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The electron density map of the small ribosomal subunit from
Thermus thermophilus, constructed at 4.5 Å resolution, shows the
recognizable morphology of this particle, as well as structural
features that were interpreted as ribosomal RNA and proteins.
Unbiased assignments, carried out by quantitative covalent bind-
ing of heavy atom compounds at predetermined sites, led to the
localization of the surface of the ribosomal protein S13 at a
position compatible with previous assignments, whereas the sur-
face of S11 was localized at a distance of about twice its diameter
from the site suggested for its center by neutron scattering.
Proteins S5 and S7, whose structures have been determined crys-
tallographically, were visually placed in the map with no alter-
ations in their conformations. Regions suitable to host the fold of
protein S15 were detected in several positions, all at a significant
distance from the location of this protein in the neutron scattering
map. Targeting the 16S RNA region, where mRNA docks to allow
the formation of the initiation complex by a mercurated mRNA
analog, led to the characterization of its vicinity.

crystallography of ribosomes u mRNA binding u 30S

R ibosomes are the universal cellular organelles on which
protein biosynthesis takes place. They are nucleoprotein

assemblies, built of two independent subunits of unequal size
that associate on the initiation of protein biosynthesis. The small
subunit (0.85 mDa) provides the site for the initiation step and
facilitates the decoding of the genetic information. It contains 21
proteins and an RNA chain (16S) of '1,500 nucleotides. Sig-
nificant conformational variability of 30S particles has been
observed by cryoelectron microscopy studies (1, 2), by surface
probing (3), and by monitoring the ribosomal activity (4).

The inherent flexibility of small ribosomal subunit may be the
reason for the low ('10 Å) resolution of the early crystals of the
small ribosomal subunits from Thermus thermophilus, T30S (5,
6). It also may account for the unsuitability of all of the available
cryoelectron microscopy models of the small ribosomal subunit
for extracting initial phase sets, as performed successfully for the
large ribosomal subunits (7). Indeed, increasing the homogene-
ity of the crystallized particles, accompanied by postcrystalliza-
tion rearrangements, induced by minute amounts of a hetero-
polytungstate containing 18 W atoms (8), called here W18,
resulted in diffraction to 3 Å.

This dramatic increase in crystal quality was not accompanied
by changes in the unit cell dimensions or in the crystal symmetry.
However, the W18-treated crystals (called Wative) could not be
scaled to the original native crystals, suggesting that a major
conformational rearrangement occurred upon the W18 treat-
ment. It is conceivable that other metals could have led to a
similar effect. Nevertheless, among the many tungsten com-
pounds tested by us (9), only W18 was found suitable for the
increase in resolution.

Conformational changes are not routinely induced within
crystals because of the limitation of the motion imposed by the

crystal network. However, the realization that the T30S crystals
can tolerate such changes, prompted us to perform reactivation
of the crystallized T30S particles by controlled heating (10). This
procedure led to higher proportions of well diffracting crystals
and enabled almost quantitative binding of compounds partic-
ipating in protein biosynthesis or their analogs (1, 11).

Ribosomal crystallography has been found to be rather chal-
lenging, especially upon progressing to higher resolution. Con-
sequently, the structure determination proceeds by step-wise
approach, progressing from low to higher resolution. Further-
more, most of the interpretations of the currently available
electron density maps hinge on models accommodating non-
crystallographic structural information (3, 4, 12–19) and exploit-
ing known structures of RNA and of isolated ribosomal proteins.
Considerable uncertainties are associated with placements of
structures determined at high resolution in medium resolution
maps. In the case of the ribosome, special concern is require for
minimizing potential ambiguities because its individual compo-
nents contain common motifs (20, 21). In addition, molecular
mimicries (22) may mislead the differentiation between proteins
and RNA regions. The non-negligible conformational variability
of the ribosomal components (20, 21), accompanied by possible
influences of the in situ ribosomal environment, may also lead to
misinterpretations.

To facilitate unbiased crystallographic identifications, to tar-
get sites involved in ribosomal functions, and at the same time
to extend the resolution of heavy atom derivatives, we are
focusing on the attachment of heavy atom markers to natural or
genetically engineered probes at predetermined sites. We also
exploit carriers that posses high specific affinities to ribosomal
moieties, such as antibiotics or DNA oligomers complementary
to exposed RNA regions. In this way, two surface cysteine
residues as well as the 39 end of the 16S RNA have been localized
(11, 23, 24). Furthermore, in a few cases, the labeled crystals
diffracted to resolution almost matching that of the Wative
crystals and yielded data of adequate quality, presumably by
reducing the flexibility of the targeted regions.

In this manuscript we present the 4.5 Å map of T30S and show
the parts that have been interpreted so far. We focus on
strategies and methodologies including the design, choice, and
combination of derivatives. We show placements of RNA re-
gions of known motifs as well as of ribosomal proteins of known
structures. We also highlight the sites targeted by heavy atom
markers, among them an mRNA analog.

Abbreviations: BS crystal, back-soaked crystal; TAMM, tetrakis(acetoxymercuri)-methane.
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Materials and Methods
Crystal Preparation. Ribosomal subunits from T. thermophilus
were prepared and crystallized as described (5, 23). The crystals
(a 5 b 5 407 Å, c 5 176Å, P41212, hand determined from
anomalous data) were treated by the addition of millimolar
amounts of W18. Back-soaked (BS) crystals were generated by
soaking the W18-treated crystals (Wative) in their stabilization
solution for 10–40 hours. The content of W18 in the BS crystals
was determined as described (9). Derivatization was performed
by soaking the Wative crystals in heavy atom solutions, in the
presence or in the absence of W18, as dictated by the stability of
the crystals.

Site Targeting. Tetrakis(acetoxymercuri)-methane (TAMM) was
covalently bound to exposed SH2 groups as described for the
tetrairidium cluster in (24). TAMM mercuration of cDNA
oligomers was performed on 59 extensions of the oligomers
containing thiolated bases. The non-oligomer-bound mercury
atoms of the TAMM molecule were masked to avoid the
attachment of the oligomers to undesired locations as described
(11). The oligomer presented in these studies was (AGAAAG-
GAGGTGATC), to which a tail of A(thio-dG)3 was added.

Data Collection and Evaluation. Data were collected with a bright
synchrotron beam at cryotemperature (86–90 K) from flash
frozen crystals, as described (23). The data were recorded either
on the 345 mm MAR Research (Hamburg) or charge-coupled
device detectors [QUANTUM4 or APS2, Cornell High Energy
Syncrotron Source (CHESS), Ithaca, NY] and were processed by
HKL2000 (25). For anomalous data collection, the wavelength was
adjusted to the L3 edge of W. Collecting the 3–4 Å shell, decay

was detected within a period sufficient for 1–1.5° oscillations. To
facilitate the production of complete data sets, crystals were
irradiated by a beam with a smaller cross-section. Translating the
rod-like crystals ('500 3 60 3 60 microns) once decay was
observed allowed measurements from 2–6 separate regions.
Larger cross sections were chosen when a less intense or
divergent beam was provided. Under these conditions, however,
only lower resolution data (,5–6 Å) could be collected.

Phasing. Because the original native crystals (5) became obsolete
by the W18 treatment, Wative or BS crystals were considered
‘‘native,’’ depending on the given soaking procedure. Data
reduction, scaling, and initial phasing were performed with the
CCP4 program package (26). The sites of W18 that were removed
by the back-soaking procedure were identified in difference
Patterson maps, and those that exist in the BS crystals were
detected by using anomalous signals. The sites of the additional
heavy atoms were determined and verified by difference Patter-
son and difference Fourier procedures. Refinement and phasing
were carried out with the program SHARP (27). Heavy atom
clusters, such as W18, Ta6Br14, tetrairidium, and TAMM were
represented by their spherical averaged form factors, as imple-
mented in SHARP (27). The initial 7 Å multiple isomorphous
replacement map, obtained by W18 and Ta6Br14, was subjected
to density modification by using the program SOLOMON (28),
assuming a solvent content of 65%. The incorporation of phase
information from derivatives diffracting to '6 Å resulted in a
map with Figure of merit 5 0.59 and Rcullis 5 0.75. The resolution
of the map was extended to 4.5 Å in steps by the incorporation
of phase information from additional heavy atom derivatives
(Table 1). After tracing of '500 nucleotides, the model, ac-

Table 1. Phasing statistics

Data set
Unique

reflections
Resolution,

Å
Completeness

(outer shell), %
Rsym,

%
Rmerge,

%
Phasing
power Rcullis Sites

Soaking
BS (Native) 85991 4.5* 93.2 (91.1) 10.8 — — — —
Wative 1 56350 5.0 95.7 (99.6) 13.2 17.9 1.2 0.74 4
Wative 2 68335 4.4 81.5 (80.5) 12.3 16.6 1.5 0.77 3
Wative (anomalous) 42995 7.0 99.1 (99.6) 7.6 17.2 1.6y1.1† 0.4y0.8† 3
Ta6Br14 46690 6.0 68.0 (44.0) 14.2 26.6 1.4 0.84 3
Hg3C6O4H8

‡ 17092 6.5 60.1 (58.7) 14.4 22.9 1.3 0.73 7
C2Hg6N2O8 55800 5.9 79.6 (75.0) 6.9 21.7 1.7 0.50 4
PIP 62015 4.5 80.9 (80.3) 14.1 17.5 0.5 0.91 6
K2O4Os 49751 5.0 77.9 (84.4) 14.7 22.9 1.0 0.68 7
Pb3-citrate‡§ 26982 6.4 92.4 (75.2) 11.1 14.6 1.1 0.79 8
NaAuCl4 30078 5.5 81.0 (78.0) 13.6 15.5 1.0 0.78 1
W4 26748 6.4 91.8 (91.3) 11.8 15.0 0.9 0.72 4
K2PtCl4‡ 23551 6.5 81.5 (78.5) 11.1 20.9 0.8 0.90 7

Specific covalent binding or hybridization
oliT‡§ 36083 4.8¶ 58.1 (60.6) 14.2 14.9 3.1 0.71 1
TAMM 25797 7.0 60.3 (61.5) 10.7 16.4 0.6 0.94 2
TIR‡§ 43424 4.5 57.3 (16.3) 8.5 21.4 0.6 0.88 2
Methyl-Hg-acetate‡§ 29719 6.0 80.6 (71.9) 13.7 16.2 1.2 0.66 6
Uranyl-acetate‡§ 30911 6.0 84.4 (75.1) 12.3 15.3 0.5 0.85 5

Derivatives with dual chemical properties
AquaPt 28439 5.0 49.3 (59.3) 15.9 26.1 0.6 0.85 5
CisPt 19366 6.9 80.7 (70.3) 9.9 18.1 0.6 0.84 3

Rsym 5 SuI 2 ^I&uyS^I&, Rmerge 5 Su FPH 2 FPuySFP, Rcullis 5 ^phase-integrated lack of closure&y^uFPH 2 FPu&, Phasing power 5 ^[uFH(calc)uyphase-integrated lack of
closure]&. PIP, diiodopiplatinum (II) diethyleneamine; W4, (tetramethylammonium)2Na2[Nb2W4O1418H2)]; TIR, a tetrairidium cluster; aquaPt, cis-diaquacisplatin;
cisPt; cis-[Pt(NH3)4].
*Data were collected to 3 Å, but not used in this study.
†iso/ano.
‡SIR, not incorporated yet.
§Wative was considered as native.
¶Data were collected to 3.5 Å, but not used in this study.

Tocilj et al. PNAS u December 7, 1999 u vol. 96 u no. 25 u 14253

BI
O

CH
EM

IS
TR

Y



counting for '28% of the total mass, was subjected to rigid-body
refinement. The phases generated from the refined positions

were combined with those originating by multiple isomorphous
replacement. This step was carefully monitored by the introduc-
tion of several weighing procedures, as well as by the temporary
removal of parts of the model used for phase combination.

Map Interpretation. Fitting was carried out by following the
features of the map. Building blocks were constructed from
known RNA motifs (canonical RNA A-form, hammer head,
anticodon loop, sarcinyricin loop, archaeal bulge-helix-bulge,
pseudoknot, specific kinks and turns, etc.) or from the ribosomal
proteins whose structures have been determined crystallographi-
cally or by NMR (20, 21). Tracing was performed interactively,
using the program O (29). The results were displayed either by
O or by RIBBONS (30).

Results and Discussion
The initial 7 Å as well as the current 4.5 Å maps contain shapes
with a morphology remarkably similar to most of the cryoelec-
tron microscopy reconstructions (1, 2, 12, 13) of small ribosomal
subunits. They show the consensus division into a ‘‘head’’
connected by a short ‘‘neck’’ to a bulky lower ‘‘body’’ (Fig. 1) and
contain elongated dense features alongside lower-density glob-
ular regions.

The 7 Å resolution map was found suitable for initial fittings
of both RNA chains and protein structures. At around 6 Å, the
number of the RNA duplexes that appeared as separated chains
became larger. At 4.5 Å, a larger number of regions suggesting

Fig. 1. Two orthogonal views of the overall structure of the small subunit,
as extracted from the 4.5 Å map (contour level 1.2 SD). The arrow points at an
exceptionally long dense region, suitable to host double-helical RNA chain
that may be interpreted as helix 44 in the model of the 16S RNA (18).

Fig. 2. Parts of the T30S electron density maps at different stages of structure determination from 6 to 4.5 Å (contour level 1 SD, unless otherwise mentioned). (a)
A helix-bulge-helix region, traced at 6 Å resolution. (b and c) Views of A-form RNA regions within the 4.5 Å map. (d) Part of the 4.5 Å map, contoured at 1.5 (cyan) and
2.5 (green-yellow) SD. These levels were chosen to avoid background noise and to highlight the phosphates in the RNA backbone, respectively. (e and f ) The regions
of the 4.5 Å map assigned to protein TS5 and TS15, respectively. In f, the less well defined helix was found to be flexible in isolation by NMR and x-ray (21).
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prominent protein folds were detected, and the phosphates
belonging to the RNA backbone appeared as bulges. Density
accounting for the bases could be seen (Fig. 2), but individual
bases were still not well resolved, similar to the observations
made at comparable resolution in several other systems (31–34).
Although the current resolution is too low to suggest novel
structural motifs, indications for them were nevertheless de-
tected in the course of map interpretation.

We have previously reported experiments in which tetrai-
ridium attached to exposed cysteines revealed the locations of
proteins TS11 and TS13 at 6–7 Å resolution (11, 24). The
position of TS13 is compatible with that suggested by immuno-
electron microscopy (14), neutron scattering (16), and modeling
experiments (19). However, the position of the surface of TS11
deviates from the neutron scattering map by a distance larger
than the expected diameter of this protein. These results have
been confirmed by using TAMM instead of tetrairidium. Fur-
thermore, the availability of a map of a higher detail allowed the
examination of the vicinity of the bound heavy atom compounds.
It was found that the cysteine of TS13 is located in a region rich
in features interpretable as a helices and b sheets whereas the
quality of the map in the vicinity of TS11 is somewhat lower.

The structures of ribosomal proteins that have been deter-
mined crystallographically or by NMR (20, 21) were exploited
for visual placements, keeping in mind that these assignments are
only partially justified. Guidelines were taken from the large
volume of noncrystallographic studies. In these experiments,
proteins TS5 and TS7 (Fig. 2) were found to be in the vicinity of
the positions suggested for them by earlier noncrystallographic
studies (14, 16, 19). The case of protein TS15 is more compli-
cated because several regions suitable to accommodate its core
could be identified in the map. As the core of protein S15
contains well packed a helices (reviewed in refs. 20 and 21), a
structural element that is likely to be common among ribosomal
proteins, this finding was not surprising. In neither of the
potential positions of protein S15, the remaining part of this
protein, a flexible arm, could be well placed (Fig. 2). All of these
positions are rather far from the location of S15 in the neutron
scattering map (16). Hence, the region closest to the location of
S15 in the neutron density map was tentatively chosen (Fig. 3).
It is noteworthy that several additional regions suitable to
accommodate ribosomal proteins were identified but still not
assigned. Of interest is a region that seems to be rich in loosely
packed a helices, located at the protein-free part of the neutron
scattering map (16), at the bottom of the particle.

Hybridization of exposed RNA regions with mercurated
cDNA oligomers was found to be useful for independent site
identifications as well as for monitoring ribosomal functional
activities. The following example is illuminating. The oligomer
complementary to the 39 end of the 16S RNA (called here oliT)
was found to hybridizes well even as its TAMM mercurated
form. Furthermore, despite its large-size, which may reach 70 Å
in length, it readily diffused into the crystals that were found to
diffract to resolutions comparable to that of the Wative or BS
crystals. Indications for the location of its mercurated tail were
obtained first at 7.5 Å resolution (11). Extending these studies to
the current resolution allowed an analysis of the vicinity of this
site, which, as expected, contains a rather long single stranded
RNA chain (Fig. 3). It also led to more accurate positioning of
the 59 end of the cDNA oligomer.

This oligomer is of high functional relevance, as it contains the
Shine-dalgarno sequence, thus imitating the mRNA segment
involved in the initiation of protein biosynthesis. It was designed
to dock at the 39 end of the 16S RNA that contains the
anti-Shine-Dalgarno sequence, and to mimic the formation of
the initiation complex. This region of the 16S chain is known to
be rather flexible and may adopt several conformations (19).
Hence, it is suggested that the high quality diffraction obtained

from the crystals derivatized by this oligomer results from
stabilization of the flexible 39 arm of the 16S RNA in a fashion
that mimics its binding to mRNA.

It is still premature to determine whether the site revealed in
the current map reflects the position of the 39 end of 16S RNA
at its free, 50S bound, or intermediate conformations. Interest-
ingly, the position assigned for the 59 end of this oligomer was
found to be at close proximity to one of the major sites of W18.
Because both the polyanion cluster and the RNA chains are
negatively charged, it is conceivable that their interactions are
mediated by Mg21 ions. Regardless of the mode of the interac-
tions, it is likely that the gain of resolution by the W18 treatment
is a result of minimizing the flexibility of the RNA chains.
Indeed, so far, all W18 sites were detected in positions that may
significantly reduce the mobility of the T30S particles within the
crystal network. Thus, two of the main W18 sites were detected
at the interface between the two paired particles, indicating a
possible involvement of W18 in the pairing contacts.

Fig. 3. Most of the so far traced RNA chain (in cyan). The position of the
center of mass of the TAMM molecules that were bound to the mRNA analog
is shown as a red sphere (of artificially enlarged size). The locations of proteins
TS5, TS7 are represented by their backbone structure, as determined crystal-
lographically. The tentative locations of the center of protein TS15 and of the
exposed cysteines of proteins TS11 and TS13 are marked by their numbers. P
shows a possible location for a still-not-assigned protein. For orientation, the
oliT position has been placed on the body of T30S subunit (shown in the
lower-right insert).
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To gain confidence in the 4.5 Å map, it was screened for
structural features that were not detected in the lower resolution
maps. Among those, a prominent spherical object of a size
comparable to that of the W18 cluster was clearly seen. Also, the
contribution of the W anomalous signals provided additional
verification for the quality of both the multiple isomorphous
replacement and the multiple isomorphous replacement with
anomalous signals maps, as it led to marked improvement in
several regions, two of which are shown in Fig. 4. Finally, several
portions of the modeled RNA chain were removed before its use
for phase combination, and the map resulting from the combined
phases was examined. Some variability in map quality was
evident. Nevertheless, in many positions, considerable improve-
ment in the map was detected (Fig. 5), and RNA regions that
were not used in the phase combination procedure could be
clearly visualized.

Conclusions
The unbiased structural information revealed in this study is
consistent with most of the available noncrystallographic data,
but at the same time it presents some deviations. Careful
inspection of the current map resulted in the identification of a
wealth of commonly occurring as well as rarely found structural
elements. However, it is clear that, at this stage, detailed
functional assignments are bound to depend heavily on models
created according to biochemical and biophysical consider-
ations. Because we have shown that selected ribosomal sites can
be targeted within the crystals, and because data are being
collected to higher resolution, there are solid reasons to expect
that a reliable and unbiased interpretation, capable of shedding
light on intricate functional issues, will soon emerge.

Note. Two related crystallographic studies, albeit performed at lower
resolution, were published during the reviewing period of this manuscript.
These report assignments of ribosomal components within maps of the small
(35) and the large (36) subunit, in a fashion based exclusively on the existing
noncrystallographic ribosomal models. Interestingly, the upper part of the

5.5 Å small subunit structure (35) appears to be less well resolved, compared
with that reported here. This may be attributable to the postcrystallization
activation step used by us.
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