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We have probed the structure and dynamics of ribosomal RNA in the
Escherichia coli ribosome using equilibrium and time-resolved hydroxyl
radical (UOH) RNA footprinting to explore changes in the solvent-accessible
surface of the rRNA with single-nucleotide resolution. The goal of these
studies is to better understand the structural transitions that accompany
association of the 30 S and 50 S subunits and to build a foundation for the
quantitative analysis of ribosome structural dynamics during translation.
Clear portraits of the subunit interface surfaces for 16 S and 23 S rRNAwere
obtained by constructing difference maps between the UOHprotection maps
of the free subunits and that of the associated ribosome. In addition to inter-
subunit contacts consistent with the crystal structure, additional UOH
protections are evident in regions at or near the subunit interface that reflect
association-induced conformational changes. Comparison of these data
with the comparable difference maps of the solvent-accessible surface of the
rRNA calculated for the Thermus thermophilus X-ray crystal structures shows
extensive agreement but also distinct differences. As a prelude to time-
resolved UOH footprinting studies, the reactivity profiles obtained using Fe
(II)EDTA and X-ray generated UOH were comprehensively compared. The
reactivity patterns are similar except for a small number of nucleotides that
have decreased reactivity to UOH generated from Fe(II)EDTA compared to
X-rays. These nucleotides are generally close to ribosomal proteins, which
can quench diffusing radicals by virtue of side-chain oxidation. Synchrotron
X-ray UOH footprinting was used to monitor the kinetics of association of
the 30 S and 50 S subunits. The rates individually measured for the inter-
subunit contacts are comparable within experimental error. The application
of this approach to the study of ribosome dynamics during the translation
cycle is discussed.
© 2006 Elsevier Ltd. All rights reserved.
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Introduction

The ribosome is a large and complicated ribonu-
cleoprotein composed of two asymmetric subunits
o-electron

ding authors:
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that work cooperatively to synthesize protein. X-ray
crystal structures of the 70 S ribosome with its
functional ligands, the isolated 30 S and 50 S
subunits and cryo-electron micrographic (cryo-EM)
reconstructions reveal that the functional centers of
the translational machine, including the mRNA
binding site, the tRNA binding sites, the decoding
site, and the peptidyl transferase catalytic center, are
within a cavity at the subunit interface.1–9 The
nucleotides surrounding the inter-subunit cavity are
d.
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1236 Dynamics of Ribosomal Subunit Association
highly conserved among the Archaea, Bacteria and
Eucarya phylogenetic domains.10
The subunits adhere to each other via inter-

subunit bridges1,8,11 several of which are in close
proximity to the mRNA and tRNA binding sites
(Figure 1). These bridges play a key role in
translation, since the 30 S and 50 S subunits move
with respect to each other12 and must communicate
to synchronize the movement of mRNA and tRNAs
during different states of the translational cycle.
Hydroxyl radical generated by Fe(II)EDTA-cata-
lyzed Fenton chemistry13 is a useful probe of the
solvent accessibility of the ribosomal RNA (rRNA)
in both isolated subunits and associated ribo-
somes.14,15 The small, neutral and diffusible UOH
abstracts hydrogen atoms from solvent-accessible
ribose sugars, largely independent of sequence and
structural context, resulting in cleavage of the RNA
backbone that is readily detected by gel electropho-
resis. Footprinting with UOH and base-specific
probes identified an extensive list of nucleotides in
the 16 S and 23 S rRNA involved in subunit–subunit
interactions prior to the solution of the three-
dimensional structures of the Thermus thermophilus
70 S ribosome.14–20 Inter-subunit bridges were also
described from cryo-EM structures of Escherichia coli
ribosomes.8,21,22 The 5.5 Å resolution X-ray crystal
structure of the 70 S ribosome reveals more than 30
molecular contacts across 12 inter-subunit bridges.4
Under physiological conditions, association of the

30 S and 50 S subunits to form a functional 70 S
ribosome occurs with the assistance of initiation
factors and in the presence of mRNA and tRNA.
However, isolated 30 S and 50 S subunits associate
into vacant 70 S ribosomes autonomously. The
Figure 1. The interface surfaces of the 30 S and 50 S rib
structure of the T. thermophilus 70 S ribosome.1 tRNAmolecules
and red, respectively. The inter-subunit bridges are labeled
(protein–RNA and protein–protein contacts). The subunits are
axis, relative to their orientations in the 70 S ribosome.
reversible association of the ribosomal subunits
shows that the subunits are in thermodynamic
equilibrium:23,24

30Sþ 50St
ka

dkd 70S

This reaction is dependent upon multiple thermo-
dynamic variables including the concentration of
cations. At ∼4 mM Mg2+ comparable to physiologi-
cal levels, the equilibrium strongly favors associa-
tion; dissociation is favored at Mg2+ concentrations
below 2 mM.26 The rate of subunit association is
slower than diffusion limited.25
Here, we describe equilibrium and time-resolved

quantitative UOH footprinting studies of associa-
tion of the ribosomal subunits. The goals of this
work are to (i) determine in solution the ensemble
of rRNA contacts that define the subunit interface
of the E. coli ribosome and (ii) measure their time-
dependent formation. Comparison of the UOH
footprinting reactivity profiles with the solvent-
accessible surfaces calculated from 30 S and 50 S
subunit crystal structures2,3 and of the 70 S T.
thermophilus ribosome crystal structure1 reveals
some features of rRNA that are protected upon
association, but are not directly involved in the
subunit interface, indicating the existence of asso-
ciation-dependent conformational changes. Time-
dependent formation of the rRNA bridges during
subunit assembly was followed with synchrotron
X-ray UOH footprinting.27 Subtle differences are
observed between generation of UOH by Fe-EDTA-
mediated Fenton chemistry versus X-ray radiolysis.
These studies provide the foundation for time-
osomal subunits from the 5.5 Å resolution X-ray crystal
bound to the A, P and E sites are shown in yellow, orange
and colored magenta (RNA–RNA contacts) or yellow
rotated 180° with respect to each other around the vertical
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resolved studies of translational processes at single-
nucleotide resolution using synchrotron X-ray-
generated hydroxyl radicals.
Results

Mapping the subunit interface

The UOH reactivity profiles of the 16 S and 23 S
rRNA within the isolated 30 S and 50 S subunits,
respectively, and within the assembled 70 S ribo-
some were quantified with single-nucleotide preci-
sion as described in Materials and Methods. To
facilitate and clarify the presentation of the many
thousands of results and their interpretation in a
concise form, the UOH reactivity changes that reflect
Figure 2. (a) and (d) Changes in UOH reactivity of nucleot
the 30 S and 50 S ribosomal subunits. Reactivity ratios (r70S /r
were determined using ((a) and (b)) Fe(II)-EDTA or ((c) and (d
(e) and (f) Ratios of solvent-exposed surface areas (A70S/Asubun
and 23 S rRNA, respectively, calculated using the NACCES
Materials and Methods). Nucleotides whose magnitudes excee
(d) indicate nucleotides protected in X-ray, but not Fe(II)-EDT
nucleotides in the 70 S particle that are protected from UOH i
accessible by NACCESS analysis of the crystal structures.
subunit association are summarized by taking the
ratio of reactivity in 70 S ribosomes to that of the
isolated subunits (70 S/30 S and 70 S/50 S,
respectively; Figure 2). This transformation nor-
malizes the UOH reactivity data by eliminating re-
scaling between electrophoretic profiles due to
variations in the primer extension reactions such as
those due to the distance between primer positions
and target nucleotides.
The reactivity ratios were determined for UOH

generated by Fe(II)EDTA mediated Fenton chem-
istry (Figure 2(b)) and X-ray radiolysis (Figures
2(c) and (d)). A threshold of twice the standard
deviation (2σ) was used to identify nucleotides
whose reactivity changes significantly exceed the
noise in the data. The reactivity ratios of only a
small subset of nucleotides exceed this threshold
(Figure 2). A list of the protected regions is
ides in 16 S and 23 S rRNA that occur upon association of
subunits) for (a) and (c) 70 S/30 S and (b) and (d) 70 S/50 S
)) synchrotron X-rays to generate the UOH for footprinting.
its) in 70 S versus 30 S accessible to a 1.4 Å sphere for the 16 S
S program based on the ribosome crystal structure (see
d the 2σ threshold are listed in Tables 1 and 2. Asterisks in
A probing experiments. The arrows in (e) and (f) indicate
n boh the X-ray or Fe-EDTA experiments that are solvent



Table 1. 16S rRNA nucleotide positions protected by
subunit association

Inter-subunit
bridge UOH protection NACCESS

Molecular
contacts a

2a 1407–1416 1407–1410 1408–1410
1492–1495 1494–1495 1494–1495

2b 782–785 783–785 784–785
789–802 791 794

– – 1516–1519
2c 770–772 770–771 770–771

889–902 899–900 900–901
3 1483–1490 1483–1486 1484–1486
4 760–762 762–763 763–764
5 1418–1422 1419–1421 1418–1422
5, 6 1471–1476 1474–1476 1474–1476
6 1425–1432 1427–1431 1429–1431
7a 694–704 702 698, 702
7b 709–714 712–713 712–713

773–777 773 773–776
8 344–346 346 345–347

a Inter-subunit molecular contacts reported by inspection of
5.5 Å X-ray crystal structure.1

Table 2. 23 S rRNA nucleotide positions protected by
subunit association

Inter-subunit
bridge UOH protection NACCESS

Molecular
contacts a

1a 883–896 886–887 886–888
2a 1911–1913 1912 1913–1914

1417–1418 – 1918
2b – 1835–1837 1836–1837

1919–1926 1919–1920 1919–1920
1921–1926 – 1922

1928, 1930–1932 1931–1932 1932
2c 1831–1835 1831–1832 1832–1833
3 1946–1952 1948–1948 1947–1948

1959–1964 1960–1961 1960–1961
4 708–724 713–716 713, 717–718
5 1683–1688 1687–1688 1689–1690

1765–1769 – 1768–1769
1987–1991 – 1989

5, 6 1689–1694 1689–1690 1689–1690
6 1701–1705 1702–1704 1702–1705
7a 1844–1849 1847–1848 1848–1849

– – 1896
a Inter-subunit molecular contacts reported by inspection of

5.5 Å X-ray crystal structure.1

Table 3. Nucleotides of rRNA that show differences in
accessibility between hydroxyl radical probing and
solvent accessibility calculated from the X-ray structure
using NACCESS

16 S rRNA 23 S rRNA

245–250, 269–275,
278–281, 284

403–405, 409

670–672, 679–682 1065–1067, 1094–1095
806–809 1573–1574, 1577, 1579,

1582–1586, 1589, 1591–1597
1709–1711, 1722, 1734, 1726–1740,

1743–1752, 1754–1756

1238 Dynamics of Ribosomal Subunit Association
summarized in Tables 1 and 2. Some differences
are evident between the maps obtained using Fe-
EDTA or X-ray radiolysis to generate the UOH
used for footprinting. The differences observed for
16 S rRNA reflect minor changes in the extent of
protection rather than the presence or absence of
certain protections. In 23 S rRNA, some nucleo-
tides are protected when X-ray radiolysis rather
than Fe(II)EDTA is used to generate UOH (Figure 2;
compare the regions indicated by an asterisk in (d)
with (b)). These differences around positions 1100,
1500, 2100 and 2300–2500 of the 23 S rRNA are
discussed later in this section.
We next asked how the differences in solvent

accessibility due to subunit association determined
by UOH mapping compare with the X-ray crystal
structure of the ribosome. This comparison was
accomplished by constructing an all-atom model of
the 5.5 Å X-ray crystal structure of the T. thermophilus
ribosome as described in Materials and Methods. A
model for the 30 S subunit portion of the 70 S
ribosome was constructed based on the homologous
high-resolution structure of the T. thermophilus 30 S
subunit,2 while the 50 S all-atom model was
constructed based on the heterologous high-resolu-
tion Haloarcula marismortui3 and Deinococcus radio-
durans28 structures, as described in Materials and
Methods. The solvent-accessible surface of the C4′
and C5′ atoms of each ribose moiety in the model
was calculated using NACCESS†29 to roll a 1.4 Å
radius sphere over the van der Waals surfaces of the
70 S ribosome and the separate 30 S and 50 S
subunits. The ratios of the solvent-accessible surface
of each nucleotide in the 70 S ribosome to those of
the isolated subunits are summarized in Figure 2(e)
and (f).
† Hubbard, S.J. & Thornton, J.M. (1993). ‘NACCESS’,
Computer Program. Department of Biochemistry and
Molecular Biology, University College London.
The impression provided by Figure 2 is one of
overall agreement between the solvent accessibility
maps calculated from UOH footprinting and from
the crystal structure, consistent with the conclu-
sions previously drawn from inspection.1 Howev-
er, differences are evident (Figure 2(e) and (f);
nucleotides marked by arrows; Table 3). The
solvent-accessible surface ratios calculated from
the all-atom models are derived from rigid-body
approximations that do not reflect conformational
changes that accompany association. Therefore,
differences between the UOH mapping and NAC-
CESS surfaces reflect changes in the subunit
structures following their assembly into a func-
tional ribosome. An analysis comparable to those
shown above for the 16 S and 23 S rRNA was also
conducted for the 5 S rRNA. Since significant
changes to its UOH reactivity were not observed
upon subunit association, it is not considered
further.30
2098–2102, 2106–2107, 2111–2126,
2144–2148, 2181–2183, 2191–2193

2303, 2305–2310, 2325–23252339–2343,
2349, 2368–2371, 2375–2376, 2381,

2399–2410
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Differences between solution probing and
crystallographic calculation of
solvent-accessible surface

Quantification of the solvent accessibility in
solution by UOH footprinting, visualized by differ-
ence maps of the individual subunits and the intact
ribosome, revealed unreported differences with the
solvent accessible surface of the 16 S and 23 S rRNA
Figure 3. A structural summary of the locations of nucle
association. (a) Interface view of the 30 S subunit showing p
(yellow spheres) or accessible (orange spheres) by NACCESS s
represent additional nucleotides protected from UOH probing
structure. Representative nucleotides in each region are label
showing the positions of nucleotides (red circles) in helices 1
association, but predicted to be solvent-accessible by NACCES
T. thermophilus 70 S ribosome crystal structure1 showing close
helix 11 (h11) of 16 S rRNA to helix 63 (h63) of 23 S rRNA.
calculated from crystal structures (Figure 2(e) and
(f); marked by arrows; Table 3). Figure 3(a) shows
the nucleotides in 16 S rRNA that are predicted to be
inaccessible to solvent upon subunit association
according to the crystal structure (yellow spheres)
and those observed to be inaccessible to UOH
(yellow and orange spheres). Nucleotides protected
from UOH cleavage but solvent-accessible in the
crystal structure are found in helix 11 in the 5′
otides in 16 S rRNA protected from UOH upon subunit
rotected nucleotides that are predicted to be inaccessible
olvent-accessibility calculations. Thus, the orange spheres
in solution that are not in contact according to the crystal
ed. (b) Secondary structure of T. thermophilus 16 S rRNA,
1, 22, 23 and 24 that are protected from UOH by subunit
S. (c) Electron density map (Fo contoured at 3σ) of the 5.5 Å
proximity of the hydroxyl radical-protected nucleotides in
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domain and in helices 22, 23 and 24 in the central
domain (Figure 3(a), orange spheres; Figure 3(b)).
These ‘‘extra’’ protections are localized in two
clusters at the bottom of the body near positions
249 and 272 (Figure 3(a) on the right side of the
platform (near positions 672, 682, and 809; Figure 3
(a)) of the 30 S subunit.
According to the 70 S crystal structure both

regions are close to the surface of the 50 S subunit,
but are not in direct contact with it. These protec-
tions can be explained by small differences between
the conformation of the ribosome near the subunit
interface in the crystal lattice and in solution. For
example, the region around 16 S rRNA positions 249
and 272 is very close to nucleotides 1746-1749 of
helix 63 of 23 S rRNA (Figure 3(c)). Similarly,
nucleotides 679 and 682 are near positions 1846–
1847 in helix 68 of 23 S rRNA; and nucleotides 806–
809 are close to protein L2. All of these 16 S rRNA
nucleotides could become protected from UOH by
movements of a few Angstrom units between the
subunits. Positions 670–672, on the other hand, are
not near enough to the 50 S subunit for their
protections to be explained in this way. A more
likely explanation is that interaction between pro-
teins L2 and S6 in solution perturbs the structure or
orientation of S6, moving it into contact with
nucleotides 670–672.
In 23 S rRNA, there are two regions (ca 1740–1750

and 2150–2000) where protection is observed, both
in the Fe-EDTA and X-ray probing experiments, but
subunit contact is not predicted by NACCESS
(Figure 2(f); Table 4). In the crystal structure, the
first of these two regions (1740–1750) is juxtaposed
to one of the protected regions of 16 S rRNA (249–
272) discussed in the preceding paragraph, provid-
ing further evidence for formation of an additional
inter-subunit contact in solution (cf. Figure 3(c)). The
second set of protections (2150–2000) is located in
Table 4. Decreased reactivities of nucleotides toward
hydroxyl radicals generated from Fe(II)EDTA compared
to X-ray

16 S rRNA 23 S rRNA

182–183 402–405, 409, 411
186–192 613, 620
249–252 1045, 1061–1062
273–274 1066–1067
278–281, 284 1082–1088, 1094–1095
343 1573–1574, 1577–1579
700–703 1582–1586, 1589–1597
706–707 1722–1740, 1743–1752

1754–1756, 1758, 1773
2111–2116
2131–2134
2209–2210
2303–2310
2319–2326
2333–2334

2340–2341, 2343–2344
2368–2373, 2376

2399–2410
2472–2474
the L1 arm of 23 S rRNA, which faces the platform of
the 30 S subunit. The L1 arm has been shown to exist
in several conformations in X-ray and cryo-EM
studies,1,12,28,38 indicating that it is a highly mobile
structural element of the 50 S subunit. Our data
suggest that the solution probing and X-ray struc-
tures reflect two different conformations of the L1
arm, possibly influenced by contacts with the 30 S
subunit at the neighboring bridge B7a.

Subunit stoichiometry

Quantitative footprinting depends on a linear
relationship between measured changes in reactiv-
ity with either ligand concentration or time. Quan-
titative nucleic acid footprinting with UOH is well
established. The extent of backbone cleavage of
shorter RNA molecules is conventionally assessed
by monitoring the relative concentrations of end-
labeled fragments of nucleic acids. Indirect detection
by primer extension as used in these studies enables
quantitative analysis of the much longer rRNAs31
but introduces additional variables to data proces-
sing and analysis. Thus, a stoichiometric titration
was conducted to verify the required linear response
of the detection method and that the subunit
association reactions progress to completion under
the conditions of our experiments.
Equilibrium titrations of activated 30 S and 50 S

subunits were conducted at subunit concentrations
that exceed the Kd value of the association reaction
(Figure 4). Under these conditions, a linear increase
in protection terminating at the equivalence point is
expected. Inter-subunit protections were monitored
by synchrotron footprinting using primer extension
of either the 16 S or the 23 S rRNA. Individually and
together, the individual-site isotherms determined
for the subunit interface protections are well
described as a stoichiometric titration with the
expected 1:1 equivalence of the 30 S and 50 S
subunits. With these control experiments in hand,
we next proceeded to an analysis of the kinetics of
subunit assembly by synchrotron footprinting.

Association kinetics

Representative kinetics progress curves for for-
mation of each of eight different inter-subunit
bridges are shown in Figure 5. The UOH protections
analyzed were assembled from the respective
protected nucleotides in 16 S rRNA (left column)
and 23 S rRNA (right column) belonging to each
inter-subunit bridge (Figure 1).1 The data obtained
for replicate experiments were globally analyzed.
All of the kinetics progress curves were adequately
described by a single exponential with an observed
rate constant of ∼2 s−1; in all but one case, both the
16 S rRNA and 23 S rRNA sides of the inter-subunit
contacts were analyzed (Figure 6). No variation in
rate is observed among the inter-subunit contacts
that exceed the experimental error. An approximate
second-order rate constant of 16×106 M−1 s−1 for the
formation of 70 S ribosomes is derived from these



Figure 4. Stoichiometric titration of activated 30 S and
50 S ribosomal subunits followed by protection of inter-
subunit contacts on (a) 16 S and (b) 23 S rRNA. The UOH
used for probing was generated by synchrotron X-ray
radiolysis. The data shown include 11 regions of 16 S rRNA
(•, 770–777; , 782–785; , 789–794; ⦶, 799–802; , 806–
809; , 898–902;▿, 1407–1416; , 1418–1422;◬, 1425–1432;
○, 1440–1443, ▪, 1471–1476) and seven regions of 23 S
rRNA (▴, 1730–1735; •, 1743–1752; □, 1765–1769; ▿,
1917–1926;○, 1946–1952;◬, 1959–1964;▪, 1986–1991). Thecontinuous lines depict the best-fit intersection of two lines
globally fit to the data. The equivalence points are 1.0
within experimental error for both graphs.
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measurements obtained at subunit concentrations of
0.18 μM. This value is consistent with the previously
reported rate constant of association of 16.2×106M−1

s−1 at 20 °C and 6 mM Mg2+ 25 and with values
determined in other studies under different experi-
mental conditions.32–37

Discussion

The solvent accessibility of rRNA in ribosomal
subunits and ribosomes was first studied using Fe
(II)EDTA-generated UOH as well as base-specific
probes, yielding a comprehensive catalog of the
features of rRNA that are involved in inter-subunit
contacts.14,15 Comparison of the reactivity of these
probes in solution with the ribosome crystal
structure1 shows that most of the nucleotides
protected by subunit association are on the contact
surfaces of the inter-subunit bridges. This observa-
tion is supported by the quantitative comparison of
the solvent accessible surface derived from UOH
probing and crystal structures presented in Figure
2. While confirming the overall agreement between
the solution and crystal rRNA solvent accessibility,
the differences shown in Figure 2 reveal subtleties
to the subunit assembly reaction by summarizing
the UOH reactivity of thousands of nucleotides and
highlighting the changes due to association. The
clarity with which the inter-subunit contacts
emerge from the noise of the experimental data is
remarkable.
With a view toward monitoring the detailed

structural dynamics of the ribosome, we have
extended UOHmapping for the study of the solution
structure of ribosomes by quantifying the UOH
reactivity using radicals generated by synchrotron
X-ray radiolysis as well Fe(II)EDTA. Difference
between these methods of making radicals to be
considered include (i) the time required to generate
sufficient UOH for footprinting is minutes for Fe(II)
EDTA/ascorbate/H2O2 and milliseconds for radiol-
ysis and (ii) radiolysis any of the 55 M of water
molecules yields UOH while the Fenton reaction is
limited by the Fe(II)EDTA, peroxide and ascorbate
concentrations. The identity of the 16 S rRNA UOH
reactivity difference maps obtained for the two
methods of UOH generation suggests that what
matters is the UOH, not how it is made (Figure 2(a)
and (c)). This conclusion is supported by the overall
agreement of the 23 S rRNA data (Figure 2(b) and
(d)), validating the use of UOH as a solution probe of
the solvent accessible surface of the ribosome
structure at nucleotide resolution.
However, the agreement is not complete for the

23 S rRNA; additional nucleotides protected fromUOH cleavage upon subunit association are visu-
alized by X-ray radiolysis that are not seen by Fe-
EDTA (Figure 2(d), asterisks). Inspection of the
crystal structures yields no clear structural ratio-
nalization of these results. Since the sampling time
of synchrotron radiolysis is hundreds of times
shorter than the Fe(II)-EDTA protocol used, it
might be envisioned that the X-ray probing reports
a slow motion of the ribosome domains that is
averaged out over time. However, this hypothet-
ical motion would need to be triggered by the X-
ray beam and synchronized for the ribosomes
present in solution to be visualized by footprint-
ing. How such an event would yield additional
protections is difficult to fathom. Therefore, the
origin of the X-ray radiolysis specific protections
remains unclear at the present time. In the absence
of a clear understanding of the methodological
differences, we restrained our comparison of
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solution and crystal solvent accessibility (Figure 3)
to the protections common to both methods ofUOH generation.
Figure 5 (legend o
Distinct differences are evident between the subunit
assembly-dependent changes in the rRNA exposed
surface areas predicted from solution probing with
n opposite page)



Figure 6. Histograms comparing the observed rates of UOH protections determined for the 30 S (blue) and 50 S (red)
RNA components of each of eight inter-subunit bridges (Figure 1) from kinetics progress curves such as those shown in
Figure 5. Error bars represent the 95% joint confidence interval for the global analysis of the set of nucleotide protections
that constitute the contact. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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UOH calculated from the ribosome crystal structures
despite the generally close agreement of these
measures (Figure 3). Inspection of the recently
determined crystal structures of two forms of the E.
coli 70 S ribosome38 shows surface accessibilities in
these regions that are closely similar to those observed
for the T. thermophilus 70 S crystal structure, ruling out
the possibility that these discrepancies can be
explained by phylogenetic differences.
When presented with these results we considered

several hypotheses. The first hypothesis is that
subunit association induces conformational changes
that decrease the accessibility of the protected
nucleotides. The second hypothesis is that subunit
association blocks off solvent access to otherwise
exposed surface. The extended exposure of much of
the protected area in the 70 S ribosome crystal
structure argues against both of these possibilities.
That UOH can be generated within pockets of
trapped solvent by synchrotron radiation argues
against the second hypothesis. The third hypothesis
is that there are multiple states of subunit associa-
tion, only one of which is represented by the 70 S
crystal structures. Under our solution probing
conditions, molecular interactions at the subunit
interface may differ from those observed in the
Figure 5. The time-evolution of the UOH protection of nucl
formation of individual inter-subunit bridges during subunit as
in 16 S rRNA and 23 S rRNA, respectively, from bridges B2a (1
773, 1831–1833), B3 (1483–1486, 1946–1949), B4 (762–764, 716–7
and B7a (698–702, 1847–1849) were fit by non-linear least-squar
in each bridge are represented by different symbols. The ope
reactivity of equilibrated associated subunits that provide an i
crystal lattices; additional inter-subunit contacts
beyond those observed crystallographically may be
possible. Precedent for this hypothesis is found in
cryo-EM studies that reveal rearrangements of inter-
subunit bridges between functional states of the 70 S
ribosome.12 Inspection of the electron density in the
vicinity of the ‘‘extra’’ regions of subunit association-
dependent UOH protection (Figure 3(a)) suggests
that the third hypothesis rationalizes most of these
differences. The clearest examples are those for
which both the 30 S and 50 S sides of additional
‘‘contacts’’ are evident by UOH footprinting. As seen
in Figure 3(c), helices 11 and 22–24 (30 S) and helices
63 and 68 as well as protein L2 (50 S) need only move
closer by a few Ångstrom units to form a contact. A
more indirect reasoning explains the extra UOH
protections involving nucleotides 670–672 of 16 S
rRNA. In this case, interaction between ribosomal
proteins L2 and S6 could perturb the structure or
orientation of S6 in a way that brings it into contact
with positions 670–672. The consistency of these
structural correlations to the UOH footprinting data
suggests that such solution mapping will be a
valuable tool in dissecting out the local changes in
subunit structure that occur during catalytic cycling
of the ribosome.
eotides in (left) 16 S rRNA and (right) 23 S rRNA following
sociation. The fractional saturation of groups of nucleotides
408–1410, 1912–1194), B2b (790–794, 1920–1923), B2c (770–
19), B5 (1418–1421, 1765–1769), B6 (1473–1476, 1688–1691)
es to a single exponential decay. The individual nucleotides
n symbols at the far right of each plot indicate the UOH
ndependent measure of the fully associated ribosome.
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The kinetics progress curves determined for each
of the eight inter-subunit bridges whose formation
was quantified are identical, within experimental
error (Figure 6). That the complementary 30 S and 50
S curves are likewise identical supports the validity
of the data. All of these curves are adequately
described by a single exponential consistent with a
simple kinetic process (see below). The second-order
rate constant of 16×106 M−1 s−1 calculated for these
data is consistent with values determined by a
variety of approaches that measure global proper-
ties.25,33,39 Thus, the collection of individual localUOH footprinting measures consistently reflect the
ribosome's global association properties. Unimole-
cular processes significantly slower than bimolecular
association are not seen in the UOH footprinting
progress curves. Hypothetical fast unimolecular
processes are hidden by the rate-limiting bimolecu-
lar association (discussed below).
The time-resolved UOH footprinting results are

adequately fit by the simple reation scheme 30 S+50
S ↔ 70 S that has been shown to describe subunit
association.25 The macroscopic picture presented by
this collection of individual measures is that forma-
tion of the subunit interface occurs simultaneously.
Microscopically, several mechanisms are possible for
inter-subunit bridge formation. First, the bridges
could form simultaneously in each ribosome in a
rigid body interaction. The differences observed in
the conformations of 23 S rRNAhelices 38 and 69, for
example, between the isolated subunits and the
intact ribosome1,3,28 strongly argues against this
possibility. A more likely interpretation is that the
formation of one or more bridges is rate limiting,
followed by rapid formation of the remaining ones.
Another possibility is that the bridges form sequen-
tially, but in random order, masking any potential
kinetic differences in their individual rates of
formation. Our data do not distinguish among
these alternative interpretations.
A recent study applied a novel quench-flow

dimethyl sulfate (DMS) footprinting to the question
of ribosome subunit assembly.39 DMS is a base-
specific probe that was used exclusively to monitor
the reactivity of individual adenine bases in 16 S
rRNAwithin the 30 S subunit. Since UOH footprint-
ing reports backbone accessibility, DMS and UOH
footprinting are complementary techniques. Of the
eight adenine bases forwhich data are reported, only
two (A702 and A1418) are involved in contacts with
the 50 S subunit as seen in the 70 S crystal structure.
Thus, the reactivity changes observed for the other
six bases reported in the study were taken by these
investigators to reflect association-dependent con-
formational changes.
Time points were acquired by these investigators

as short as several milliseconds after mixing. Taking
into account the difference in ribosome subunit
concentrations present in the two assays, our
interpretation of the time-evolution of the two
inter-subunit bridges reported in common by the
DMS and UOH footprinting techniques, B7a and B5,
is that they are comparable and reflect the overall bi-
molecular association reaction. However, the
authors of this study interpret their data differently;
they refer to their measures of the time-evolution of
the A1418 and A702 as ‘‘fast’’ and ‘‘slow’’, respec-
tively. In the absence of fits of their data to
exponential decays it is unclear how these assign-
ments were made. For example, the time-evolution
of the A702 DMS protection appears coincident with
their measurement of subunit association by light
scattering.39 While the fit of an exponential through
the A1418 data is poor, it does yield a curve
comparable to that obtained for A702. The lag seen
in the A1418 and A1413 time-dependent data is
unexplained and puzzling. The absence of normal-
ization to a reaction endpoint and the aforemen-
tioned absence of data analysis cloud comparison of
the UOH and DMS footprinting results. However, if
we take these results at face value an interesting
connection with the ‘‘encounter complex’’ view of
subunit assembly emerges.
The bases A702 and A1441 that are reported to

exhibit ‘‘slow’’ rates appear to track with bimolecu-
lar association as noted above. Comparison of the
conformation of A702 in the 70 S and 30 S crystal
structures,1,2,38 shows that it undergoes a substantial
reorientation upon subunit association. Base A1441
lies in a phylogenetically variable region of helix 44
within the inter-subunit interface. Previous studies
on chemical footprinting of ribosomal proteins on 16
S rRNA have shown that DMS and other base-
specific chemical probes report ligand-induced
conformational changes in the RNA, as well as
ligand–RNA contacts, whereas UOH tends to report
mainly RNA–ligand contacts.41,42 Thus, conforma-
tional change and subunit association are likely to
influence the DMS reactivity of these bases. It is
possible that the initial interface contacts involve
mainly backbone interactions, followed by structural
rearrangements that lead to additional interactions
involving bases such asA702 andA1441. Other bases
are reported to have ‘‘fast’’ reactivity with DMS;
comparison of these progress curves with the light
scattering measure of association suggests that they
are faster than the subunit association reaction.39 It
will be interesting to see howwell the observation of
fast DMS reactivity changes stand up to more
complete and precise data acquisition and analysis.
Ribosomal subunits association represents but a

single step in the translation of mRNA. The catalytic
cycling of peptide synthesis is controlled by an
orchestrated series of conformational changes
whose motions are being studied by a variety of
techniques.43 Can footprinting contribute to the
emerging dialog about conformational change? As
can be seen in our study and that by Hennelly et
al.,39 footprinting can report a full measure of local
changes in the environment of the rRNA (e.g. Figure
2) allowing detailed structural events occurring in a
large complex structure like the ribosome to be
picked apart without losing sight of the whole. Since
subunit assembly is a bimolecular reaction, its time
course can be controlled in vitro by manipulation of
the subunit concentrations. However, the
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conformational changes that accompany peptide
bond formation will be controlled by the rate of the
catalytic cycling of this molecular machine. Thus,
the use of time-resolved UOH footprinting for the
study of dynamic rearrangements occurring during
protein synthesis will depend upon the accessible
timescale. The time resolution of the present study
was limited, since proteins also react with UOH; the
X-ray dose required to footprint the ribosome was
much greater than that of free RNA. Technical
innovations, including installation of a focusing
mirror at NSLS beamline X-28C and development of
alternative fast methods of UOH generation44 will
allow large protein–nucleic acid complexes to be
footprinted by UOH at times limited only by the
mechanics of the mixer. We therefore envision a role
for footprinting along with crystallography, micros-
copy and single-molecule methods in deciphering
the mechanism of translation.
Materials and Methods

Preparation of E. coli ribosomes and its subunits

Ribosomes were prepared from E. coli strain MRE 600
by the method of Staehelin & Maglott45 with modifica-
tions as described46 and stored at a concentration of 5–
10 μM at −80 °C in 20 mM Tris–HCl (pH 7.5), 100 mM
NH4Cl, 10 mM MgCl2, 6 mM β-mercaptoethanol (βME).
The 30 S and 50 S subunits were isolated from dissociated
ribosomes as described14,15 and stored at –80 °C in 20 mM
Tris–HCl (pH 7.5), 100 mM NH4Cl, 10 mM MgCl2, 6 mM
βME.

Association of ribosomal subunits to form 70 S
ribosomes

The 30 S subunits (50 μg in 25 μl) were activated in
50 mM potassium cacodylate (pH 7.5), 100 mM KCl and
20 mM MgCl2 for 20 min at 42 °C as described.14,15 For
mapping experiments, 70 S ribosomes were prepared by
associating activated 30 S and 50 S subunits at 37 °C for
20 min in 50 mM potassium cacodylate (pH 7.5), 100 mM
KCl and 10 mM MgCl2. The molar ratio of 30 S to 50 S
subunits was 1:2 in the probing reaction for analysis of 16
S rRNA, and 2:1 for analysis of 23 S rRNA.14,15

Fe-EDTA (UOH) footprinting

Hydroxyl radical footprinting using Fe-EDTA-mediated
Fenton chemistry was conducted in buffer containing
50 mM potassium cacodylate (pH 7.5), 100 mM KCl and
10 mM MgCl2 Individual subunits or intact ribosomes
(50 μg in 21 μl of buffer) were probedwith 2 μl of a mixture
of 50 mM Fe(NH4)2(SO4)2·6H2O and 100 mM EDTA, and
2 μl of a mixture of 250 mM ascorbic acid and 2.5%(v/v)
hydrogen peroxide.47 The final concentrations of the
subunits or ribosome were 2 μg/μl.

Synchrotron X-ray (UOH) footprinting

X-ray radiolytic footprinting was conducted using the
white beam of station X-28C at the National Synchrotron
Light Source (NSLS) at Brookhaven National Laborato-
ry.27,48,49 Dose-response measurements were conducted to
determine the X-ray exposure necessary to achieve single-
hit cleavage statistics for isolated subunits and complete
ribosomes. Irradiation of 5 μg of subunits or ribosomes for
100 ms was typically required to achieve sufficient RNA
cleavage comparable to that obtained with the optimized
Fe(II)EDTA protocol. This exposure is long compared to
those used to study pure RNA due to UOH quenching by
the protein component of ribosomes and ribosomal
subunits. X-ray exposure times were adjusted in response
to changes in the ring current and other operational
parameters.
Exposure of samples to the X-ray beam can be

accomplished in two ways at NSLS beamline X-28C.
Static measurements were accomplished at room tem-
perature using an electronic shutter48 to control the X-ray
exposure of 5 μg aliquots of ribosomes or ribosomal
subunits in 10 μl of buffer suspended in a microfuge
tube. The final concentrations of the subunits or ribosome
were 0.5 μg/μl. The irradiated subunits were precipitated
at –80 °C with 2.5 volumes of 95%(v/v) ethanol and
0.3 M sodium acetate (pH 6.5) for 10 min and pelleted by
centrifugation at 15,000g at 4 °C for 10 min. The titration
experiments were carried out using activated 30 S and 50
S subunits in buffer containing 50 mM potassium
cacodylate (pH 7.5), 100 mM KCl and 6 mM MgCl2 at
4 °C.
Subunit association kinetics were studied using a

modified KinTek quench-flow mixer equipped with a
15 μl X-ray exposure chamber.27,48,49 Activated 30 S
and 50 S subunits were associated at a 1:1 molar ratio
(0.18 μM) in buffer containing 50 mM potassium
cacodylate (pH 7.5), 100 mM KCl and 6 mM MgCl2
at 4 °C. In these experiments, the subunits were mixed
and allowed to associate for a defined period while
protected from the X-ray beam. Following the
programmed association time, the samples were then
flowed past the X-ray beam such that their average
exposure was 100 ms. The earliest data point collected
was at 60 ms following the initiation of mixing. The
irradiated samples were collected in microfuge tubes
and flash-cooled to −80 °C immediately following
sample elution.

Primer extension and gel electrophoresis

Products of UOH were detected by primer extension as
described.47 Ribosomes were precipitated at –80 °C with
2.5 volumes of 95% ethanol and 0.3 M sodium acetate
(pH 6.5) for 10 min, pelleted by centrifugation at
15,000g at 4 °C for 10 min, resuspended (50 μg in
200 μl) in 0.3 M sodium acetate, 0.5%(w/v) SDS, 5 mM
EDTA and extracted three times with an equal volume of
buffer-saturated phenol at pH 7.9 and twice with
chloroform. Glycogen (20 μg; Sigma) was used as a
carrier to ensure quantitative recovery of the rRNA.
Primer extension was carried out as described by
Merryman & Noller.47

Gel quantification

Gels were imaged by exposure to a phosphor storage
plate that was scanned and digitized using a Phosphor-
Imager (Molecular Dynamics). The relative densities of
the electrophoretic bands were determined from the
digital images of gels as described.50,51 Line profiles of
30–50 bands of each lane were determined using the
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‘‘create line graph’’ function in the program ImageQuant
(Molecular Dynamics). These profiles were then fit to a
series of Lorentzian curves using the Peak Fitting
Module from Origin v.6.1 (Origin Lab). The peak
heights, widths and areas were inspected visually for
consistency with the primer extension gels.40 The peak
area obtained for each band density, after background
correction, corresponds to the relative reactivity to
hydroxyl radicals at that nucleotide position. All
reported peak areas were reproduced in two to six
independent experiments. Titration isotherms and kinet-
ic progress curves were scaled to fractional saturation as
described.48 Titration data were fit to the intersection of
two lines to determine the stoichiometry by the non-
linear least-squares method using the software Origin
v.6.1 (Origin Lab).52 Kinetics progress curves were fit to
a single exponential decay to determine the observed
rate constant kobs also using Origin v6.1.27

Calculation of solvent accessible surface

An all-atom model excluding hydrogen atoms was
generated from the crystallographic backbone trace of the
70 S T. thermophilus ribosome.1 The rRNA bases were
fitted to ensure an optimal base-pairing scheme and
adjusted to the 5.5 Å electron density maps and the
atomic resolution structures of the 30 S and 50 S
subunits.1–3 All-atom structures of ribosomal proteins in
the 30 S subunit were adopted from the atomic resolution
structures of the 30 S subunit.2 The individual proteins
(S2, S3, S4, S5, S6, S7, S8, S9, S10, S11, S12, S13, S14, S15,
S16, S17, S18, S19 and S20) were fit to the electron density
maps as rigid bodies.
The proteins are all-atom structures of the ribosomal

proteins in the 50 S subunit that were adopted from
crystal structures of the isolated proteins from T.
thermophilus (or their close homologs from other organ-
isms when available) and fit to the electron density. The
modeled 50 S ribosomal proteins (with their sources and
PDB accession numbers) are L1 (T. th., 1AD2), L2 (H.
ma., 1JJ2), L3 (D. ra., 1NKW), L4 (H. ma., 1JJ2), L5 (T. th.,
1MJI), L6 (B. st., 1RL6), No L7/L12, L9 (B. st., 1DIV), L10
(H. ma., 1JJ2) L11 (T. ma., 1MMS), L13 (H. ma., 1JJ2), L14
(B. st., 1WHI), L15 (H. ma., 1JJ2), L16 (H. ma., 1JJ2), L17
(T. th., 1GD8), L18 (H. ma., 1JJ2), L19 (D. ra., 1NKW), L20
(D. ra., 1NKW), L21 (D. ra., 1NKW), L22 (T. th., 1BXE),
L23 (H. ma., 1JJ2), L24 (H. ma. 1JJ2), where T. th. is
Thermus thermophilus, H. ma is Haloarcula marismortui, D.
ra. is Deinococcus radiodurans, and B. st. is Bacillus
stearothermophilus. The proteins L25, L29, L30, L31, L32,
L33, L34, L35 and L36 were not included in the all-atom
model.
The surface-accessible areas of individual atoms of a

vacant 70 S structure generated as described above were
calculated using the program NACCESS, rolling a 1.4 Å
radius sphere over the van der Waals surface of the
structural model.1 The sum of the accessible surface areas
of C4′ and C5′ atoms was then calculated for each
nucleotide.
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