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ABSTRACT

The publication of the crystal structures of the ribosome offers an opportunity to retrospectively evaluate the infor-
mation content of hundreds of qualitative biochemical and biophysical studies of these structures. We assessed the
correspondence between more than 2,500 experimental proximity measurements and the distances observed in the
ribosomal crystals. Although detailed experimental procedures and protocols are unique in almost each analyzed
paper, the data can be grouped into subsets with similar patterns and analyzed in an integrative fashion. We found
that, for crosslinking, footprinting, and cleavage data, the corresponding distances observed in crystal structures
generally did not exceed the maximum values expected (from the estimated length of the agent and maximal antici-
pated deviations from the conformations found in crystals). However, the distribution of distances had heavier tails
than those typically assumed when building three-dimensional models, and the fraction of incompatible distances
was greater than expected. Some of these incompatibilities can be attributed to the experimental methods used.
In addition, the accuracy of these procedures appears to be sensitive to the different reactivities, flexibilities, and
interactions among the components. These findings demonstrate the necessity of a very careful analysis of data used
for structural modeling and consideration of all possible parameters that could potentially influence the quality of
measurements. We conclude that experimental proximity measurements can provide useful distance information for
structural modeling, but with a broad distribution of inferred distance ranges. We also conclude that development of
automated modeling approaches would benefit from better annotations of experimental data for detection and inter-
pretation of their significance.

Keywords: bacterial ribosome; cleavage; crosslinking; crystal structure; footprinting; proximity measures;
ribosomal proteins; ribosomal RNA

INTRODUCTION Before the crystal structures were published, a num-
ber of groups mapped experimental proximity mea-
sures to specific distance ranges and built ribosomal
models. With the crystal structures, we have an un-
precedented opportunity to review these qualitative prox-
imity measures, which were determined by a variety of
biochemical and biophysical experiments and used in
the construction of models before the availability of crys-
tal structures. RiboWeb is an online resource that draws
together such experimental observations relevant to
the structure of the 70S bacterial ribosome (Chen et al.,
1997; Bada & Altman, 2000). In total, it contains about
10,000 experimental observations from biochemical,
biophysical, and phylogenetic studies (http://riboweb.
stanford.edu/riboweb/login-frozen.html).

i i i The experimental techniques used in the ribosomal
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The ribosome is responsible for translating mRNA into
protein, and its structure has been the subject of in-
tense study for more than 30 years. The bacterial 70S
ribosome (with its two subunits—30S and 50S) mea-
sures approximately 210 A in each direction and is
composed of more than 50 polypeptides and three RNA
molecules. The recent advances in the X-ray crystal-
lography of the ribosome (e.g., Ban et al., 2000; Schlu-
enzen et al., 2000; Wimberly et al., 2000; Yusupov et al.,
2001) provide the first detailed look at a very large
macromolecular complex and promise to increase our
understanding of the mechanism of translation.




280

tionships between different types of data may be useful
for future experimental designs and structural model-
ing approaches. It may help to devise better structured
data repositories for researchers working on three-
dimensional structures and biomolecular interactions
in the future.

INFORMATION AVAILABLE FOR MODELING
AND COMPARISONS

For comparisons with interatomic distances in crystal
structures, we selected results of crosslinking, footprint-
ing, and cleavage experiments, representing important
sources of proximity information for building three-
dimensional models. We selected more than 2,600 ob-
servations of crosslinking, footprinting, and cleavage
experiments from 84 articles in the RiboWeb knowl-
edge base to examine (see the Appendix), including
only proximities that could be compared with those de-
rived from the available crystal structures (Protein Data
Bank identifications listed in Materials and Methods).
We analyzed the data based on general and specific
similarities between the experiments, such as individ-
ual steps in procedures, objects of study, probing agents,
and methods, taking into account possible structural
deviations between the different species studied and
conformational states.

Altogether, the observations considered involved 19
small and 20 large ribosomal subunit proteins. Count-
ing only two bases of rRNA for each crosslink (those
closest to each other in the reported stretches) and
summing this information with nucleotides determining
the footprinting and cleavage patterns, the observa-
tions processed in this work dealt with more than 650
of the 1,542 bases in Escherichia coli 16S rRNA, more
than 1,000 of the 2,917 bases in the 23S rRNA and 24
from the 120 bases of the 5S rRNA. All of these nucleo-
tides were relatively evenly distributed in the ribosomal
RNAs. Some of the bases were involved in up to 10
(large subunit) or even more than 30 (small subunit)
independent experiments. However, not all of this in-
formation was equally valuable.

We found that the qualitative observations frequently
indicate close distances (usually less that 20—30 A);
however, the distribution of distances has a long talil
that stretches out to over 100 A. Among crosslinking
agents, we found no correlation between the molecular
size of the agent and the mean distance between res-
idues that were crosslinked by them. We did, however,
see some correlation between the type of experimental
analysis used and the mean distance for crosslinks.
Some footprinting agents have tighter distance ranges
than others, but there is no clear correlation to the size
of the agent. There are, however, differing distance
ranges depending on the subunit involved. Cleavage-
based distances can extend to over 60 A and vary by
protein or rRNA fragment with the attached probe.
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CROSSLINKS

We define crosslinking experiments as those experi-
ments in which two or more entities within the molec-
ular ensemble become covalently linked through their
reaction with chemical and/or radiative agents. The re-
sults are usually interpreted to indicate proximity of the
joined entities. This common type of experiment is per-
formed using a wide variety of agents and methods of
identification of the participating elements, which either
are not known a priori, or are targeted with the prelim-
inarily incorporated agents. Methods of a posteriori iden-
tification include decomposition of the structure by
specific enzymes, separation and purification of cross-
linked from nonlinked components, and various ap-
proaches to determine exact nucleotides and amino
acids or their stretches involved (Sergiev et al., 2001).
We examined instances of crosslinking within and
between the 16S, 23S, and 5S rRNA molecules, cross-
links between proteins and rRNA, and crosslinks
between proteins. We evaluated 411 crosslinking ob-
servations taken from 59 articles, computing the span
of each crosslink as the distance in the crystal struc-
ture between (1) the phosphorus atoms of the linked
rBNA nucleotides, (2) the phosphorus atom of the rRNA
nucleotide to the alpha carbon of the closest amino
acid in the linked protein, or (3) the alpha-carbons of
the amino acids closest to each other in the linked
proteins. We note that various chemical agents and UV
irradiation bridge atomic groups that might be located
as far as 5 to 15 A from the closest phosphorus and
alpha-carbon atoms. However, such precision is of min-
imal use in the modeling of low-resolution structural
data, especially if no information is provided regarding
the exact nucleotides or amino acids linked together.
About half of all rRNA crosslink distances are less
than 20A, and the remainder are generally less than
40 A. However, there are some outliers as high as
130 A and higher. rRNA/rRNA and rRNA/protein dis-
tances have modes at 13 A and 4 A, respectively. It is
difficult, however, to draw conclusions based on these
observations because of the uncertainty in the exper-
imental results, as the closest amino acid or a nucleo-
tide in a stretch was taken to calculate the distance.
Sergiev et al. (2001) thoroughly analyzed experimen-
tal procedures used for crosslinking and pointed to the
steps possibly responsible for errors. Our data (Fig. 1)
agree with their analysis, which was performed for a
smaller representative data set describing only the
rRNA/rRNA interactions. As noticed by these authors,
both small and large subunit inter-rRNA crosslinks pro-
duce very large distances when reverse transcription
is involved in RNA identification (data displayed with
the “primer extension” label in Fig. 1). We determined
an “acceptable distance range” for each data point using
the length of the agent, an estimated distance of react-
ing atomic groups from the phosphorus or alpha-carbon
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FIGURE 1. Histograms of rRNA/rRNA crosslinking distances, plotted based on method of analysis of experimental results.
A: 30S subunit crosslinks. B: 50S subunit crosslinks. The crosslinks analyzed with primer analysis generate the largest

distances and appear to be the least reliable method.

atom of the corresponding nucleotide or amino acid,
and the maximal conformational variations expected. A
distance greater than this range was termed a “gross
mismatch.” We found that earlier crosslinking results
interpreted on the basis of direct sequencing of the
involved fragments had a greater probability of being a
gross mismatch, although most of the results were in
the acceptable range (Fig. 1A).

Distances calculated from RNA/protein experiments
displayed a more complex pattern (Fig. 2). The 50S
ribosomal subunit distances ranged to 45 A, whereas
the distances from the 30S subunit ranged up to 133 A.
This dichotomy is most probably due to the different
experimental approaches used to probe the two sub-

units. The best methods used in the studies of both
subunits were oligonucleotide analysis and matrix-
assisted laser desorption/ionization mass spectrom-
etry (MALDI-MS). The latter yielded only one result
that did not match the Thermus thermophulis structure,
although it was comparable with the distance found in
Haloarcula marismortui. This could be due to the cur-
rent resolution for the 50S subunit of the thermophilic
ribosome (Yusupov et al., 2001), which is not high
enough to visualize individual amino acids. Two mea-
surements detected by oligonucleotide analysis corre-
sponded to distances that were larger than expected.
These could be explained by the greater flexibility of
the proteins involved in the crosslinks—L9 (Lillemoen
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FIGURE 2. Histogram of rRNA/protein crosslink distances, plotted based on both agent and method of analysis. Methods
of analysis are abbreviated OA for oligonucleotide analysis and IM for immunological method and fingerprinting. Agents
performed differently based on method of analysis, but nitrogen mustard generated smaller distances for each method as

compared to methyl-4-mercaptobutyrimidate.

& Hoffman, 1998) and S7. In the case of S7, the agent
used for site-specific protein labeling had a greater
length, and so it is not surprising that the experiment
would have lower resolution.

Protein/protein crosslinks displayed another pattern.
Classification of these results based on the exact ex-
perimental procedures did not allow separation into more
and less reliable approaches. Immunological tech-
niques are often supposed to be more accurate than
gel electrophoresis-based identification (Stoffler et al.,
1988), but we observed practically the same probabil-
ity of gross mismatch in the experiments.

However, classification of the protein/protein cross-
linking data based on the object studied displayed very
strong distinctions between the data sets (Fig. 3). To be
more precise in this assessment, we also plotted those
crosslinking experiments performed with a common
agent in a similar fashion (Fig. 3, inset). The 30S sub-
unit protein experiments yielded more reliable results,
as the probability of gross mismatch was only about
15% with distances up to 88 A. Comparatively, the gross
mismatch was 50% for the large subunit (even though
some of the experiments were performed with immu-
noaffinity chromatography, as opposed to electropho-
retic analysis) and 70% for the intersubunit protein
contacts, both groups having distances outliers over
125 A. We conclude that the different nature of the
large subunit proteins (Moore, 1971) and the nature of

bridges between the subunits were the probable causes.
A dependence of the results on the details of the object
under study was also observed in the cleavage exper-
iments, as described below.

Itis a common assumption in modeling that the cross-
link distance and the size of the crosslinking agent are
generally linearly associated. However, we did not see
this correlation. This may be partially attributed to pos-
sible experimental errors we discussed previously and
uncertainties in the exact atomic groups that are linked
together. It can be concluded, however, that length of
the agent probably should not be treated as a signifi-
cant parameter in low-resolution structural modeling.
This observation is in accordance with recent results of
molecular dynamics experiments (Green et al., 2001)
showing that longer agents might become compact in
some environments, resulting in shorter distances be-
tween the reactive groups.

Although the agents seemed to play a less important
role as compared to the methods of analysis, we noted
that nitrogen mustard and UV were among the best
agents in all types of crosslinking experiments, that is,
they yielded consistently small distances. Sergiev et al.
(2001) noted this in the analysis of RNA/RNA inter-
actions. Other agents performed well, though there were
very few data points available for their analysis, mak-
ing generalization difficult. Among these other agents
were: tatryl di(glycylazide) (estimated length: 13 A; num-
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FIGURE 3. Histogram of protein/protein crosslinking distances, plotted based on the ribosomal subunit(s) involved. 30S
crosslinks display the tightest distances. Intersubunit protein crosslinks represent very large distances that are likely
erroneous. Inset: Distances are plotted for protein crosslinks resulting from iminothiolane only, and the same dependence
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on ribosomal subunits can be seen.

ber of data points: 1), dimethylapidimidate (length: 8.8 A;
points: 3), 3,3'-thiobispropioniomidate (length: 12 A;
points: 3), tatryl diazide (length: 6 A; points: 7) and
aminomethyltrimethylpsoralen (length: 23 A; points: 1).
O- and p-phenylenedimaleimide were some of the best
agents used for protein/protein crosslinking studies. Al-
though these agents contained only five data points,
they were among the very few reliable points obtained
for the 50S ribosomal subunit protein/protein cross-
links. Conversely, methyl-4-mercaptobutyrimidate was
one of the worst agents. It is possible that this chemical
causes destabilization and destruction of ribosomal
particles.

FOOTPRINTS

We define footprinting experiments as those experi-
ments in which (1) a specific structure-digesting agent
(substance) is introduced into the medium, and (2) the
data are expressed as protections from attack. The
procedure is often based on a preliminary guess of
the protected region. This experimental technique is
relevant if the molecular structure can be reconstituted
in vitro from its components with and without the stud-
ied part, or if that part can be removed from the original
complex so that the overall structure is not affected.
The protection pattern from the footprinting agent can
be examined at the resolution of individual nucleotides.

A wide variety of agents can be used, some of which
have been recognized as more effective than others
based on nonribosomal RNA and DNA structural stud-
ies. One of the advantages of footprinting is that it
allows simultaneous detection of multiple protected ele-
ments—and thus assignment of multiple proximities,
yielding more information for modeling.

Primer extension is the method commonly used for
identification of affected RNA nucleotides in these types
of experiments. Many different primers can be used.
They detect breaks in the RNA to allow reading of the
surrounding region by priming the action of reverse
transcriptase. There are several steps in this procedure
that include end labeling of the probe nucleic acid
(primer), incorporation of the probe, formation of het-
eroduplexes between the probe and test samples, chem-
ical reactions applied to these heteroduplexes, cleavage
of sites of mismatch, and separation of the reaction
products by polyacrylamide gel electrophoresis.

We evaluated 837 footprinting observations, involv-
ing all small ribosomal (S-) proteins except E. coli S1,
S10, and S21, and three large subunit (L-) proteins, L9,
L11, and L15. These observations were taken from 14
articles, representing distances between proteins and
the protected rRNA base(s). We calculated the dis-
tance between the alpha-carbon of each amino acid in
the protecting protein and the phosphorus atom of the
protected rRNA nucleotide and used the shortest dis-
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tance in creating the data set. Like crosslinking data, a
litle more than half of the footprinting observations
have crystal distances less than 20 A, with the remain-
der predominantly less than 50 A (Fig. 4). A few outliers
represent distances as high as 98 A.

We expected that larger proteins might protect more
RNA, but we did not see this pattern within the ob-
served distances. A variety of agents were used for
footprinting experiments, ranging from small inorganic
molecules to large enzymes. Most significantly, we noted
that hydroxyl radical footprints are always associated
with distances less than 45 A. There were no large
distance outliers for this footprinting agent. This is con-
sistent with the fact that the radius of diffusion of free
hydroxyl radicals able to cleave internucleotide bonds
has been estimated to be about 40 A (Sergiev et al.,
2001). lodine was used in fewer footprints, but main-
tained a range of distances less than 25 A. Dimethyl
sulfate was the agent involved in most of the gross-
mismatch distances for footprinting.

Sometimes, footprinting data are associated with
strengths (strong, medium, or weak) based on gel band
density. Strong footprints are assumed to originate from
shorter distances from the probe (0-22 A), medium
strength is associated with distances in the range be-
tween 12-36 A, and weak cleavages are attributed to
20 to 44 A distances (Joseph et al., 1997). We did not
find this correlation across all footprinting data, al-
though sometimes the trend can be seen within indi-
vidual experiments included in large data sets published
in the same articles.

100
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CLEAVAGES

We define cleavage experiments as those experiments
in which (1) an agent that attacks some portion of the
structure is introduced into the medium, and (2) the
data are expressed in terms of which entities are at-
tacked (rather than protected from attack). Cleavage
experiments include many steps similar to those de-
scribed above for the footprinting approach, and re-
quire cloning and site-directed mutagenesis techniques
for the incorporation of the probe and its further acti-
vation. For example, in a set of experiments on the 30S
ribosomal subunit, an Fe(ll) was attached to a base or
an amino acid via an EDTA linker. Chemicals were then
added to the medium that caused hydroxyl radicals to
be generated from the Fe(ll) site; these hydroxyl rad-
icals then cleaved nearby nucleic acid bonds.

We evaluated 1,307 cleavage observations taken
from nine articles. We computed the distance between
phosphorus atoms of the rRNA nucleotide with an at-
tached probe and a cleaved rRNA nucleotide, or the
closest alpha-carbon atom of a protein with an at-
tached probe and the phosphorus atom of the cleaved
rBNA nucleotide.

Given that the linker is approximately 12 A long and
the hydroxyl radicals are effective for about 10 A, and
considering possible conformational variations, we ex-
pected reactions to be localized to regions within about
30 or 40 A from the linker attachment site. However, we
observed a larger range of distances. All cleavage data
for the 30S subunit (both rRNA and protein tethers)
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FIGURE 4. Histogram of footprinting distances, plotted based on the footprinting agent. Group 1 agents include hydroxyl
radicals and iodine and yield the smallest distances. Group 2 agents include Fe[2+]-EDTA and kethoxal, which represented
somewhat larger distances. Footprints generated with dimethyl sulfate (DMS) yielded a wide range of distances, including

several that were extremely large.
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were consistently associated with distances less than
60 A, the majority of which mapped to distances less
than 30 A. For the 50S subunit, there were outlying
distances up to 83 A. We saw a clear dependence of
distance on the object with the attached probe
(Fig. 5A,B). Protein L9 yielded most of the very large
distances observed (Fig. 5B). We noted that the same
protein was associated with large distances in the
RNA/protein crosslinking data. Clearly, this highly flex-
ible protein can produce cleavages in many different
regions after reconstitution with other components of
the 50S subunit. The tightest group of cleavage dis-
tances was observed for 16S rRNA base G922, ex-
tending out to 30 A (Fig. 5C).

As with footprinting data, cleavage data are often
associated with strengths (strong, medium, or weak).
In this case, we found the expected result that the stron-
ger the cleavage, the shorter the distance. As was noted
earlier, assignments of strength for crosslinking and
footprinting data did not correlate with distinct ranges.
We conclude that this parameter may be unreliable for
molecular modeling in cases other than cleavage data.

COMPARISON OF MODELS

Given the large range of distances that map to the
experimental proximity measures, it would not be sur-
prising if the published models based on these data
differed significantly from the crystal structures. We eval-
uated four models of the 30S ribosomal subunit—three
published (Brimacombe et al., 1988; Malhotra & Har-
vey, 1994; Fink et al., 1996) and one unpublished (H.F.
Noller et al.). We found that the root mean square de-
viation (RMSD) of the model phosphate locations to
the crystal phosphate locations ranged from 26 to 46 A.
Given the overall size of the ribosomal subunit, and the
demonstrable noise in the qualitative proximity mea-
surements, these model errors seem reasonable.

CONCLUSION

All measurements have errors and uncertainties. Care-
ful experimental design and interpretation of results,
the development of controls, and evaluation of poten-
tial sources of errors, both pre- and postanalytical, are
constant themes in the laboratory. Some results re-
garding proximities within the ribosome have been re-
vised in the past as better techniques emerged. Less
effective fractionation procedures may have contrib-
uted to incongruities in some protein/protein crosslink
data (Lambert et al., 1983), exposure to some chemi-
cal agents in the media may have destabilized and
partially destroyed ribosomal particles (Lutter & Kurland,
1975), and differences in reactivity between the 30S
and 50S ribosomal subunit proteins were recognized
very early (Moore, 1971). In addition, underlying as-
sumptions about the ability of cleavage agents to dif-
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fuse into relatively protected regions may have been
too conservative (Travers & Buckle, 2000). Protection
data is difficult to interpret because nucleotides may be
shielded by a tertiary fold or other features of the
complex—including conformational changes. In gen-
eral, reproducibility is known to not always be associ-
ated with accuracy of the results.

We know experimental techniques are complex and
fallible. In this study, we were interested in identifying
trends in the reliability of classes of experiments. In
their paper, Sergiev et al. (2001) performed a careful
analysis of rRNA/rRNA crosslink studies applied to the
bacterial ribosome. Their main conclusion was that the
simpler the methods, the more reliable the results. We
saw the same trend in our study. The authors argued
that there are no good methods for probing long RNA
molecules (at least by incorporation of nucleotide an-
alogs). They also formulated recommendations for ex-
periments to be designed in the future.

In our work, we were able to analyze a larger group
of data, including other types of crosslinks and foot-
printing and cleavage data. We observed that experi-
mental results vary when probing different regions of
the ribosome, probably because of flexibility. We also
noted that certain agents may be more reliable for foot-
printing and crosslinking, though there is no perfect
correlation between the size of the agent and the length
of the crosslink.

The distances we observed in experimental proxim-
ity measures were generally less than 30 A. However,
the tail of the distance distribution extended much far-
ther than we expected. This is informative from a mod-
eling perspective. Model builders must be aware that
distance distributions for crosslinking data can be very
large. Footprinting observations may also vary in dis-
tance depending on the agent used. For example, DMS
generated distances with a larger distribution than io-
dine or hydroxyl radicals. On the other hand, cleavage
experiments can generate almost normally distributed
distance data, as seen with the 30S data. Strength
labels associated with this type of data, in particular,
can be informative. Our results suggest that, with ap-
propriate care, relatively low-resolution structural infor-
mation can be used to probe the structure of large
RNA/protein complexes, and can provide useful infor-
mation for the construction of models of these molec-
ular ensembles.

METHODS

Distance calculations

Ribosomal distances are calculated using the Carte-
sian coordinates from the Protein Data Bank files (ac-
cession numbers: 1fjf, 1fijc, Thnw, 1hnx, 1hnz, 1hro,
1ibk, 1ibl, 1ibm, 1fka, 1i94, 1i95, 1i96, 1i97, 1gix, 1fgo,
1ffz, 11fk, 1jj2, 1giy, 1c2w, 1eg0). Results for 1fjf, 1gix,
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erated from proteins and those from RNA follow a similar trend. B: In
the large subunit, cleavage distances vary substantially by the indi-
vidual protein involved. L15 generated the closest distances, whereas
L9 generated the largest distances. C: Individual 30S cleavage dis-
tances plotted by tethered object. The dependence of distance on
the 16S RNA base can be seen.

used to represent the location of amino acids. The po-
sitions of crosslinked proteins or RNA subsequences
(i.e., continuous segments of the nucleic acid) are
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represented by the position of the alpha-carbon or phos-
phorus atom of the closest amino acids or ribonucleo-
tides, respectively. We used RiboWeb and other in-
house automatic programs to calculate all distances.

To be consistent, we treated all experiments equally
and calculated the distances exactly the same for all
types of data, that is, between the phosphorus and
alpha-carbon atoms (closest from the stretches given
in the articles). It is known that different atomic groups
and bonds are targeted by different agents, but our
intention was to evaluate the general types of data
from the perspective of a modeler working with low-
resolution information.

Low-resolution macromolecular models are often built
using “pseudo-atoms” to represent entire nucleotides.
Because of the very large scale, representing each
atom is impractical in the initial stages of modeling.
Modelers are typically working with comparatively sparse
data sets of spatial information from these types of
experiments. Also, when modeling on such a large scale
with such vague pieces of information as “two things
are linked together,” approximate positions are the only
reasonable option. Later, the model may be filled in to
include all atoms. Mostly, pseudo-atoms are not actual
atoms at all, but rather large spheres used to represent
the spatial positioning of nucleotides. In some cases,
one atom, such as the phosphorus in the nucleic acid
backbone, is used to represent the approximate posi-
tion of a nucleotide. Because the kinds of experimental
information studied here are those often used for low-
resolution modeling of macromolecular structures, we
adopted that representation in order to utilize atoms in
the crystal structure with reported spatial coordinates.
We extended that paradigm to proteins by using the
alpha-carbon atom to represent the approximate posi-
tions of amino acids.

Data selection

We selected all crosslinking, footprinting and cleavage
observations contained in the RiboWeb knowledge
base, with the exception tRNA, mRNA, and protein co-
factors. Results with bigger uncertainties (e.g., cross-
links reported to be between the entire 23S rRNA and
an L-protein) were not included in the analysis. We
used RiboWeb programs to automatically select and
sort all appropriate observations.
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