al., 1994); the cellular transport machinery (Goldstein and
Yang, 2000; Vale, 2003), and various viral capsid and virion structures (Grimes et
al., 1995; Oda et al., 2000). However, the number of structures of macromolecular
assemblies solved by x-ray crystallography is still quite small compared to that of
individual proteins (Figure 1). This discrepancy is due mainly to the difficult pro-
duction of sufficient quantities of the sample and its crystallization.

There are several variants of electron microscopy, including single-particle
electron microscopy (EM) (Frank, 1996), electron tomography (Baumeister,
2002), and electron crystallography of regular two-dimensional arrays of the sam-
ple (Nogales et al., 1998). For large particles with molecular weights larger than
250 to 500 kD, single particle cryo-EM can reveal the shape and symmetry of an
assembly at resolutions of 1-2 nm. Although the electron microscope produces
images that represent only 2D projections of the specimen, the full 3D structure of
the object can be reconstructed from many such projections, each showing the ob-
ject from a different angle (Frank, 1996). More importantly, imaging by cryo-EM
at these resolutions requires neither large quantities of the sample nor the sample
in a crystalline form.

In the absence of high-resolution assembly crystal structures, approximate
atomic models of assemblies can still be derived by combining low-resolution
cryo-EM data of whole protein assemblies with computational docking of atomic
resolution structures of their subunits (Nogales et al., 1998; Volkmann et al., 2000;
Spahn et al., 2001; Beckmann et al., 2001; Chiu et al., 2002; Chacon and Wrig-
gers, 2002). Recent developments in the methods for interpretation of low-
resolution cryo-EM maps have suggested that docking and fitting of atomic reso-
lution subunit structures can enhance the structural information content of the
maps to a large extent. It has been estimated that using fitting techniques improves
the accuracy up to one tenth the resolution of the original EM reconstruction
(Volkmann and Hanein, 1999; Roseman, 2000; Wriggers et al., 2000; Rossmann
et al., 2001; Wriggers and Birmanns, 2001).

Unfortunately, atomic resolution crystal structures of the isolated subunits are
frequently not available. Alternatively, the induced fit may severely limit their
utility in the reconstruction of the whole assembly. In such cases, it might fre-
quently be possible to get useful comparative protein structure models of the sub-
units (Blundell et al., 1987; Greer, 1990; Sali and Blundell, 1993; Marti-Renom et
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al., 2000; Sauder and Dunbrack, Jr., 2000; Murzin and Bateman, 2001). This ap-
proach is increasingly more applicable because of the structural genomics initia-
tive. One of the main goals of structural genomics is to determine a sufficient
number of appropriately selected structures from each domain family, such that all
sequences are within modeling distance of at least one known protein structure
(Baker and Sali, 2001). It has also been shown that the number of models that can
be constructed with useful accuracy is already two orders of magnitude higher
than the number of available experimental structures (Pieper et al., 2002).

We begin by introducing the need for a multi-scale description of macromo-
lecular assemblies that integrates information derived from multiple sources and
variable resolution into a common computational framework (Section 2). Next, we
review the role comparative modeling may play in the determination of atomic
structures by EM (Section 3). In particular, we introduce automated comparative
protein structure modeling (Section 3.1), its errors (Section 3.2), ways to predict
errors (Section 3.3), and utility of comparative models in docking of assembly
subunits into EM maps. Finally, we illustrate combined comparative modeling and
map fitting with two applications, the determination of partial atomic models of
the 80S ribosome from Saccharomyces cerevisiae and the 70S ribosome of ES-
cherichia coli (Sections 3.5 and 3.6).

2. Hybrid approaches to determination of assembly
structures

Although x-ray crystallography and EM in combination with atomic structure
docking have been successfully employed to solve structures of protein assem-
blies, they are not capable of efficiently characterizing the myriad of complexes
that exist in a cell. For example, most of the transient complexes cannot be ad-
dressed at all with these approaches. Therefore, there is a great need for hybrid
methods where accuracy, high throughput, and/or high resolution are improved by
integrating information from all available sources (Figure 2) (Malhotra et al.,
1990; Aloy et al., 2002). Information about the structure of an assembly can be
provided by a number of experimental and theoretical methods (Figure 2). For in-
stance, the shape, density and symmetry of a complex or its subunits may be de-
rived from x-ray crystallography (Ban et al., 2000; Zhang et al., 1999) and elec-
tron microscopy(Frank, 2002); upper distance bounds on residues from different
proteins may be obtained from NMR spectroscopy(Fiaux et al., 2002) and chemi-
cal cross-linking (Rappsilber et al., 2000; Young et al., 2000); information that
two proteins bind to each other may be discovered by yeast two-hybrid (Phizicky
et al., 2003; Uetz et al., 2000) or micro-calorimetry (Lakey and Raggett, 1998) ex-
periments; two proteins can be assigned to be close to each other (relative to the
size of the assembly) if they are part of an isolated sub-complex, characterized, for
example, by an immuno-purification experiment (Rout et al., 2000; Aebersold and
Mann, 2003; Phizicky et al., 2003).
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(Figure 2 in landscape format)
(Figure 3)

To develop a framework for computing the 3D models of a given protein as-
sembly that are consistent with all available information about its composition and
structure, we express structure determination of assemblies as an optimization
problem (Figure 3). This approach consists of three components (Figure 4): (i) a
representation of the modeled assembly (Figure 4a); (ii) a scoring function con-
sisting of the individual spatial restraints (Figure 4b); and (iii) optimization of the
scoring function to obtain the models (Figure 4c). The most important aspect of
this approach is to accurately capture all available information about the structure
of the complex, whether it is high- or low-resolution, experimental, or theoretical.
The method should also be capable of calculating all the models that satisfy the
input spatial restraints. We illustrate this method by a description of its application
to the low-resolution modeling of the configuration of proteins in a given assem-
bly.

(Figure 4)

2.1. Modeling the low-resolution structures of assemblies

Some large assemblies, such as the nuclear pore complex, consist predomi-
nantly of subunits whose structures have not yet been defined. If comparative
modeling attempts cannot provide atomic structures, such assemblies may be
characterized only by low-resolution information about their overall shape and
protein-protein proximity. In other words, we can expect to be able to model only
the configuration of the proteins in the assembly, not their individual conforma-
tions. The following sections outline the three essential aspects of modeling by
satisfaction of spatial restraints, introduced above. It has been applied to the low-
resolution modeling of the configuration of proteins in the yeast nuclear complex
(Alber et al., 2004, in prep).

Representation of molecular assemblies

The system is represented by points that are restrained by spatial restraints. In
the absence of any atomic structures, we need to represent each of the assembly
proteins as a point. A slightly higher resolution may be achieved by parsing the
protein into individual domains, using either bioinformatics tools or biochemical
experiments, such as limited proteolysis followed by mass spectroscopy.

Scoring function consisting of individual spatial restraints

The most important aspect of low-resolution modeling is to accurately capture
all of the experimental and theoretical information about the structure of the mod-
eled assembly. This aim may be achieved by defining the scoring function as a
sum of individual spatial restraints.
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The restrained spatial features may include distances, angles, and dihedral an-
gles defined by points and gravity centers of sets of points, as well as symmetry
between sets of points. The distance restraints are defined based on the available
information about the modeled complex. Typical examples include:

Excluded volume restraints: Lower bounds on protein-protein distances are the
sum of the corresponding estimated protein radii (Russel et al., 1997). The radius
can be estimated from the number of amino acid residues or from the experimen-
tally determined Stokes radius (Harding and Colfen, 1995).

Symmetry restraints: If EM images and stoichiometry considerations indicate
symmetry (Yang et al., 1998), the appropriate result can be achieved by imposing
a distance root-mean-square term on the parts of the model that need to have simi-
lar conformation or configuration.

Protein localization restraints: Immuno-labeling experiments (Rout et al., 2000)
can be readily expressed as distance restraints on the labeled protein, relative to a
reference point such as another labeled protein or the gravity center of the com-
plex, upon superimposition of the individual electron microscopy or tomography
images containing the labeled proteins.

Protein proximity restraints: “Pullout” experiments (Rout et al., 2000; Aebersold
and Mann, 2003; Phizicky et al., 2003), chemical cross-linking (Rappsilber et al.,
2000; Young et al., 2000), foot-printing (Kiselar et al., 2002), or yeast two hybrid
system assays (Uetz et al., 2000) can be translated into weak upper bounds on the
protein-protein distances. Such restraints may also be inferred from a bioinformat-
ics analysis of protein sequences (€9, an analysis of correlated mutations (Pazos
and Valencia, 2002)).

Shape restraints: EM (Frank, 1996) and tomography images (Baumeister, 2002)
may allow defining the volume density map for the complex. The configuration of
the proteins in the complex can then be restrained by maximizing the correlation
coefficient between the EM map and that implied by a model, similarly to the fit-
ting of higher-resolution atomic models into the EM maps (Roseman, 2000; Wrig-
gers et al., 2000; Rossmann et al., 2001; Wriggers and Birmanns, 2001).

Optimization of the scoring function

An “ensemble” of models that minimize violations of the input restraints may
be obtained by optimization of the scoring function. For example, it is possible to
start with a random configuration of the proteins, and then apply a combination of
the conjugate gradients minimization and simulated annealing with molecular dy-
namics to the Cartesian coordinates of the points representing the system. Since
the optimization is stochastic, a large number of models are generally calculated
by starting from a large number of independently generated random configurations
(eg, 100,000). The aim of this sampling is to find all possible models that satisfy
the input restraints.

Analysis of the models

Depending on the resolution of the modeling, a variety of geometrical criteria
for comparing two given configurations of points can be used. Examples include
the distance root-mean-square deviation that focuses on the protein-protein con-
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tacts and a root-mean-square deviation that focuses on the positions of the indi-
vidual proteins.

Assessing the accuracy of the results is an important and highly non-trivial part
of the modeling. There are three conceivable ways of estimating the accuracy of
the models, in the absence of a directly determined structure.

First, similarity among the well scoring models is a necessary, but not sufficient
condition for their accuracy. If the well scoring models are not similar to each
other, there is not sufficient information in the input restraints to define the con-
figuration of the whole complex.

Second, the consistency between the model and the data not used in the model
calculation also measures the accuracy of the model. For example, a criterion
similar to the crystallographic free R-factor could be used to assess both the model
accuracy and the harmony among the input restraints.

Third, the number and properties of the restraints can be correlated with the ex-
pected accuracy of the resulting models. Such correlations can be estimated by the
use of “toy” models where the native structure of an assembly is known, the re-
straints are simulated, and their information content is estimated by exhaustive
simulation.

3. Comparative modeling for structure determination of
macromolecular complexes

Comparative modeling can play an important role in the structure determination
of large protein assemblies. Due to the progress in structural biology and structural
genomics, the structures of the individual subunits of larger assemblies are fre-
quently already known. Additionally, the structures of large assemblies and their
constituent parts also tend to be conserved in evolution. It is then possible to cal-
culate relatively accurate comparative models of the individual subunits that have
no available experimental structure. While only ~2% of known protein sequences
have had their structures determined by experiment, comparative modeling can
currently be used to predict at least the folds for approximately 30% of all do-
mains in the known sequences. Therefore, there is a growing need to improve the
use of homologous subunit structures in the modeling of protein assemblies. We
now review the comparative modeling method and its limitations, and then con-
tinue with its application to the docking of subunit structures into EM maps.

3.1. Automated comparative protein structure modeling

Comparative modeling consists of four main steps (Marti-Renom et al., 2000):
(1) fold assignment that identifies similarity between the target sequence of interest
and at least one known protein structure (the template); (ii) alignment of the target
sequence and the template(s); (iii) building a model based on the chosen tem-
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plate(s); and (iv) assessing the model for its accuracy. These steps were assembled
into a completely automated pipeline (Sanchez and Sali, 1998; Eswar et al., 2003).
Manual intervention is usually required only in difficult cases. Automation of the
procedure makes comparative modeling accessible to both experts and the non-
specialists alike and enables the calculation of models for more sequences than is
practical by hand. There are a number of servers for automated comparative mod-
eling (http://salilab.org/bioinformatics_resources.shtml). Many of these servers are
tested at the bi-annual CAFASP meetings (Fischer et al., 2001) and continually by
the LiveBench (Bujnicki et al., 2001) and EVA (Eyrich et al., 2001; Koh et al.,
2003) web servers for assessment of automated protein structure prediction meth-
ods. We now describe MODPIPE, which is our version of an automated scheme for
large-scale comparative modeling (Sanchez and Sali, 1998; Eswar et al., 2003).

MODPIPE is an automated software pipeline for comparative protein structure
modeling that can calculate comparative models for a large number of protein se-
quences, using many different template structures and sequence-structure align-
ments (Figure 5) (Sanchez and Sali, 1998; Marti-Renom et al., 2000; Pieper et al.,
2002; Eswar et al., 2003). Sequence-structure matches are established by aligning
the PSI-BLAST sequence profile (Altschul et al., 1997) of the target sequence
against each of the template sequences extracted from Protein Data Bank (PDB)
(Berman et al., 2002), as well as by scanning the target sequence against a data-
base of the template profiles (Schaffer et al., 1999). Significant alignments cover-
ing distinct regions of the target sequence are chosen for modeling. Models are
calculated for each of the sequence-structure matches using MODELLER, which
implements comparative protein structure modeling by satisfaction of spatial re-
straints (Sali and Blundell, 1993). The resulting models are then evaluated by a
composite model quality criterion that depends on the compactness of a model, the
sequence identity of the sequence-structure match, and statistical energy Z-scores
(Melo et al., 2002).

(Figure 5)

The thoroughness of a search for the best model is modulated by a number of
parameters, including the E-value thresholds for identifying useful sequence-
structure relationships and the degree of conformational sampling given a se-
quence-structure alignment. The validity of sequence-structure relationships is not
pre-judged at the detection of the fold, but is obtained after the construction of the
model and its subsequent evaluation. This approach enables a thorough explora-
tion of fold assignments, sequence-structure alignments, and conformations, with
the aim of finding the model with the best model quality score.

MODPIPE has been used to calculate models for all sequences in the SwissProt
database (Boeckmann et al., 2003) with detectable similarity to a known protein
structure. The results are available through MODBASE, a relational database that
allows flexible and efficient querying of its contents (http://salilab.org/modbase)
(Pieper et al., 2002). Currently, MODBASE contains models for domains in
415,937 out of 733,239 (~57%) unique protein sequences found in SwissProt
(March 2002). Most of the models are based on less than 30% sequence identity to
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the closest structure and cover only a single domain in the protein sequence, corre-
sponding on average to one third of the whole protein. The automation and archi-
val of such comparative models reflect the ultimate goal of the structural genomics
initiative (Sali, 1998; Sanchez et al., 2000; Vitkup et al., 2001; Burley and Bo-
nanno, 2002).

3.2. Accuracy of comparative models

The accuracy of comparative models is most easily quantified by the extent of
sequence similarity between the sequence and the known structure (Chothia and
Lesk, 1986; Sanchez and Sali, 1998; Marti-Renom et al., 2000; Baker and Sali,
2001). Accuracy of a model tends to increase with the target-template sequence
identity (Figure 6). In general, models based on alignments with more than 40%
sequence identity frequently tend to have close to 80% of their backbone atoms
superposable with their actual structures with an RMS error less than 3.5A
(Sanchez and Sali, 1998).

(Figure 6)

High accuracy comparative models are based on more than 50% sequence iden-
tity to their templates (Marti-Renom et al., 2000; Fiser and Sali, 2001). They tend
to have approximately 1A RMS error for the main-chain atoms, which is compa-
rable to the accuracy of a medium resolution nuclear magnetic resonance (NMR)
spectroscopy structure or a low-resolution x-ray structure. The errors are mostly
mistakes in side-chain packing, small shifts or distortions of the core main-chain
regions, and occasionally larger errors in loops. Medium accuracy comparative
models are usually based on 30-50% sequence identity. They tend to have ap-
proximately 90% of the main-chain modeled with 1.5A RMS error. There are
more frequent side-chain packing, core distortion, and loop modeling errors, and
there are occasional alignment mistakes. And finally, low accuracy comparative
models are generally based on less than 30% sequence identity. The alignment er-
rors increase rapidly below 30% sequence identity and become the most signifi-
cant origin of errors in comparative models. In addition, when a model is based on
an almost insignificant alignment to a known structure, it may also have an en-
tirely incorrect fold.

3.3. Prediction of model accuracy

The folds of the comparative models in MODPIPE are evaluated by a composite
scoring function (Melo et al., 2002; John and Sali, 2003):

compactness+sequence_identity)/exp(z-score
GA341=1- [cos (sequence_identity)]( P d - Vel )
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Sequence identity is the fraction of positions with identical residues in the target-
template alignment. Structural compactness is the ratio between the sum of the
standard volumes of the amino acid residues in the protein and the volume of the
sphere with the diameter equal to the largest dimension of the model. The Z-score
is calculated for the combined statistical potential energy of a model, using the
mean and standard deviation of the 200 random sequences with the same composi-
tion and structure as the model (Melo et al., 2002). The combined statistical poten-
tial energy of a model is the sum of the solvent accessibility terms for all C" atoms
and distance-dependent terms for all pairs of C* and CP atoms. The solvent acces-
sibility term for a C® atom depends on its residue type and the number of other C”
atoms within 10A; the non-bonded terms depend on the atom and residue types
spanning the distance, the distance itself, and the number of residues separating
the distance-spanning atoms in sequence. These potential terms reflect the statisti-
cal preferences observed in 760 non-redundant proteins of known structure. The
GA341 scoring function was evolved by a genetic algorithm that explored many
combinations of a variety of mathematical functions and model features, to opti-
mize the discrimination between good and bad models in a training set of models.
The GA341 score ranges from 0 for models that tend to have an incorrect fold to 1
for models that tend to be comparable to at least low-resolution x-ray structures.
GA341 scores greater than 0.7 indicate a correct fold with more than 35% of the
backbone atoms superposable to better than 3.5A.

3.4. Docking of comparative models into low-resolution cryo-EM
maps

The usefulness of comparative models is limited by their accuracy and the reso-
lution of the density map; similar limitations may also apply to the experimentally
determined subunit structures, due to the induced fit. It is usually possible to gen-
erate a set of comparative models that are based on alternate alignments, tem-
plates, and domain orientations; some of these models may be more accurate than
others. The best subunit models and their positions in the complex may then be
identified by manual or automated docking of the alternate models into the elec-
tron density data from electron microscopy or low-resolution x-ray crystallogra-
phy. Ultimately, the best protein assembly model may be obtained by satisfying
simultaneously the homology-derived restraints on the individual subunits and
shape restraints on the whole complex.

The useful accuracy of comparative models for docking into the EM density
map varies with the resolution of the map (Figure 7). At resolutions worse than
10A, only the shape and size of a subunit can be identified and models based on
different but related template structures could be chosen for the docking without
loss of accuracy. The different template structures could account for variable con-
formations of the subunit (eg, open/closed forms) or different orientations of the
constituent rigid bodies. At medium resolutions, between 5 and 104, it is usually
possible to discern the positions of secondary structural elements and the domain
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structure of the components. In these cases, models calculated with one or more
templates but with several variations in the alignments to reposition secondary
structures and loops could be useful for identifying the optimal fit of the structure
in the density map. Additionally, loop regions can be independently optimized to
account for differences in conformations between the model and the observed
density. The backbone trace as well as the positions and boundaries of the secon-
dary structure elements can be identified more accurately at even higher resolu-
tions (~5A). Models of at least medium accuracy (Section 3.2) are required for
docking into maps at this resolution. In addition to the use of multiple templates,
multiple models could also be sampled by an optimization scheme that explores
the conformational degrees of freedom for the backbone and side-chains based on
a single target-template alignment.

(Figure 7 in landscape)

3.5. Example 1: A partial molecular model of the 80S ribosome
from Saccharomyces cerevisiae

As an illustration of the integrated strategies introduced earlier, we now de-
scribe the fitting of comparative protein structure models into an electron density
maps of the whole yeast (Spahn et al., 2001) and E. coli ribosomes (Spahn et al.,
2001; Gao et al., 2003). Partial or complete molecular models of the ribosomes are
obtained by the use of information from two sources, experimental low-resolution
(< 10A) cryo-EM maps and all-atom comparative models for the individual RNA
and protein components of the ribosomes.

Ribosomes are macromolecular machines responsible for protein biosynthesis
in the cell and consist of ribosomal RNA (rRNA) molecules and 50-80 ribosomal
proteins. They are made up of two subunits, a small subunit responsible for decod-
ing in protein translation (ie, selection of cognate tRNA) (Carter et al., 2000) and a
large subunit, primarily responsible for the catalytic activity (ie, peptidyl trans-
ferase) (Nissen et al., 2000). Atomic resolution x-ray structures are available for
the small 30S subunit from the thermophile bacterium Thermus thermophilus
(Schluenzen et al., 2000; Wimberly et al., 2000) as well as the large 50S subunit
from the halophile archaebacterium Haloarcula marismortui (Ban et al., 2000)
and mesophilic eubacterium Deinococus radiodurans (Harms et al., 2001).
While a relatively large amount of high-resolution structural information is avail-
able for prokaryotic ribosomes or their individual subunits, there is only sparse
data for their eukaryotic counterparts. Fortunately, the eukaryotic ribosomal RNA
and proteins are evolutionarily related to their prokaryotic homologs. Despite the
different sizes of the rRNA, additional proteins, and more complex functions of
the eukaryotic ribosome, it can be anticipated that the overall spatial arrangement
of the subunits and the fundamental process of protein biosynthesis are similar to
those in the prokaryotes.

To gain structural insights into the machinery of eukaryotic ribosomes, we
combined a low-resolution cryo-EM map (~15A) of the Saccharomyces cerevisiae
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ribosome with comparative modeling and docking (Spahn et al., 2001). The yeast
ribosomal complex is made up of a 40S small subunit, composed of a 1798 nu-
cleotide (nt) long 18S rRNA and 32 ribosomal proteins, and a large 60S subunit
composed of a 25S rRNA (3392 nt), 5.8S rRNA (158 nt), 5S rRNA (121 nt), and
45 ribosomal proteins (Spahn et al., 2001). To facilitate the docking, the map of
the 80S ribosome was computationally separated into the protein and RNA parts,
using a method that takes into account the differences in the density distribution of
RNA and proteins, as well as the molecular masses and contiguity constraints
(Spahn et al., 2000). rRNA models from the crystal structures of the 30S subunit
from T. thermophilus (Wimberly et al., 2000) and the 50S subunit from H. maris-
mortui (Ban et al., 2000) were fitted into the resulting maps for the small subunit
rRNA and large subunit rRNA of yeast, respectively. Where necessary, the x-ray
models were modified by moving the non-fitting parts (eg, helices) as rigid bodies
relative to the rest of the model.

Comparative models for the yeast ribosomal proteins were constructed using
MoDPIPE (Sanchez and Sali, 1998; Spahn et al., 2001) and are available through
MODBASE (http://salilab.org/modbase). Structural templates used to calculate the
models consisted of all the individual chains from structures in PDB (as of Sep-
tember 2000), clustered such that the sequences of no two chains from any two
clusters were more than 95% identical. In addition, the structures of the small sub-
unit from T. thermophilus (PDB code: 1FJF) and the large subunit from H. moris-
mortui (PDB code: 1FKF) were considered as separate sets of templates. In total,
comparative models were obtained for 43 yeast ribosomal proteins; 15 for the 40S
subunit (Figure 8a) and 28 for the 60S subunit (Figure 8b). The models were de-
rived from alignments with sequence identities in the range 20%—56% (with an
average of 32%) and E-values better than 0.0001. The coverage of the models
(fraction of the yeast ribosomal sequence modeled) ranges between 34%—99%
(with an average of 75%). Docking of atomic models into the cryo-EM density
map was done manually using program O (Jones et al., 1991).

(Figure 8)

The composite map, consisting of docked RNA and comparative models of
proteins into the 15.4A cryo-EM map, provides for the structural interpretation of
the eukaryotic ribosome complex. The common core of the eukaryotic ribosome
was found to agree well with x-ray structures of the bacterial and archaebacterial
subunits. It reinforces the notion that the fundamental mechanism of protein syn-
thesis is highly conserved throughout all kingdoms. The differences in the struc-
tures of the prokaryotic and eukaryotic ribosomes could be localized to regions in
the density map corresponding to either yeast proteins without homologous coun-
terparts or those with additional domains. These differences occur mainly on the
solvent exposed faces of the subunits, conserving the core of the ribosome. It was
also found that the inter-subunit interactions, important for communication be-
tween the subunits, and the ribosome-tRNA interactions were largely conserved.
Additionally, the structure enabled the identification of four new protein-protein
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contacts. For more information, see references (Spahn et al., 2001; Beckmann et
al., 2001).

3.6. Example 2: A molecular model of the E. coli 70S ribosome

The aim of this study was to capture the dynamic features of the ribosome, the
‘ratchet-like’ inter-subunit motion, by trapping functionally meaningful states by
cryo-EM (Gao et al., 2003). The limited resolution of the cryo-EM maps was
overcome by docking comparative models of rRNA and proteins into the maps of
the different states of the ribosome: (i) a 11.5-A map (Gabashvili et al., 2000) of
the control, an initiation-like complex with fMet-tRNAM® at the P site (Malhotra
et al., 1998); and (ii) a 12.3-A map of the EF-G-GTP-bound complex (ie, a ribo-
some complex with EF-G in the presence of a non-hydrolysable GTP analog)
(Frank and Agrawal, 2000). The E. coli 70S ribosome consists of two subunits: the
30S subunit, comprising 16S rRNA (1542 nt) and 21 proteins, and the 50S sub-
unit, comprising 23S rRNA (2904 nt), 5S rRNA (120 nt), and 36 proteins. The
models of E. coli 23S rRNA and 5S rRNA were generated from the crystal struc-
ture of H. marismortui (PDB code 1FFK) (Ban et al., 2000), while the model of E.
coli 16S rRNA was generated from the crystal structure of T. thermophilus (PDB
code 1IBL) (Ogle et al., 2001) using the molecular modeling package Insight 11
(Accelrys Inc. Insight II 2003).

Models for the E. coli ribosomal proteins were calculated by MODPIPE as de-
scribed earlier. The crystal structures of the proteins from the small subunit of T.
thermophilus (PDB code 1FJG) (Carter et al., 2000) were chosen as the structural
templates to model 19 proteins of the 30S small subunit (S2-S20) of E. coli. For
proteins of the 50S subunit, 29 out of the 36 E. coli proteins were modeled based
on the crystal structures of H. marismortui (PDB code 1JJ2) (Klein et al., 2001),
D. radiodurans (1LNR) (Harms et al., 2001), and T. thermophilus (1GIY; L9,
L25) (Yusupov et al., 2001).

The starting models of the whole ribosome were built by manually docking the
individual rRNA and protein models as rigid bodies into the cryo-EM density
maps using the interactive program O (Jones et al., 1991). The initial positions of
each of the rRNA structures and those of the proteins were taken from the corre-
sponding positions of the template crystal structures. The program RSRef
(Chapman, 1995), a real-space refinement module for the TNT program (Tronrud,
1997), was then employed for automatically and simultaneously refining both the
stereochemistry and the fit of the atomic structures to the density map. Since the
resolutions of the experimental density maps are not suitable for refinement of in-
dependent atoms, a multi-rigid-body refinement was employed.

Comparison of the two resulting atomic models revealed that the ribosome
changes from a compact structure in the initiation-like form to a looser one in the
EF-G bound form. This change is coupled with the rearrangement of many of the
proteins. Furthermore, it could be seen that in contrast to the unchanged inter-
subunit bridges formed wholly by RNA, the bridges involving ribosomal proteins
undergo large conformational changes following the ratchet-like motion. Observa-
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tions suggested an important role of ribosomal proteins in facilitating the dynam-
ics of translation.

4. Conclusions

We are now poised to integrate structural information gathered at multiple levels
of the biological hierarchy — from atoms to cells — into a common framework.
The goal is a comprehensive description of the multitude of interactions between
molecular entities, which in turn is a prerequisite for the discovery of general
structural principles that underlie all cellular processes. In contrast to structure de-
termination of individual proteins, structural characterization of macromolecular
assemblies usually requires diverse sources of information (Sali et al., 2003). This
information may vary greatly in terms of its accuracy and resolution, and includes
data from both experimental and computational methods, such as X-ray crystal-
lography, NMR spectroscopy, electron microscopy, chemical cross-linking, affin-
ity purification, yeast two-hybrid system experiments, calorimetry, computational
docking, and bioinformatics analysis of protein sequences and structures. Struc-
tural genomics will bring us closer to a comprehensive dictionary of proteins in
the foreseeable future, while electron microscopy techniques and other approaches
will allow us to assemble proteins into complexes. A comprehensive description
of large complexes will generally require the use of a number of experimental
methods, underpinned by a variety of theoretical approaches to maximize effi-
ciency, completeness, accuracy, and resolution of the experimental determination
of assembly composition and structure. In conjunction with the non-invasive 3D
imaging of whole cells, these approaches might ultimately enable us to read the
molecular book of the cell.
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Fig. 1: Tllustration of the size range of biomolecular structures solved by x-ray crystal-
lography and the size distribution of structures contained in the Protein Quaternary Struc-
ture database. Structures of (top left to right) the PDZ domain, a molecular recognition do-
main that leads to protein-protein interactions; CheA, a dimeric multidomain bacterial
signaling molecule; aquaporin, which serves as a transmembrane water channel; and 70S
ribosome, which is the molecular machine for protein biosynthesis. The histogram shows
the distribution of the size of the entries in the Protein Quaternary Structure (PQS) database
(http://pgs.ebi.ac.uk). The 15,190 entries with at least one protein chain of at least 30 resi-
dues, when compared with each other, produced 3,876 clusters with more than 30% se-
quence identity and less than 30 residue length difference among the members within the
same cluster. The distributions of the numbers of residues and chains (inset) in the repre-
sentative structures for each group are shown. As expected, the structures of large com-
plexes are under-represented, given an estimated average size of a yeast complex of 7.5
proteins (see text).
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Fig. 2. Experimental and theoretical methods that can provide information about a mac-
romolecular assembly structure. The annotations below each of the panels list the aspects of
an assembly that might be obtained by the corresponding method. Subunit and assembly
structure indicate an atomic or near atomic resolution at 3A or better. Subunit and assembly
shape indicate the density or surface envelope at a low-resolution of worse than 3A. Sub-
unit-subunit contact indicates knowledge about protein pairs that are in contact with each
other, and in some cases about the face that is involved in the contact. Subunit proximity
indicates whether two proteins are close to each other relative to the size of the assembly,
but not necessarily in direct contact. Subunit stoichiometry indicates the number of subunits
of a given type that occur in the assembly. Assembly symmetry indicates the symmetry of
the arrangement of the subunits in the assembly. Gray boxes indicate extreme difficulty in
obtaining the corresponding information by a given method (Sali et al., 2003).
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Fig. 3. The scheme that illustrates how the subunits of a hypothetical complex (left) may
be assembled through optimization with respect to restraints from a variety of methods to
obtain the final assembly model (right) (Sali et al., 2003).
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Fig. 4. Modeling of the configuration of proteins in an assembly by satisfaction of spa-
tial restraints. (a) From left to right, representations of the proteasome assembly of 28 pro-
teins with points per atom, residue and protein, respectively. (b) Derivation of upper dis-
tance bounds on all pairs of proteins that have been shown to be a part of the same
subcomplex by an affinity chromatography experiment. An estimate for the diameter of the
whole subcomplex is needed and can be obtained, for example, from the measured Stokes
radius or the total number of residues in the subcomplex. (¢) The distribution of an objec-
tive function score for many optimized configurations. A desired ring structure is indicated
on the left, but stochastic optimization that starts from random configurations also results in
a variety of other distorted solutions that do not satisfy input restraints.



Structure determination of macromolecular complexes by experiment and computation 19

P-BLAST/IMPALA

-

o

.......................................................................... o

-}

[t

==

-

_ K -]

T g

i L &

H -n a

‘o Algn matched parts of o |®
j Build mode for target E.
il | segment by safisfaction of T
0 spatial resiraints 3
2 ! £l
g
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Fig. 6. The relationship between the accuracy of a reliable model and the percentage se-
quence identity to the template. The overlaps of an experimentally determined protein
structure with its model (red continuous line) and with a template on which the model was
based (green dashed line) are shown as a function of the target-template sequence identity.
The structure overlap is defined as the fraction of the equivalent C* atoms. For comparison
of the model with the actual structure (filled circles), two C* atoms were considered equiva-
lent if they were within 3.5 A of each other and belonged to the same residue. For compari-
son of the template structure with the actual target structure (open triangles), two C* atoms
were considered equivalent if they were within 3.5 A after alignment and rigid-body super-
position. The points correspond to the median values, and the error bars in the positive and
negative directions correspond to the average positive and negative differences from the
median, respectively (Sanchez and Sali, 1998).
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Fig. 7. Usefulness of comparative models for docking into EM electron density maps
(the maps are courtesy of Dr. Wah Chiu). Examples of errors in comparative models that
can be identified at various resolutions of the density maps are indicated. See text for de-
tails.
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Fig. 8. Structures of the (a) 40S small subunit and (b) 60S large subunit of the yeast ri-
bosome. The RNA and protein partitions are shown in yellow and turquoise respectively for
the small subunit; they are depicted as blue and orange respectively for the large subunit.
Wherever comparative models could be docked into the map, the protein partition is shown
transparently. Therefore, solid parts of the protein partition predict the position of addi-
tional proteins with no homologous counterparts in prokaryotes (Spahn et al., 2000).
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