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Computational methods for defining the allowed
conformational space of 16S rRNA based
on chemical footprinting data
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ABSTRACT

Structural models for 165 ribosomal RNA have been proposed based on combinations of crosslinking, chemi-
cal protection, shape, and phylogenetic evidence. These models have been based for the most part on inde-
pendent data sets and different sets of modeling assumptions. In order to evaluate such models meaningfully,
methods are required to explicitly model the spatial certainty with which individual structural components are
positioned by specific data sets. In this report, we use a constraint satisfaction algorithm to explicitly assess
the location of the secondary structural elements of the 16S RNA, as well as the certainty with which these
elements can be positioned. The algorithm initially assumes that these helical elements can occupy any posi-
tion and orientation and then systematically eliminates those positions and orientations that do not satisfy for-
mally parameterized interpretations of structural constraints. Using a conservative interpretation of the hydroxyl
radical footprinting data, the positions of the ribosomal proteins as defined by neutron diffraction studies, and
the secondary structure of 165 rRNA, the location of the RNA secondary structural elements can be defined
with an average precision of 25 A (ranging from 12.8 to 56.3 A). The uncertainty in individual helix positions
is both heterogeneous and dependent upon the number of constraints imposed on the helix. The topology of
the resulting model is consistent with previous models based on independent approaches. The result of our
computation is a conservative upper bound on the possible positions of the RNA secondary structural elements
allowed by this data set, and provides a suitable starting point for refinement with other sources of data or dif-
ferent sets of modeling assumptions.

Keywords: computational methods; molecular modeling; ribosome active sites; ribosome structure; tRNA
binding

cause il is the smaller of the two subunits, and there
are many more experimental constraints available to
help deduce its structure.

Unfortunately, the 305 subunit has not vielded to di-
rect methods of structure determination, such as X-ray
crystallography (Yonath et al., 1990). Nevertheless, a
large amount of expe]'imeutdl data has been t‘nn‘lpiled,
and several models based on subsets of this data (using
various modeling approaches) have been presented
{ Brimacombe et al., 1988; Stern et al., 1988; Hubbard &
Hearst, 1991; Malhotra & Harvey, 1994; Brimacombe,
1995: Chen et al., 1995). The F. coli 305 subunit has a
1,542-nt 165 rRNA (Brosius et al., 1981). Regions of

INTRODUCTICON

In the bactertum Fscherichia coli, the 705 ribosome s
comprised of two separate subunits, the 305 subunit
(the site of codon-anticodon interaction) and the 505
subunit (the site of peptide bond formation). Each of
these subunits consists of ribosomal RNA (rRNA)
tightly associated with a specific set of ribosomal pro-
teins (21 for the 305, and 31 for the 505). The three-
dimensional structures of these ribosomal subunits
have been the subject of intense investigation, in order
to understand the mechanisms of protein synthesis.
The structure of the 305 subunit has been pursued be-

Reprint requests to: Russ B, Altman, Section on Medical Informat-
ics, Stanford University, MSOB X215, Stanford, California 94303
5479, USA; e-mail: altman@smi stanford, edu,

base pairing and helix formation have been determined
by comparative sequence analysis using the 165 rRNA
sequences of different prokaryotic species (Noller &
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Woese 1981: Woese et al., 1983). The locations of the
21 305 proteins have been determined by neutron scat-
tering (€ 'dpvl etal., 1987). For three of these proteins,
53, 56, and 517, a high-resolution structure is available
{Ramakrishnan & White, 1992: Colden et al., 1993: Lin-
dahletal., 1994). A critical questionis, then, how do the
proteins and RN A associate to form the active ensemble?
[here are several techniques for measuring physical
proximity of protein and RNA within the 305 structure,
including protection of the RNA from chemical probes
by interaction with proteins (Moazed et al., 1986; Stern
ctal., 1989), and by chemical or photochemical cross-
linking (Greuer et al., 1987; Osswald et al., 1987,
Brimacombe, 1991). In addition, there are now low-
resolution structural envelopes available from three-
dimensional reconstruction of electron microscopy
images (Frank et al., 1995, Stark et al., 1995).
Previously proposed models of the 305 subunit have
relied primarily on protein protection data and RNA-
RINA tertiary interactions as the primary basis for pre-
dicting structure. The reliability of protein protection
data has been questioned recently because of varying
experimental conditions, the possibility of heteroge-
neous contormational changes induced by the experi-
mental methods, and possible errors in the reported
protein locations from neutron diffraction { Brimacombe,
[995). Some recently reported protein protection data,
in which hydroxyl radicals generated from Fe(Il)-EDTA
are used as the chemical probing agent, provide an op-
portunity to address some of these concerns (Powers
& Noller, 1995), Hydroxyl radicals attack the ribose
moiety in the backbone of RNA, providing an exten
sive set of reproducible protection patterns gathered
under standard conditions. These data are more abun-
dant and are relatively inditferent to whether the tar-
wet ribose lies in single- or double-stranded structure
(Latham & Cech, 1989). For this reason, hydroxyl rad-
ical footprinting is less likely to be complicated by the
effects of protein-induced conformational changes than
those collected using base-specitic probes, which are
typically specific for unpaired bases (Powers & Noller,
[995). Eventually, model building studies should incor-
porate reliable information from all these data sources,
In this study, however, we seek to establish the inde-
pendent structural information content of the hydroxyl
radical data in the context of the published protein po-
sitions. With this information in hand, we will be in a
position to subsequently combine data sets and better
understand any inconsistencies that may arise. The
questions we ask here are: (1) Do the hydroxyl radical
data allow the definition of structural models that are
relatively well defined? (2) Are the resulting structures
largely compatible with previous modeling efforts? Be-
cause the hydroxyl radical data may not be sufficient
to define a unique conformation for 165 rRNA, we
sought to identify the allowed ranges of helix positions
(and conformations) that are compatible with the data,

DL, Fink et al.

Previously, we have described a computational
method for determining structure from sparse and
noisy constraint information. PROTEAN |, designed
originally for interpreting distance constraints from
protein NMR experiments, uses a constraint satisfac-
tion algorithm to determine an upper bound to the
number of structures that satisfy a parametric interpre-
tation of the constraint (Brinkley et al., 1987). It has
been tested in both model systems of known structure
(Brinkley et al., 1987; Lichtarge et al., 1987), as well as
used to solve the structure of unknown molecules
based on the distances derived from NMR (Arrow-
smith et al., 1991). It has been shown to produce a re-
liable upper bound on the set of locations for helical
components, given distance constraints. It is made
freely available at the Quantum Chemistry 'rogram
Exchange (Brinkley et al., 1990), or by request from the
authors.

The method begins with the assumption that each
helix can be located at any position, in any orientation.
Bv sequentially introducing structural constraints (such
as distances to the proteins or between RNA helices),
the list of allowed positions and orientations is pruned
until a minimal set is found. This set provides, in a
sense, an upper bound on the range of conformations
that can be adopted within the given constraints and
thus provides a measure of the net information content
of the structural constraints. We have used our con-
straint satisfaction algorithms using the hvdroxyl rad-
ical footprinting data to define the range of positions
for the 165 rRNA secondary structural elements that
are compatible with the data. Unlike previous model-
building efforts, we conduct a systematic search through
conformation space and retain all structures (within
our sampling limit) that are allowed. We show that a
conservative interpretation of the hydroxyl radical data
is sufficient to define a gross topology of the 165 RNA.
We also show that the uncertainty in individual helix
positions is very heterogeneous, and depends on the
number of protein protection constraints, as well as the
number of single-stranded RNA tethering constraints
to other helices. The result of our computation is a con-
servative upper bound on the possible positions of
the RNA secondary structural elements and is a suit-
able starting point for refinement using other tech-
niques (based on energetics or maximum likelihood,
tor example).

The other methods for deriving structure from con-
straints include a modified version of molecular mechan-
ics (Malhotra & Harvey, 1994), interactive computer
graphical model building (Sternetal., 1988; H.F. Noller,
T. Powers, G.M. Heilek, 5. Mian, & B. Weiser, in prep.),
and variations of distance geometry ( Brimacombe et al.,
1990; Hubbard & Hearst, 1991). In addition, several
qualitative models have been built (Expert-Benzancon
& Wollenzien, 1985; Nagano et al., 1988; Oakes et al.,
1990). Each of these has been successful at combining
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multiple data sources to arrive al a single (or a few
closely related) alternative structure. Qur method is
distinguished from these in that it is designed specifi-
cally to explore the full conformational space compat-
ible with the data, and does not produce any typical or
consensus model. (For the purposes of comparison, we
do make available the average positions and spatial un-
certainty of the phosphate atoms in the helical back-
bones, as discussed in the Materials and Methods.) We
have shown the feasibility of applying the PROTEAN
program to ribosomal structure in a preliminary report
of the structure of the central domain of 165 rRNA (Alt-
man et al., 1994). The data set used for the modeling
reported here has also been interpreted using inter-
active manual model building. Thus, there is an oppor-
tunity to evaluate the relative benefits of automatic
versus manual interpretation of structural data.

RESULTS AND DISCUSSION

Our method of representing and interpreting the hy-
droxyl protection data was sufficient to position 93%
of the 165 rRNA double-helical elements (61 of 64 he-
lices) within well-defined volumes of uncertainty. In
tact, the locations of the individual helices are consis-
tent in morphology with the recent 23-A resolution
electron micrograph reconstruction of the 305 subunit
(Stark et al., 1995) and with the model published by
Malhotra and Harvev (1994). In particular, our coher-
ent instances show a “head” at the top of the subunit,
a”"body” at the bottom, a large groove and protruding
notch on the left (using the view of Fig. 7 in Malhotra
& Harvey, 1994), and a smaller groove on the lower
right (see Fig. 5). Another interesting feature of our
model is that there is a three-dimensional partitioning
of helices that are grouped together in the secondary
structure. Helices in the 5° domain occupy the lower
portion of the subunit, whereas helices in the central
domain occupy the middle portions, near the pre-
sumptive tRNA binding cleft. Helices in the 3’ domain
are localized to the upper portions. This partitioning
has been reported previously (Stern et al., 1988;
Brimacombe et al., 1990; Malhotra & Harvey, 1994).

The uncertainty of any helix in our model can be best
determined by considering the volume of its cloud,
which is the total space occupied by the helix in all of
its allowed locations. The mean cloud volume using
only tootprinting data (after the anchoring step) was
350,000 A, (corresponding to an uncertainty radius of
44 A, assuming spherical clouds). The final cloud vol-
umes (after high-order yoking is completed) vary con-
siderably, from a minimum of 8,800 A? (helix 13) to a
maximum of 750,000 A” (helix 40). The average reduc-
tion in cloud size was almost 60% from start to finish
{see Table 4),

The mean helix cloud size at the final stage of calcula-
tion was ~64,000 A’ (see Table 4), which corresponds
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to a22-A radius of uncertainty. The diameter of an A-form
double helix is approximately 19 A, andsoa positional
uncertainty of 22 A is only slightly more than one helix
diameter from the center of the cloud. More than 60% ot
the helix clouds vecupy a volume of less than 30,000 A
(see Table 4), which is indicative of an uncertainty radius
less than 19.2 A. This uncertainty is comparable to the res-
olution of available electrom microscopy measurements
of the 305 subunit, which describes its topography at a
resolution of 23 A (Stark et al., 1995).

The uncertainties in our helix positions are some-
what higher than those reported by Malhotra and Har
vey (1994) =753% of the RNA helices in their models
were positioned to within 15 A. Our approach differs
from theirs in at least two respects. First, Malhotra and
Harvev used experimental data gathered from various
sources, including several types of footprinting and
crosslinking studies of protein-RNA interactions, as
well as crosslinking data for RNA-RNA interactions.
QOur calculation is based only on a single data set pro-
vided by protection of 165 rRNA from hydroxyl radi-
cal attack by specific proteins (Powers & Noller, 1995).
Second, we used a conservative estimate for all dis-
tance ranges (both the experimental and RNA tether
distances), in order o maintain a conservative “upper
bound” on the conformation space. Malhotra and Har-
vey used a very different method based on molecular
mechanics and pseudoenergy constraints derived from
experimental data, which sought models with the
smallest errors possible. Even though we invoked
fewer constraints than Malhotra and Harvey, the gen-
eral topology and level of structural uncertainty within
our model are quite similar. We have experimented
with further pruning of our location clouds with RNA-
RNA tertiary constraints and these can reduce cloud
sizes significantly.

The heterogeneity that exists among final cloud vol-
umes also exists among the final number of locations
in each cloud. The number of final locations varied
trom 1 (hehix 22, helix 21.1) to 29,000 (helix 40), where
the reduction in number of locations from initial an-
choring to N-yoking ranged from 10% to greater than
99.9% (Fig. 4). (It is important to note that one location
at our sampling interval may still be compatible with
multiple locations at resolutions below 4-7 A.). As ex
pected, clouds with fewer locations have smaller vol-
umes of uncertainty. A correlation coefficient of (0,89
exists between the number of locations in a cloud and
the physical dimensions of the cloud. Interesting ex-
ceptions exist, however, in cases where a helix is well
localized to a small volume by strong protein protec-
tion constraints, but is free to assume many orienta-
tions within the volume due to weakness in tether
constraints to other helices (for example, helix 31).
Exceptions also exist when strong tether constraints al-
low a helix to occupy only a few locations that are not
close to each other (such as helix 4).
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As would be expected, the heterogeneity in both fi-
nal cloud volume and final number of locations corre-
lates well with the number of constraints imposed on
a given helix. For example, helices 4, 6.3, and 22 all
have multiple constraints to proteins and to other he-
lices (see constraint network, Fig. 3), and their clouds
diminished steadily throughout the calculation (see
Fig. 4). Helix 17.2, on the other hand, has only one
tether constraint to another helix and no constraints to
the ribosomal proteins. Not surprisingly, the cloud for
helix 17.2 remained large in both volume and number
of locations throughout the calculation (shown in Ta-
ble 4).

Just as the final cloud volumes provide a conserva-
tive upper bound to the uncertainties in helix location
attributable to the hydroxyl footprinting data, they also
provide an upper bound to the number of conforma-
tions of the RNA that simultaneously satisfy all con-
straints imposed by the data. Based on our cloud sizes,
there are ~10™ coherent instances possible after using
our boundary sampling procedure. Although this is a
seemingly gargantuan number of possible conforma-
tions, the difference between one coherent instance
and another might be as small as moving a single he-
lix 7 A in one direction or rotating it slightly about its
vertical axis. Furthermore, removing the most poorly
constrained helices from our model decreases the num-
ber of coherent instances by a factor of 100 for each
helix removed. Perhaps most importantly, coherent in-
stances that vary greatly in individual helix locations
can look quite similar in terms of general topography
(see Fig. 5).

The hydroxyl radical footprinting data provide a set
of qualitative proximity relationships between the ribo-
somal proteins and bases in the rRNA. In calculating
a structure from the data, it was therefore important to
systematically interpret the qualitative relationships
mto quantitative values, i.e., maximum distances be-
tween bases and proteins. A parameterization of the
data in terms of uncertainty in protein shape (g = mor-
phology factor) and protein position (0 = number of
standard deviations from the mean position) made
such an interpretation possible, as is shown in Figure 2.
The calculation assumed that ribosomal proteins were
roughly globular, and that their positions in the sub-
unit were confined to the error ellipsoids determined
bv neutron diffraction. Higher values of u represent sit-
uations in which proteins could be elongated rather
than spherical. Higher values of o allow for greater un-
certainty in the accuracy of the neutron diffraction po-
sitions by increasing the lengths of the error ellipsoid
axes. Our parameterization of the hydroxyl data deter-
mines only the upper bound of the constraint, i.e., the
maximum distance between a prolein and a base. The
minimum bound of protein-RNA interactions was uni-
formly set at zero, because the structures of most ribo-
somal proteins are not known, and an RNA strand

D.L. Fiik et al.

could theoretically run through a deep binding cleft
within a protein. In fact, those 305 proteins whose
structures are known (55, S6, and S17) contain poten-
tial RNA-binding clefts (Liljas & Garber, 1993). We
used values of ¢ = 1 and o = 1.5 for most computations
reported here. The increase in cloud size caused by in-
creasing the value of either g or ¢ above 2.0 results in
a loss of structural information such that many of the
helices cannot be well localized. Setting either param-
eter below its default value generally over-constrained
the helices, which resulted in no allowed locations for
all of the helices.

A comparison of helix clouds after initial anchoring
to those at the end of the 21-way yoking shows that the
clouds not only decrease in volume, but also move
their centers of mass, by an average of 16.0 A (see Ta-
ble 4). This movement is a significant effect of tether
constraints between helices, and demonstrates that re-
ducing cloud size by simply decreasing the values of
p and g would not result in an accurate representation
of the data. Thus, it seems thal our parameter values
are consistent with a conservative interpretation of the
data.

As expected, the model built by interactive model
building, using the same protein protection data, is
quite similar to ours, with only a few differences. This
interactive model provides the phosphate positions for
43 of the 64 helical regions modeled in this study (H.F.
Noller, T. Powers, G. M. Heilek, 5. Mian, & B. Weiser,
in prep.). Of these 43 helices, 46% (20 helices) are po-
sitioned within 19 A (one RNA helix diameter) of the
cloud center for our helix, and 86% (37 helices) differ
in position by less than 38 A. The remaining six heli-
ces are all less than 53 A from our helix cloud centers.
On average, the distance between our cloud centers
and the interactive model positions was 22 A, only
slightly more than one helix diameter (see Table 4 for
summary). Of the 43 helices represented in the inter-
active model, 15 do not satisty our parametric interpre-
tation of the footprinting data, and these helix locations
would not be allowed in our model. A correlation ex-
ists between the ability of the interactively positioned
helices to satisfy our parametric constraints and the dif-
ference in position between those helices and the cor-
responding helices in our model. Interactive model
building is able to introduce additional knowledge
about how to “strain” distance constraints acceptably
in order to find good locations. OQur method, on the
other hand, is strict in its application of the distance
ranges defined parametrically. The similarity between
the models is gratifying, however, because the auto-
matic method employed here is fast and can be run
many times.

It is also reassuring to see the level of agreement with
the Malhotra and Harvey model, even though the
agreement with this model was somewhat less than
with the interactively built model. On average, their
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helix positions differed from ours by 30.8 A, or about
1.5 helix diameters, with 74% of comparable helices
less than 38 A from our cloud centers and 96% of com-
parable helices differing in position by less than 57 A
(sce Table 4 for summary). In this case, both the data
set and the computational method used for interpret-
ing this data were different, so it was expected that dis-
agreements might be more widespread and larger in
magnitude. In addition, Malhotra and Harvey repre-
sented the secondary structure as 86 double-helical ele-
ments, as opposed to 64 in our representation, allowing
for greater flexibility of certain helical components. One
such instance is our helix 22, which Malhotra and Har-
vey modeled as three separate helices. One of the three
helices in their model agrees moderately well with our
position for helix 22, (35.5 A from the cloud center), but
the other two agree much less well (51.9 A and62.7 A —
see Table 4).

An important factor to be noted in comparing these
two models is that, although our helices are uncondi-
tionally consistent with our interpretation of the dis-
tance constraints, the Malhotra and Harvey model, like
the interactive model, allowed some leniency in satis-
tying constraints, which again adds flexibility to the
range of possible positions. Of the 86 helices repre-
sented in the Malhotra and Harvey maodel, 33 fail to
satisty our parametric interpretation of the footprint-
ing data. In fact, only 57 of the 188 protein-RNA con-
straints that we use are satisficd in the Malhotra and
Harvey model. As with the interactively built model,
helices in the Malhotra and Harvey model whose po-
sitions differ the most from ours tend not to satisfy our
protein-RNA constraints. Notable exceptions are he-
lices H17.2, H28, and H33.2, all of which have ex-
tremely weak protein protection constraints and large
cloud volumes in our model. Applying the protein-
RNA protection data and interpretation of that data
used by Malhotra and Harvey to our clouds reveals
that 15 of our 61 helix clouds do not contain at least one
location that satisfies these constraints, Again, helices
in our model that do not satisfy the Malhotra and Har-
vey protein-RNA constraints tend to be those which,
in the Malhotra and Harvey model, do not satisfy our
protein-RNA constraints, This clearly shows how dif-
ferences between constraint sets used in computational
model building can lead to differences between the re-
sultant models. The general concordance of the models,
however, can be taken as evidence that the positions
of the helices are now known to an average resolution
of about 30 A. Given the high-quality electron micro-
scopic envelopes that are now available as yet another
set of structural constraints, and the increasing avail-
ability of high-resolution protein structures, we can
soon look forward to glimpses of the 305 subunit struc-
ture at even higher resolution.

Even though we considered only the hvdroxyl radi-
cal footprinting data in our calculation, our model fares
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well when put to the test of satisfving additional con-
straint information. One such source of constraint in-
formation is the ecight RNA-RNA contacts derived
from crosslinking data (Stiege et al., 1986). Using a pa-
rameterized interpretation of this data as reported in
Brimacombe et al. (1990), our model satisfies seven of
the eight RNA-RNA constraints. The eighth constraint
can be satistied by adding 10 A to the maximum distance
allowed, which is not much larger than our sampling
error of 7 A. Another source of constraint information
is the topographical boundaries imposed by the EM en-
velope of the 305 subunit. Using the EM reconstruction
reported in Verschoor et al. (1984), we found that 58 of
our 61 helix clouds are contained well within the EM
envelope. Both the RNA-RNA crosslinking data and
the EM envelope could be used to prune our clouds in
future refinements of our model.

As noted above, we did not include data involving
520, because of uncertainty about its location. In this
case, unlike the other proteins, there is clearly conflict-
ing evidence aboul its location, The neutron map
places 520 near the midsection of the 305 subunit, as
shown in the figures. Immunoclectron microscopy
data places it at the bottom of the subunit (Schwedler
etal., 1993). However, we were able to position many
of the RN A structural elements protected by 520 using
other constraints, We could thus use the locations of
these helices (helix 8.1, helix 9, helix 13) to compute a
plausible location for S20. This computationally de-
rived position for the center of mass of 520 is at (39.0),
5.0, 44.2), which moves S20 from the base of the 305
subunit head (as predicted by neutron scattering) to-
ward the bottom of the subunit. This new position is
in between the neutron map location and the position
at the bottom of the subunit suggested by immunoelec-
tron microscopy (Schwedler etal., 1993). Future calcu-
lations may allow estimates of the protein positions
and orientations, based not only upon neutron diffrac-
tion distances, but also upon protein-RNA distance
constraints,

Our results in identifying the binding sites for impor-
tant 305 ligands are useful for assessing the degree to
which these sites are currently understood. Although
the locations of these ligands can be defined reliably,
the orientation is still not clear at this resolution. Our
attempt to dock P-site tRNA to our model, for exam-
ple, shows that the anticodon stem loop is well local-
ized to the bottom of the major cleft, but that the entire
tRNA molecule is still relatively unrestricted in its ori-
entation (see Fig. 7). We experienced an interesting
problem in docking P-site tRNA in that helix 31, with
which P-site tRNA has been shown to interact at nt 966
(vonAhsen & Noller, 1995), is located more than 50 A
away from the tRNA-binding cleft and the rest of the
I-site tRNA-associated helices (see Fig. 6). Not only
does our location for H31 make docking P-site tRNA
difficult, but it also differs by 40 A with the locations



856

for the corresponding helix in both Malhotra and Har-
vey’s computed model and Noller’s interactively built
maodel (see Table 4). In any case, it seems that some dis-
tance constraints must be strained in order to place he-
lix 31 near its P-site neighbors. One possible cause of
this disagreement is that the protein-RNA constraints
that localized H31 to the area of 519 (see Table 1) might
require different parameterizations than others, or they
might even be the result of secondary conformational
effects rather than true protein-RNA contacts. Alter-
natively, helix 31 might be dvnamic, and the con-
straints between helix 31 and the proteins might arise
from a different ribosomal conformation than do the
constraints between helix 31 and P-site tRNA. Further
corroboration with emerging high-resolution data
(Rinke-Appel et al., 1995) will undoubtedly aid the po-
sitioning of P-site tRNA in our model. For example, it
appears that the position of P-site tRNA represented
in (Agrawal et al., 1996) is contained within the cloud
defined in Figure 7.

MATERIALS AND METHODS

Modeling of the components of the 30S subunit

The 305 subunit can be subdivided into its constituent 21 pro-
teins and 64 double-helical RNA segments. Helices are rep-
resented as ideal A-form double helices (Saenger, 1984). Each
base within a helix is represented by a single pseudo atom,
PLICI:‘d at the position of the associated phi,)-;phuri.lm atom,
Single-stranded regions are represented as flexible tether con-
straints between helices and their conformations are not ex-
plicitly modeled. In partitioning the secondary structure of
the 165 rRNA into helices, we assumed that anv stretch of
base pairs (including G-U pairs) not containing a helical bulge
of more than three bases constituted a single helix. The 64 he-
lices are labeled as shown in Figure 1. They roughly follow
the numbering system used by Brimacombe and coworkers
{Brimacombe, 19491),

For the purposes of our computation, the proteins are rep-
resented as points, located at the mean position determined
by neutron scattering (Capel et al., 1987), and theretore es-
tablish a global coordinate system in which to introduce the
RNA helices. Each protein position was associated with el-
lipsoid axes representing the standard error in the v, y, and
zdirections, as reported (Capel et al., 1987). Because the pre-
cise structures and orientations of the proteins are not known
(high-resolution structures are available for S5, S6, and S17,
but their relative orientations in the 305 subunit are not
known), the RNA helices were allowed to overlap the pro-
tein center of mass, in order to allow for the possibility of tight
association with some elements of the RNA. The position of
protein 520, and all constraints involving it, were not in-
cluded in this data set in light of present uncertainty concern-
ing its position. 520 is mapped by neutron diffraction to the
upper region of the subunit, near protein 53. Immunoelec-
tron microscopy, however, has placed it at the battom of the
subunit (Schwedler et al., 1993), and there is currently some
debate about its true location (Brimacombe, 1995). For this
reason, protein protection constraints involving 520 were ex-
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TABLE 1. Fe(ll)-EDTA protection data, grouped by helix (Powers &
Noller, 1995).°

Hlelin Base-protein constramis

H1 21-516, 22-516. 23-516, 24-516

H2 20-516*

H3 32-516, 33-516, M-512, 35-512, 36-512, 560-516"

Hid S-516*

(§5] 31-516", 33-516

HE. T 124-516, 125-516, 126-S16, 230-516, 232-517, 233-517,

234-517, 235-517
H7.2 137-516, 138-516, 228-516°

HI11.1  245-517, 280-517*

HI11.2  246-517*, M8-517, 253-517, 254-517, 255-517, 262-517*
266-S17*, 275-517, 276-517, 28D-517*

H12 294516, 295-516, HIN-S16, FI2-S16, WE-S16, W4-S16

H15 375516, A76-516, 377-516

Hln. 1 -4, A07-54 40854, 408954, 424054

Hip2  411-54*, 426-54, 427-54

HI17.1  438-54, 4309-54, 440-54, 449-51a*

H17.2  4533-5167

HIS 1T 500-54, 501-54, 502-54, 503-54, 342-54, 343-54, 544-54

HI8.2  511-54, 512-54, 517-512, 524-512*, 536-512, 537-512,
339-54

(RRE EIERE (i

112001 TIH-58*

H20.2 734-515, 755-58, 7ah-58, 757-58

H21. 1 290-5 16, 598-58, S98-S8, 6d3-S5, (44-58, A53-SK*

H21.2 F9A.58, AR-516%, A32-516

213 612-516, 631-5167

H22 B55-515, 653-58%, 6536-515, 657-5135, 658-515, 6K70-56518,
b70-521, 67 1-SAS 18, 671-521, 672-S6518, 672-521, 736
S6518, 737-50518, 738-5A518, 749-515, 750-515,
751-515

1231 H73-56518, 674-56518, 675-56518, 677-511, A78-511, 679-
S1L 684-511, 706-511, 707-511, 708-511

H23.2  aY6-511°, 697-S11, 698511, 705-511°

H24.1 BU4-511, 820-58*

H24.2  794-511°, 796-511, 803-511°

H25 B21-58, 822-58, 823-58, B24-5K, 825-58, B26-54, B27-58,
K73-58, 874-G8, B75-58, B70-SHK, 87758, H78-58

FIZ6 1 B44-56518%, B45-56518°

FI28 1377-57*

F124 Y357, Y40-57, 1342-57, 1343-57, 1349-57*

H30 Q47-57, 956-S19%, 1233-57, 1234-57, 1235-57

FI31 Ged)-519, 961-51Y, 9p0-53* 971-53%, 976-519*

H32 QH2-5197, 985-5149, Y8T7-519, 990-519

H33. 1 995140

H33.2 IHM3-519%, 1014-519*

FI34.2 1055-53, 1056-53, 1057-53

H34.3  [Me-51Y9, 1047-53, UK7-519, 14853, 1050-53, 105153,
1052-53

13401 [189-53, 1190-53, T191-53, 1192-53

L35 1072-52, 1073-52, 1102-52, 1103-52, 1104-52

H36 1079-53%, 1081-53, 1082-53, 1083-53

HA37 1086-53, 1093-53* 1090-53, 1047-53

H3s 1115-59, 1116-59, 1185-53*

H34 LHI8-59, 1123-510, 1124-510, 1125-59, 1126-59, 1127-59,
1146-59, 1147-59, 1148-S9, 1149-549, 1150-59 1150-510.
HI51-=210, 1152-510

H41 1241-57, 1248-59, 12449-5Y9; 1250-549, 1251-59, 1252.59,
1281-59*%, 1289-57, 1290-57, 1291-57, 1301-513*

142 1302-513%, 1307-513, 1308-513, 1309-513, 1310-513, 1312-

519, 1313-519, 1314-519, 1323-57, 1321-519*, 1330513,
1333-57, 1334-57

H43  1350-57, 1351-57, 1352-57, 1353-89, 135357, 1354-57,
1335-57, 1356-57, 1364-577, 1370-57, 1371-57, 1373-57*

" Protein 56518 represents a dispunctive constraint involving pro-
tein 56 or S18; the base in question is protected by one of these pro-
temns {which cannot be distinguished tor experimental reasons). A ™
denotes a constramt from a protein to a base outside of a helix, in
which the total distance 1s the directional distance (I2d) from the pro-
tein to the base (see Fig. 2) plus the tether distance from the base to
the closest helix (see Table 2)
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FIGURE 1. Secondary structure of the 165 rRNA, as predicted by comparative sequence analysis (Noller & Woese, 1981
Waoese ef al., 1983}, Numbered boxes show our partitioning of helical clements, with numbering roughly tollowing the
svstem used by Brimacombe et al, (199715,

cluded from the calculation. In addition, protein 519 may be
closer to protems 53 and 57 than is predicted by the neutron
diffraction map presented by Capel et al. (Brimacombe, 1995),
Preliminary calculations showed that moving 519 36 A (about

3 standard deviations in its uncertainty, according to the neu-
tron diffraction data) toward 57 and §13 greatly augments the
ability of helices protected by 519 to simultaneously satisfy
constraints to other proteins and helices. These new coordi-
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nates were therefore used for the location of 519 in the con-
straint satistaction caleulation. Otherwise, the positions of the
centers of mass of the 305 proteins used were the same as re-
ported by Capel et al. (1987).

Parametric representation of structural data

The hydroxyl radical footprinting data provide distance con-
straints between protemns and nucleotide positions within in-
dividual helices (see Table 1), However, the allowed range
of distances corresponding to these data must be computed
using principled approximations. [istance ranges between
Pn:tui]‘m and nucleotides were given a minimum value ol zero
and a maximum value calculated by summing the anhydrous
radius ol the pratein (estimated by its molecular weight and
multiplied by a morphology factor, g, to account for possi-
ble nonspherical morphology) and the length of the direc-
tional error axis between the base and the protein’s mean
position. The distance along the directional error axis that was
comsidered allowable s r-;]:u.'(ifid.‘d as the number of standard
deviations (o) from the protein’s mean position. A graphical
depiction of this parameterization of the distance associated
with the hvdroxyl footprinting data is shown in Figure 2. Hy-
droxyl radical footprinting data were reported in Powers and
Noller (1995) as being either strong, medium, or weak, Be-
cause the weak data were dispersed more widely along the
secondary structure and could represent tertiary structural
protection at a distance, we used only the strong and medium
interactions, and these were assigned equal weight in the cal-
culation, Parameterization of the footprinting data was nearly
uniform, with almost all of the constraints being assigned a
value of 1.5 tor g and 1.0 for g In the single case tor which
these parameters were h.lrld—uplimiici‘i (helix 7. 1), o was sel
at 2.0, and g was set at 1.5, The default values of 1,5 and 1.0

Protein
(H=1)

Protein placed at three possible locations
on perimeter of uncertainty ellipse

Ddj = (DEj)(o) + (Ran)(p)

DE; = Directional Error a = Number of Standard Deviations

Rah = Anhydrous Radius = Morphology Factor

FIGURE 2. Schematic diagram ol the parameterization of protein pro-
tecton constraints and caleulation of maximal directional distance
{Dd)y between a base and a protemn, in three ditferent directions. The
Dd is the sum of the scaled directional error and a scaled anhydrous
radius

D.L. Fink et al.

fur ¢ and u were determined to be acceptable through prior
calculations (Altman et al., 1994).

The distance constraints between helices arise trom the
single-stranded RNA connecting them, and are referred to
as tether constraints. These represent the range of distances
allowed between the bases at either end of the single-
stranded RNA connecting the helices. For a tether of length
N bases, the minimum allowed value was set to the small-
est distance observed in tRNA between phosphates separated
by N bases, The maximum value was set to the length of a
fully extended chain of RNA N bases long (1 x 7.0 A)forn=
1-3, and a slightly less extended chain (i > 5.79 Aforn=3
{see Table 2),

laken together, the tether constraints (Table 3) and the pro-
tein protection distance constraints form a network ot dis
tances that connect the components of the 305 subunit (see
Fig. 3, a depiction of this constraint network). The network
forms the basis for our constraint satisfaction computation,
Fach node in the network is an object: the central node is the
set of proteins in a .*-iny,lv, tixed relabive orientation, The other
nodes are the RNA helices. It is apparent from Figure 3 that
some lelices are tightly constramed by many constraints to
both proteins and RNA elements, whereas other helices are
relatively poorly “tied in” to the constraint network.

Three helices (numbers 44, 45, and 46, comprising the 3
end of the RNA) could not be positioned meaningfully. These
are protected only by protein 520, which was not used in the
calculation, and they are connected to the rest of the 165
tRNA by a 12-base-lony tether, which does not sufficiently
constramn their location, Thus, their positions were not
muodeled.,

Calculation of structure by sampled
constraint satisfaction

The method of constraint satisfaction has been described and
validated in detail elsewhere (Brinkley et al., 1987, 1990,

TABLE 2. Lengths of tether constramts used

Hase Dimin 1 rnas
sepatation 1A (A
1 490 7.0
2 5.11 14,00
3 R4l 21.00
4 B0 2380
5 920 28.95
fs 9,50 M.74
7 e 400,53
ol 49.71 46.32
4 [{ERS 5211
1t 9.77 57.590)
I 7.65 73,69
12 7.75 79,48
3 712 7027
14 7.36 B1.06
15 7449 56,85
16 9.96 U264

S Dmin = minimum observed in tRNA; Dmax = fully extended:
(P=P=pux70Mtorn=13(P-P=nx57 A forn>3
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TABLE 3. Tether constraints betwoeen helices,

859

Feom helin o hatlin Bases mviolyied
bl H2 13-17, 21-19
H1 H3 25-27

12 127 916-912

H2 H28 91R-4923

F13 14 A7-39

3 HI8. 1 R47-R45

H3 Hiy 556564

H4 H5 47-52

14 H13 3494-393

H Hl16 1 M3 40

H3 Ht. 1 SH-01

= H14 354350

H5 H15 354368

i | Hi.2 T-73, 98-47
61 Hit 3 106-113

Ha3 H7.1 115-122

a3 H12 32-311

6.3 H13 314-31h

H7.1 H7.2 132-13h, 23)-227
H7.1 HIil.1 2349-240

H7.2 H&. 1 142- 144

H7.2 Hi 221-219

5.1 H#.2 150153, 172- 168
S |4 178184

HY LI 193198

L H11.2 245-247, 281-277
[REN 12 286-28Y

[RNR! 14 337-330

161 H1a.2 -4 1h, 433-427
Hi6 | H17.1 43437

HI7. 1 HI17.2 440455, 488-477
HI7.1 His 1 497 -5

HIs. | Hi15.2 S5, 541340
Hi1v Ha 1 Ah4-57h

H14 H25 BH]-H7Y

HI4 H27 BHh-H8s

H2ol F120.2 HH-584, Th1-757
H20, 1 11241 Tha-Tht

H20.2 211 SHY-5R8

From helia o helin [Bases inviolved
H20.2 H22 754-751
1121.1 1H21.2 RUB-5949, p42-639
H21.1 122 H51-H75
H21.2 H21 3 fAllh-f12, K32-625
22 H23 1 h72-673
H23.1 H23.2 hRd-HRE, FH-HY4
H24. 1 H24.2 775-7T83, B04-794
H24.1 H25 810-821
H25 H26 1 B27-829
H25 H26.2 H73-8b8
H26. 1 262 H57-861
H25 1129 4933-938
2N 1143 13541372
H29 1130 943-046
H24 142 1340-1334
H29 1143 1345-1350
H30 HI31 Y35 -Ui)
H3) H32 1225-1221
H3) H41 1235-1241
H31 H32 Y75-484
H32 H33.1 kB
H32 H34.3 1215-1211
H33 1 H33.2 LN TINN
H33, 1 H33.3 1037~ 1036
H33. 1 FI34.3 1044 - 11406
HA33.2 H33.3 1023-1025
[RECN H34.2 1058-1057, 1199-1203
34,1 135 1067 - 1065
H3 .1 H38 1189-1187
H34.2 H34 .3 1055-1032, 1205-1206
H35 H36 1073~ 1074
H35 H37 1102~ 104949
H35 H38 HO7-1113
36 H37 1083~ 11%6
H3K 134 1116-1118
H 38 Ha 11841175
39 [REH 1155-1161
1141 1142 12961313

"The identity of each heliv involved in g single-stranded RNA wether s listed in the first two columns. The bases torming the wether are
listed in the tmal column, These constraints were used Lo limit the distance between connected helices,

Lichtarge et al., 1987), but can be summarized here. At the
beginning of a constraint satistaction calculation, each helix
can assume any location (comprising both position and ori-
entation) in three-dimensional space. Helical locations are
specified with six numbers: the x, v, and z positions of the
helix center of mass, and the three Eulerian angles, o, #,
and w, (rotations around the initial object-based z, x, and =
axes, respectively) describing the orientation of the helix. Our
constraint satistaction algorithm defines an initial set of lo-
cations that are compatible with some of the constraints (in
this case, those to the proteins), and then systematically
prunces out locations that are meonsistent with both the dis-
tance constraints between pairs of helices and distance con-
straints between proteins and helices. Conformations in
which components overlap and thus violate van der Waals
radii are also eliminated. The basic operations used in con-
straint satisfaction are (in the sequence they are applied): an-

choring, appending, 2-way voking, and N-way yoking, as
described below.

Anchoring

Using the mean positions of the ribosomal proteins as a global
coordinate system for the 305 subunit, an initial set of allowed
locations is determined for each helix. In order to maintain
a camputationally tractable number of locations, we sample
a grid with positional increments of 7 A and angular incre-
ments of 30 (This sample interval guarantees that the sam-
pling error is roughly comparable to the radius of an RNA
double helix.) At each grid point (or location), we check that
all the constraints between the RNA helix and the proteins
can be satisfied (that is, all the distances fall within the spec-
ified ranges). Locations that do not satisty all the constraints
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Central
Domain

-
PROTEIN

s2
B3
S4
325
S6
sS7
58
59
510
S11
s12
513
S14
515
516
S17
S18
519

FIGURE 3. Constraint network for the
helices in the 165 rRNAL Helwes are rep-
resented as circled numbers. Solid ines
represent tether constraints between he
lices, based on the connecting single-
stranded regions, Dashed lines represent
protection constraints between helices
and proteins, The network ot dependen:
cies shown here mfluences the precision
to which each helix position can be de-
tined, as shown in Table 4

520
s21

P

are removed from the hist of allowed locations, In some in
stances, constraints between a helix and the proteins are sut-
ficiently constraining that a finer sampling level of 4 A and
15% can be used. To graphically display the results of anchor-
ing, we can render each allowed location as a set of dots in
the protein coordinate system. When all such locations are
drawn, a location clond 1s tormed that gives a qualitative im-
pression of the allowed range of locations of the helix. We ex-
tended the PROTEAN system for this problem by allowing
distance constraints to depend on the directional error of the
protein center-of-mass position. For example, the uncertainty
of protein 513 along the x-axis is 9.0 A, whereas along the
ccaxds itis 17.7 AL Thus, the allowed distance of a nucleotide
that is protected by protein 513 (as illustrated in Fig. 2) 15 dif-
ferent in the 1 direction and the = direction

Appending

Some helices contain no direct constraimnts to the protemns,
and so they cannot be anchored to them as described above.
I'hese helices, however, do have constraints to other helices,
and so they can be anchored to one of them (the secondary
anchor) using the tether constraints between the two helices.
The set of valid locations in the global coordinate system can
then be generated for these helices as the cross-product of lo-
cations relative to the secondary anchor, and the locations of
the secondary anchor relative to the global coordinate system,

2-way yoking

Given the initial clouds, as determined by anchoring and ap-
pending, the tether constraints between helices can be used
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to further reduce the size of the location clouds, Consider the
case of two clouds for helices 4 and 3, and a short tether con-
straint between them (bases 47-51), If there is some location
of helix 4 for which there are no locations of helix 5 that al-
low the tether constraint to be satisfied, then that location of
helix 4 can be removed, because it cannot possibly be part of
a valid conformation. By svstematically checking all pairs of
helices in the constraint netwaork, we can drasticallv reduce
the size of the initial, anchored (or appended) clouds using
this simple test. Helix locations are also checked 1o ensure
that volume overlap does not occur. Onee the clouds for he-
lices 4 and 5 are 2-yoked, they may need to be re-yoked if one
of them is turther pruned by voking with helix 15, Thus, the
2-voking operation is performed iteratively until location
clouds can be reduced no further,

N-way yoking

N-way voking is a generalization of the 2-way voke described
above. In this case, however, helices are considered n groups
ot 3,4, 5, ete. When N helices are considered together, then
the location cloud for each helix is reduced to only those lo-
cations capable of participating in a group that simulta-
neously satisties all distance and volume overlap (van der
Waals} constraints, Ideally, we seek N = 64-way consistency
mn order to ensure that every location is part of at least one
allowed conformation of the complete ensemble. However,
the computational cost of computing 64-way consistency 1s
prohibitive (it 1s related to the product of the size of the lo-
catiom clouds for cach of the 64 helices). Fortunately, we have
shown that, for problems featuring short-range distances
within biological structures, the clouds computed above ap-
proximately 10-way consistency are very similar to one an-
other (Altman et al., 1994}, In this computation, we achieved
21-way consistency, just to ensure that the clouds were

8ol

pruned maximally (see Fig. 4). Thus, the final set of helix lo-
cations is comprised of those that are able to participate in at
least one coherent conformation (termed a colierent mstance)
that satisties all constraints simultaneously, Three such co-
herent instances, each providing a slightly different position
tor the helices, but satistying all the provided constraints, are
shown in Figure 5. The ability to test high-order consistency
ctticiently 1s a second enhancement of the PROTEAN system
created by this modeling effort

Boundary sampling for efficiency

When manipulating the lists of helix locations, it becomes ap-
parent that many locations are equivalent, differing in small
translational or orientational increments. In general, wo are
most interested in the range of locations that are distinctly
ditterent. In order to make our computations more efficient,
we use a method of sampling that reduces the number of Lo-
cations mn a cloud while preserving the cloud's volume and
spatial characteristics (Chen et al,, 1995), Reduction is accom-
plished by a clustering algorithm that chooses the subset of
locations that 1s most representative ol the cloud. We used
this sampling procedure to limit cloud size (for individual he-
lices) to 100,000 locations. The etfect of sampling is to reduce
the number of locations in a cloud significantly while reduc-
ing the precision with which the cloud volume can be mea-
sured only shightly,

Comparison with other models

I'he task of comparing models with nonatomic representa-
trons of structure 1s nontrivial because of the different mod
eling choices that can be made. Nonetheless, m order to
assess the agreement between models, we examined the de-
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FIGURE 4. ['rogress of computations. Representative tracings of the number of locations (as a percent o the number of
imtial, anchored locations) are displaved tor four specitic helices, Flelices with strong protein protection constraimts, such
as helix 22 (triangle), decreased radically in number of locations from the outsel. Those with less strong protein protec-
tion constraints but strong tether constraints to other helices, such as helix 11,1 (diamond) and helis 4 isquare), decreased
steadily i number of locations throughout the caleulation. Those with weak or few constraints, such as helix 17.2 (cir-

cle), remaned high in percentage of anchored locations
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H33.2
“H33.1
Ha4.1

gree to which the clouds reported here “contain” the helix
positions reported in two models: a recent interactively built
model based on the same data set (H.F. Noller, T. Powers,
G.M. Heilek, 5. Mian, & B. Weiser, in prep.), and the model
of Malhotra and Harvey (1994). We superimposed each of
these models using the common protein positions. For each
helix, we computed its location (or locations if more than one
was provided) in each of the comparison models. We then
evaluated whether the location was contained by the corre-
sponding cloud (within our sampling error). The results are
shown in Table 4. For the model proposed by Brimacombe
et al. (1988), the coordinates of the helix locations are pro-

D.L. Fink et al.

FIGURE 5. Examples of three coherent instances. Each of the pro-
teins is represented as a red ellipsoid, with the ellipsoid centers of
mass corresponding to the mean positions of the proteins, as deter-
mined by Capel et al. (1987), and the ellipse sizes corresponding to
uncertainty in mean position. These are shown in the same view as
Figure 7 of Malhotra and Harvey (1994), in which the large ellipsoid
at the tap represents 513, the lowest ellipsoid represents 517, and
the one to the far lower left is 56, Helices in the 3 domain of the sec-
ondary structure are shown in yellow. Helices in the central domain
are shown in blue. Helices in the 5’ domain are shown in orange. The
overall shape of all coherent instances is very similar (and consistent
with electron microscopic images) despite detailed differences in the
locations of individual helices.

vided in the text, but not the protein coordinates. Without
the protein coordinates, we are only able to compute a sim-
ple RMS distance between the reported helix location and the
center of our helix clouds. The computed distance is 35.2 A,
which is quite similar to the average distances observed be-
tween the other models. The model of Hubbard and Hearst
{1991) is interesting because it did not use the protein posi-
tion map, but relied solely on RNA-based constraints in the
model building. The resulting structure is significantly dif-
ferent from the models proposed by Brimacombe, Noller,
Malhotra and Harvey, and us (a computed RMS distance of
59 A from our model, for example). The differences, how-
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TABLE 4. Statistics for each helix on cloud sizes, number of locations, cloud centroid movement, and differences between cloud centroids
and corresponding helix positions in bwo previous modeling eforts (Malhotra & Harvey, 1994 HLE Noller, T Powers, G.M, Heilek, 5. Mian,
& B. Weiser, in prep.).”

Initial # Final valume Final # Final volume A Center of mass Cloud radius A Malhotra madel A Noller mandel
Hilis lowations (AT lucations Al 1A Y] (A 1A
H1 P 71,372 512 43,753 folta 214 1.6 256
H2 10,503 303, 660 93 54,465 22.9 235 5.4 M
H3 2,752 K, 30 42 24604 13.7 184} 10.6, 13.2 14.0
H4 o 4495 001,432 40 53,325 20.3 23.3 225, 30.1 fi.b
H5 49,745 1200, 750 155 9,520 264 131 35.4, 37.1 N/M
Ht.1 53,272 Th2, 436 £20 29 650 M8 19.2 259, 29.6 MNiM
He.2 3o, 185 1.635,454 LR 4,204 BN 272 45,1, 459 N/M
He. 3 25,112 451, 636 231 10,102 RN 134 294 47.0
H7.1 154 25,74 2 12,634 i 14.5 29:5 N/M
H7.2 23,819 1O, 141 26 13,702 4.6 145 54.3 NIM
HH, 1 39,932 Sy, 3D BHE 20,107 219 16.49 46 NIM
H4.2 83,713 1,704,772 [ 08] 3601 2.3 19.4 55.00 NIM
Hy 154,545 2,374,541 2,105 35,638 2353 0.4 705 NiM
H1m 249,671 R36,837 02 50,741 23.5 220 455 MM
1.1 3,654 157,043 19 10,833 IHA) 137 227 4.9
H11.2 7878 h7, Bk 34 46,447 107 22.3 22,5, 403 17.6
HI12 7177 58,670 a4 16, 50 RN 158 5.1 27.2 27.4
H13 72,8049 1,202, 158 482 H.H31 6.2 12.8 12.0 MNiM
H14 all, 876 772,973 925 18,128 51.3 163 304 MNiM
H15 9377 116,372 429 42,036 1.5 2.7 3.1, 3B 5.2
Hi6o1 7.76Y 44,128 384 201,916 6.4 17.1 11.2 N/M
Hle.2 8,551 64,7492 4,677 S, 4954 1:3 2349 26.8 MM
171 44484 Ay, 343 84 51,622 1.4 231 241 NIM
H17.2 4,573 441,934 0,075 41,3536 B.7 463 4.3 N/M
HIK 1 34970 24,012 322 17,010 1.5 6.0 23.3 59
H18.2 115 17, 107 13 12,425 43 14.4 4.3 M2
H19 10,935 329,113 It 45,712 2.3 27 23.1 13.0
H20.1 R 401,384 374 449,155 3201 227 7.0 22.2
H20.2 7460 a0, 5604 133 14,74+ 1.0 15.2 32,2 17,2
H21.1 92 42,030 1 11,514 14.3 14.1 24.6 246
H21.2 315 38,230 5 24,163 7.2 17.9 4.9 19.8
H21.3 14,637 127,821 h,562 bh, 732 oY 5.2 26.5 14.2
H22 157 4,472 | 19,0710 =0 l6 .t 35.5; 51.9, 62.7 16.9
23,1 1,793 R1,803 5 20,308 20.7 169 32.7 15.9
H23.2 10,0050 168,682 1,463 44 366 13.5 2.0 12.3 395
241 h, 286 [-H), 498 7Y L), Bibey I3.6 24.4 12.7 T4
H24.2 6,212 195,478 3,02 124,051 3.1 LR 4.7 17.9
H25 6,245 M A1s Y30 25,49H) 4.1 15.4 258 143
H26.1 14,626 THI), H24 132 138,151 40,8 32.1 27.8 215
H26.2 58,013 985, h36 5,308 194, 264 15,3 i 172 RN
H27 45,0897 14,4901 1, 1949 71,782 25.7 5.8 463 9.7
28 M 977 1,405,004 1,275 145, 0036 28.1 328 33.1, 378 311
H249 15,263 82,046 2,538 ], Gl 1.8 245 315 6.3
H3u EXIL 82,907 BO7 38,400 B.3 24.1 0.3 145
[SEL b, 588 52,574 1,382 24,405 U 18.0 Mob 457
H32 10, 194 bll, bbb 1,217 31,911 8.5 19.7 0.8 19.3
33 23, 169 620,157 2,908 h,631 37.1 25.0 292 N/M
H33.2 49,263 417,262 1,523 198,282 12.8 3.2 47 .9 NIM
H33.3 31,930 511,121 3.738 155,524 7.8 33.4 a5 N'M
H34.1 4, 104 43.565 ] 3,768 7.8 20.2 2949, 361 141
H34.2 3,634 38,405 614 25,397 4.7 18.2 41.2 9.3
H34.3 178 21,134 27 19,199 1.6 16.6 30.7,.32.9 26.1
H35 9,404 103,450 32 18,289 24.1 16.3 25.5 40.1
1136 3,657 38,043 176 18,582 17 6.4 12.4 40.4
HA7 3.010 23.087 301 Hh, 279 9.4 5.7 25.0 12.2
H3s 2,032 33,388 1,231 30,176 3.2 4.3 32.1 13.1
] 16 48,059 79 44,738 1.4 2.0 9.9 14.5 M1 14
SE] 44,017 721,221 29 396 74H,835 10,2 563 9.6 206
H4 1 3218 05, A8 1,182 55, 160 1.2 23.6 2849 384 392 22.0
H42 135 33, 186 3 18,942 Fary 6.5 40.0 .7
H43 5,180 38,321 4,099 37,823 1.5 208 320 12.7
Mean 18,3493 344 381 1.543 fd,221 16,00 21.7 30.8 2.0

"The volume of a cloud was determined by calculating the spatial distribution of helix phosphate groups, across all possible helix loca-
tions, at 2 standard deviations, The radius of a cloud was determined by assuming that the cloud was spherical, In comparing helix posi-
tions between structures, multiple error distances indicate that our helix was modeled as several separate helices in the other structure, and
the errors are for each helix component in the other model. N/M indicates that the helix was not modeled i the other structure
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TABLE 5. Sites of interaction between the 165 rRNA and various cofactors and antibiotics.

Lotactor Function Helices involved Ref Fig. B calor
A-site tRNA Continue translation H18.2, H# 1 Rose

[-site tRNA Begin translation H23.2, H24.2, H28, 31, H44 ! Olive
mRNA Specify aa sequence H16.2, H18.2, H23.2, H26.1, H3%, H42, H28 2 NIt

505 subumt Part of ribosome H24.2, H46 1 Olive

k-1 Initiation factor H18.2, HM 1 Rose

IF-3 Initiation tactor H23.2, H24.2, | Olive
[etracycline A-site interference H27 3 Burnt sienna
Streptomycin Initiation inhibition, misreading H2, HZ7 3 Burnt sienna
Neomycin A-site interference H44 3 N/S

Edeine P-site interference H23.2, H24.2, H28 3 Olive
Hygromycin Misreading, translocation inhibition H44 3 Nis
Spectinomycin Translocation inhibition H34.1 3 Lavender

A References: 1, Noller (1991): 2, Wollenzien et al. (1991); 3, Moazed and Noller (1987).

PNIS, not shown

ever, are not homogeneous, and it appears that the 5’ domain
of this model (as noted previously by Malhotra & Harvey,
1994) is generally consistent with the other models.

Mapping important functional sites

With our helical positions and uncertainties rndppt.-d, we are
able to examine the location of bases that are known to in-
teract with important functional ligands, Using reported data
on the positions of tRNA binding (see Table 5), the A-site (site
of aminoacyl-tRNA interaction) and P-site (site of nascent

A

peptidvl-tRNA interaction), as well as data on the binding
sites of several antibiotics, we evaluated the degree of struc-
tural precision with which these sites can be defined. The re-
sults are shown in Figure 6. Additionally, we used the P-site
IRNA footprinting data (Moazed et al., 1986; Moazed &
Naoller, 1990) to determine the range of positions and orien-
tations that P-site tRNA could adopt in our model. In com-
pleting this step, we had to extend the allowed distance from
the tRNA anticodon stem loop to helix 31 from 15 Ato30 A
in order to satisty this constraint while simultaneously sat-
isfyving constraints to other ribosomal helices. The results of
docking P-site tRNA are shown in Figure 7.

B

FIGURE 6. Identification of functional sites on our model of folded 165 rRNA. A: Spatial extent of the allowed location
clouds for helices involved in various functional sites. Rose, A site tRNA; olive green, P-site tRNA, 505 subunit, edeine,
and IF-3; burnt sienna, tetracycline and streptomycin; lavender, spectinomyein. B: Specific locations of these helices (using
the same color system) in a coherent instance. Helices not involved in functional sites are colored according to the domain-

specific scheme presented in Figure 5
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FIGURE 7. Docking P-site tRNA to a coherent instance of 165 rRNA. A: Cloud of allowed locations for the anticodon stem
loop in green. B: One particular allowed position and orientation of the tRNA, based on the cloud of allowed locations
tor the anticodon stem loop and other distance constraints, as discussed in the text.

Reporting the coordinates

The primary product of our computation is a list of allowed
locations (translations and orientations) for each helix. In order
to facilitate comparison of our model with others, we have
made available on an internet WWW site (hltp: WwWw-smi
stantord. edu/projects/helix/pubs/finketal/) four summaries of
our results: (1) the average center of mass location for each
helix, along with its three-dimensional uncertainty (variance
in each of three Cartesian directions); (2) the average posi-
tion of all the modeled phosphates, along with their three-
dimensional uncertainty; (3) the phosphate positions for the
three instances shown in Figure 5; and (4) the protein posi-
tions used (or computed, in the case ot 520).

It is important to note that the phosphate average positions
reported do not satisfy strict stereochemistry and van der
Waals packing constraints, because the models were built
with a simplified representation whose precision does not al-
low detailed checks on these constraints (although rough
checks for packing violations are included in the method). Be-
cause the precision of our resulting models are no better than
15 A, there is little need to strictly enforce constraints that are
relevant only at much finer levels of detail. The average un-
certainty for each structural compoenent is sufficient to allow
the refinements necessary, as data becomes available, to en-
sure good packing and stereochemistry.
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