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ABSTRACT: In a model describing the origin and evolution of the translation system, ribosomal RNA (rRNA) grew in size by
accretion [Petrov, A. S., et al. (2015) History of the Ribosome and the Origin of Translation. Proc. Natl. Acad. Sci. US.A. 112,
15396—15401]. Large rRNAs were built up by iterative incorporation and encasement of small folded RNAs, in analogy with
addition of new LEGOs onto the surface of a preexisting LEGO assembly. In this model, rRNA robustness in folding arises from
inherited autonomy of local folding. We propose that rRNAs can be decomposed at various granularities, retaining folding mech-
anism and folding competence. To test these predictions, we disassembled Domain III of the large ribosomal subunit (LSU).
We determined whether local rRNA structure, stability, and folding pathways are autonomous. Thermal melting, chemical
footprinting, and circular dichroism were used to infer rules that govern folding of rRNA. We deconstructed Domain III of the
LSU rRNA by mapping out its complex multistep melting pathway. We studied Domain III and two equal-size “sub-Domains” of
Domain III. The combined results are consistent with a model in which melting transitions of Domain III are conserved upon
cleavage into sub-Domains. Each of the eight melting transitions of Domain III corresponds in T, and AH with a transition
observed in one of the two isolated sub-Domains. The results support a model in which structure, stability, and folding mech-
anisms are dominated by local interactions and are unaffected by separation of the sub-Domains. Domain III rRNA is distinct
from RNAs that form long-range cooperative interaction networks at early stages of folding or that do not fold reversibly.

We recently proposed the accretion model, which is a
molecular level description of the origins and evolution of
the ribosome."” This model, based on a three-dimensional com-
parative method, makes predictions about mechanisms and robust-
ness of ribosomal RNA (rRNA) folding. In the accretion model,
small folding competent RNAs were subsumed onto subunit
surfaces, gradually encasing and freezing previously acquired rRNA.
The acquisition of new rRNA did not perturb previously deposited
rRNA. In this model, rRNA growth is analogous to the addition of
new LEGOs onto the surface of a preexisting LEGO assembly.’
The accretion model makes predictions about the properties
of rRNAs. One prediction is that rRNAs, even though they are
immense in size, are robust in folding. The model suggests that
rRNA robustness in folding arises from inherited autonomy of
local folding. Local autonomy should be retained at all stages of
folding, even during complex sequential progressions character-
istic of folding of large RNAs. Local contributions of rRNAs are
predicted to add in a conservative fashion at all stages of folding.
rRNA should be decomposable into elements that retain folding
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mechanisms in isolation of each other. The experiments here are
designed to test these predictions.

Here we cleave an rRNA domain from the large ribosomal
subunit (LSU) and further section it into two sub-Domains. To
test predictions of the accretion model, we characterize the struc-
ture, local and global stability, and folding pathways of the rRNA
elements. We ask if local rRNA elements are continuously auton-
omous throughout their folding pathways and if their contri-
butions during folding add in a conservative fashion. We determine
how local components of a large rRNA domain combine to achieve
global stability and the extent to which they cooperate during
folding. Computation and experiment were used to infer rules
that govern folding at various scales. Folding pathways and con-
formation were characterized by thermal melting experiments,
chemical footprinting, and circular dichroism (CD) spectroscopy.
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Figure 1. (a) Secondary structure of the 23S rRNA of Thermus thermophilus (PDB entry 1VY4)."" Domains are distinguished by color. Domain III is
shaded. DIII®" is colored magenta and DIII™! green. (b) Secondary structure of Domain III rRNA, indicating DIII*"® and DIII®", The yellow lines are
first-shell phosphate—Mg**—phosphate interactions within the Mg?* microcluster. Gray lines are base—base tertiary interactions as determined by
FR3D."” Nucleotides are numbered according to the Escherichia coli numbering system.

Figure 2. Surface representation of Domain 1l in three dimensions as observed in the intact ribosome. DIII®*® is colored magenta and DIII*! green, as in

Figure 1 (PDB entry 1VY4).

We deconstructed Domain III of the LSU rRNA by mapping
out its multistep melting pathway. We cleaved Domain III from
the rest of the 23S rRNA at an insertion fingerprint."> An
insertion fingerprint marks the site of an rRNA expansion. Com-
parison of pre- and postexpanded rRNAs in three dimensions
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reveals the points at which ancestral rRNA is joined to more
recent rRNA. New rRNA is added to old rRNA with preservation
of the local conformation and of structural integrity of the old
rRNA. We characterized Domain III and two equal-size sub-
Domains of Domain III. The two independent sub-Domains,

DOI: 10.1021/acs.biochem.6b00168
Biochemistry 2016, 55, 4603—4613


http://dx.doi.org/10.1021/acs.biochem.6b00168

Biochemistry

sub-Domain III°® (DIII*) and sub-Domain III*! (DIII®),
were created by splitting Domain III, as shown in Figures 1 and 2.
Domain III was cleaved within Helix 54, which was then capped
with a stem—loop (Figure S1) to maintain the unimolecular char-
acter of DIII®™ and to preserve its secondary structure.* We
determined that local folding mechanisms are independent of
context as predicted by the accretion model. This work has
analogy with previous efforts with proteins’™’ and folded
mRNAs.* ' The combined data presented here are consistent
with the accretion model of ribosomal evolution.

B MATERIALS AND METHODS

rRNA Sequences. Nucleotide sequences of Domain III,
DI, and DII*™ were obtained from the 23S rRNA of
Thermus thermophilus. For the construction of DIII®",
two rRNA fragments were joined together, with a GNRA tetra-
loop, to form a single strand of rRNA (Figure S1). Cleaving
the domain and resealing the fragments within a helical region
facilitate formation of the nativelike secondary structure of
DIII®" but do not influence the three-dimensional structure.”
rRNAs were synthesized and purified as described in the
Supporting Information. Coordinates of Domain III rRNA
were extracted from the crystal structure of the T. thermophilus
70S ribosome (PDB entry 1VY4)."? rRNA—rRNA interactions
were identified with FR3D'” and by inspection of the three-
dimensional structure. rRNA—Mg’* interaction geometries were
computed directly from the coordinates. First-shell Mg**—ligand
interactions were defined by distances <2.2 A.'*"®

SHAPE. Selective 2'-hydroxyl acylation analyzed by primer
extension (SHAPE) was performed as described previously.'®
In vitro-transcribed rRNA was heated in the presence of
chelating resin to remove Mg** ions. rRNA was folded in the
presence or absence of 10 mM MgCl,. rRNA was modified with
13 mM N-methylisatoic anhydride (NMIA) (Tokyo Chemical
Industry Co., Ltd.) and purified using an RNeasy Mini Kit
(Qiagen). A 20-nucleotide DNA oligomer, 5'-CGCGCCTG-
AGTGCTCTTGCA-3’, labeled with 6-FAM using a $’-amino
C6 linker (Operon MWG), which anneals to the 3’-end of
Domain III and DIII*", was used to prime reverse tran-
scription. Reverse transcription reaction mixtures were resolved
on a 3130 Genetic Analyzer (Applied Biosystems). SHAPE data
reduction and processing were performed as described in our
Supporting Information and in the Supporting Information of
ref 16.

Circular Dichroism Spectroscopy. CD spectra were
recorded using 1 M rRNA strand in 180 mM NaCl and 20
mM Tris-HEPES (pH 8.0) in the absence or presence of 0.5 mM
MgCl, (Figure S2) on a Jasco J-810 spectropolarimeter. Four CD
spectra were averaged from 350 to 220 nm with an integration
time of 4 s, a bandwidth of 4 nm, and a scan speed of 50 nm/min.
The temperature was maintained at 20 °C. rRNA concentrations
were determined by absorbance at 260 nm.

UV Melting. Absorbance spectra were recorded in 180 mM
NaCl and 20 mM Tris-HEPES (pH 8.0) in the absence or
presence of 0.5 mM MgCl, The temperature dependence of UV
absorbance was determined for Domain III, DI, and DIII™.
Melting curves were obtained by monitoring the UV absorbance
at 260 and 280 nm as a function of temperature using a Varian
Cary-100 UV spectrophotometer in 1 cm path length quartz
cuvettes. Prior to data collection, rRNAs were annealed by
being heated to 95 °C and slowly cooled to 15 °C. Forward and
reverse melting curves were obtained by heating or cooling at a
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rate of 1 °C/min. Absorbance values were recorded every 0.2 °C
between 25 and 95 °C.

Thermodynamic parameters were obtained from melting
curves by nonlinear fitting to a multistate model. Absorbance
versus temperature was expressed as fraction of unfolded rRNA,
0,(T), as in eq 1.

_ A(T) — Au(T)
HU(T) - Aﬁn(T) - Aini(T)

(1)

where A(T) is the absorbance at temperature T and A;;(T) and
Ago(T) are the initial and final linear baselines, respectively.
Derivatives of 0,(T) were taken with respect to temperature
using IGOR Pro. Observed d6,(T)/dT versus T plots were fit
to multiple melting transitions and analyzed for transition
parameters with eq 2, using IGOR Pro.

AH,
deu(T) _ nyRT?
dar A,
n 1+ (T-T,,) COSh(RTX Tmm) @)

For each unfolding transition, n, A, is the relative hyper-
chromicity, AH, is the enthalpy per mole, and T,,, , is the melting
temperature. The entropy change of each transition was
determined by eq 3.

AH,
AS,
T

m,n

(©)

where AG, was calculated at 25 °C using AH, and AS,.

Melting profile data were fit to models with increasing num-
bers of transitions (i.e., one, two, three, four, etc.) to determine
the minimal number of transitions needed to predict the
observed melting profile, minimizing the standard error. We
sought the simplest model for which discrepancies between
predicted and observed data were minimal and were random
rather than systematic (Figures S3 and S4). More complex
models with a greater number of transitions are possible and
cannot be excluded by the methods employed here.

The melting profiles of the component rRNAs (DIII*" and
DIII™") were added to obtain the calculated melting profile
of intact Domain III (Figure SS), which was also obtained
experimentally. The equations, in Igor syntax, are provided in the
Supporting Information.

B RESULTS

Domains and sub-Domains. We determined whether
rRNA folding mechanisms are dominated by local interactions or
are significantly affected by long-range interactions. Struc-
ture, conformation, and unfolding pathways were characterized
by thermal melting, chemical footprinting, and CD spectroscopy.
Computation and experiment were used to infer rules
that govern folding of rRNA at various scales. We isolated
Domain III from the large ribosomal subunit and separated
it into two sub-Domains, DIII* and DIII*!. We determined
whether structure, stability, and unfolding mechanisms of DIII®*
and DIIT™! are conserved when they are excised from Domain IIL

SHAPE. Selective 2'-hydroxyl acylation analyzed by primer
extension (SHAPE)'” provides information about secondary
structure and, in the presence of magnesium, three-dimen-
sional structure.'® SHAPE exploits the reactivity of the
2'-hydroxyl groups of RNA with electrophilic reagents such
as NMIA. The reactivities of RNA 2'-hydroxyl groups are
dependent on local RNA flexibility."®"” Paired nucleotides
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Figure 3. SHAPE reactivities, structures, and Mg?* interactions. (a) SHAPE reactivities of DIII® (magenta) and Domain III (gray) in the presence of
250 mM Na* only. (b) SHAPE reactivities of DIII*® and Domain III in the presence of 250 mM Na* and 10 mM Mg?*. DIII*"® shows the same reactivity
as Domain III under both sets of conditions. The asterisks highlight the regions of the rRNA where the addition of Mg** causes significant changes in
SHAPE reactivity. SHAPE reactivities for DIII*™ (c) in 250 mM Na* only and (d) in 250 mM Na* and 10 mM Mg** mapped onto the secondary
structure of DIII"*. SHAPE reactivity is indicated on a color scale of blue to red, with blue being the least reactive and red being the most reactive. Some
Mg**-dependent nucleotides are observed within a Mg** microcluster. Mg**-mediated interactions between rRNA phosphate groups are indicated by
yellow lines. The stem—loop sequence used to connect the two fragments is colored gray. (e) Domain III Mg>* microcluster observed in the structure of
the native LSU, containing two Mg>* ions linked by a bridging phosphate (colored blue). (f) Schematic diagram of the Mg** microcluster, highlighting
canonical elements of Mg** microclusters, including the bridging phosphate and the 10-membered ring. The gray zigzag line is a reduced representation
of the U1394 nucleoside linkage between the phosphate groups.

are less flexible and are therefore less reactive than unpaired Mg?* ions and by direct interaction with Mg** ions. We have
nucleotides. Local RNA flexibility, and therefore SHAPE previously described the SHAPE reactions of Domain Il in the
reactivity, can be altered by tertiary interactions facilitated by presence and absence of Mg**"."®
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DIII™, and Domain I1I at 260 and 280 nm. Experimental melting profiles are dashed lines. The fits to the melting profiles are colored solid lines, and the
component transitions are black lines with colored fill. (a) DIII**® melting profile, fit, and deconvolution at 260 nm. (b) DIII*® melting profile at
280 nm. (c) DIIT™! melting profile, fit, and deconvolution at 260 nm. (d) DIII*! melting profile at 280 nm. (e) Intact Domain IIl melting profile and the
sum of the component transitions of DIII*™® and DIII™ at 260 nm. The solid line is a weighted sum of the melting profiles of DI and DIII®", The
eight component transitions, obtained from the deconvolution of DI and DIII*, add to give the melting profile of Domain IIL (f) Same as panel e at
280 nm. All melting experiments described here were performed in 180 mM NaCl, 20 mM Tris-HEPES, pH 8.0 buffer. Asterisks in the insets indicate the
reproducibility of differences in the low-temperature melting behavior when the wavelength is changed from 260 to 280 nm.

DIl in Na*. The secondary structure of DIII®*** is conserved
when it is excised from Domain III. We used SHAPE to probe the
secondary structure of intact Domain III'® and DIII®* in the
absence and presence of Mg** (Figure 3). We hypothesized that
in the presence of Na" alone, DIII* would assume the same
secondary structure that was observed for this segment of the
rRNA in the canonical secondary structure of the 23S rRNA''
and may also form a subset of tertiary interactions”’ as seen in the
assembled ribosome.”""”* SHAPE data obtained here for DII[*™
in the absence of Mg*" correspond very closely with expectations
from canonical 23S rRNA secondary structure. Helical regions
show low reactivity, while loops and bulges show high reactivity.

In addition, the SHAPE data indicate that DIII® and the
corresponding region of intact Domain III fold to the same state.
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As illustrated by the overlaid SHAPE traces (Figure 3a), the
reactivities of intact Domain III and DIII®™ are essentially
identical along the common regions of the sequence. The high
degree of similarity in SHAPE reactivities suggests that the
secondary structures of Domain III and isolated DIII®™ are
essentially the same as those of intact 23S rRNA.

DIlI°"® in Na* and Mg?*. DIII*® shows nativelike interac-
tions with Mg*". In the native state of DIII*, as observed in the
three-dimensional structure of the assembled ribosome,*"**
Mg*" ions mediate backbone—backbone interactions within a
Mg** microcluster (Figure 3e).'? Previously, we used the Mg*"
dependence of SHAPE to show that isolated Domain III folds to
a near-native state in the presence of both Na* and Mg*".' The
effects of Mg?* are localized to specific regions of the rRNA and
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are not widely dispersed, suggesting that Mg>" binding sites are
preorganized in the presence of Na*. The effects of Mg®* on the
SHAPE profiles of DIII®* and Domain III'® are very similar.
Mg*"-specific changes in SHAPE of DIII® rRNA are focused
primarily on the region of the Mg** microcluster. The Mg**
dependence of the SHAPE reactivity appears to reflect the effects
of specific binding of Mg** to rRNA on the Mg”* microcluster
and on associated tertiary interactions. Before the addition of
Mg**, many of the nucleotides in and around the Mg>* micro-
cluster site have high SHAPE reactivities. After the addition of
Mg2+, nucleotides in and around the Mg2+ microcluster have signif-
icantly lower SHAPE reactivities. The loop centered around U1394
shows a general decrease in SHAPE reactivity upon the addition
of Mg**. A1603 also shows a decrease in SHAPE reactivity.

The observed Mg®* dependence of SHAPE reactivities of
Domain IIT and DIII** is consistent with formation of the Mg**
microcluster (Figure 3e,f) in both rRNAs upon addition of Mg**.
In the three-dimensional structure of the assembled ribosome,
this Mg*" microcluster is fully contained within the rRNA cor-
responding to DITI®".*

A canonical Mg2+ microcluster, as defined by Hsiao et al,” con-
tains two closely associated Mg>* ions that are highly coordinated
by phosphate oxygen atoms of the rRNA. Defining features of a
Mg** microcluster are (i) a 10-membered Mg**(,)-(OP-P-OS'-
CS§'-C4'-C3'-03'-P-OP)-Mg™* , ring and (ii) a phosphate group
that bridges two Mg*" ions [Mg*"(,-O1P-P-O2P-Mg*" ;, ]. Here,
the phosphate group of C1604 forms a bridge between two Mg**
ions [Mg**(,) and Mg**(,) in Figure 3e,f]. The phosphate group
and ribose of A1603 along with the phosphate group of C1604
clamp onto Mg**(,), combining to form a 10-membered ring. The
two Mg*" ions of this Mg>* microcluster are coordinated by the
phosphate groups of U1394 and A1395, which are remote in the
secondary structure.

Circular Dichroism Spectroscopy. The CD spectra of
DI and DII™ add to give the spectrum of Domain III,
indicating that the helical content of the sub-Domains is
conserved when they are joined to form the complete domain.
CD provides empirical fingerprints of secondary structures of
chiral polymers. CD data here indicate that secondary structures
are conserved between intact Domain III and isolated DIII*"
and DIIT™!, The CD spectra of equilimolar DIII®* and DIII®!
can be added to give the CD spectrum of Domain III (Figure S2).
We tested the additivity of the spectra in the absence and
presence of Mg®". Under both conditions, the CD spectra of
DIII** and DIIT*! add to give the spectrum of Domain IIL This
result indicates that the helical composition of the two sub-
Domains, DIII® and DIII* in total, is the same as in intact
Domain III.

UV Melting. The UV melting data suggest ground state
rRNA structures and unfolding intermediates are composed
of independent elements that are not significantly affected by
global interactions. Thermal unfolding of RNA, monitored by
UV—visible absorbance, can provide estimates of the numbers
of transitions and of their thermodynamic parameters. The
temperature-induced unfolding transitions of DIII®", DI
and Domain III were monitored by UV absorbance (Figures 4
and S). Derivative melting profiles were computed from the data
and were fit to unfolding models with independent subtransi-
tions,”* under two salt conditions for each of the three rRNAs.

DilIe™e, DI, and Domain lll in Na*. Two wavelengths (260
and 280 nm) were employed to monitor the melting trans-
itions in 180 mM NaCl, 20 mM Tris-HEPES, pH 8.0 buffer
solutions. Melting of A-U base pairs is accompanied by a greater
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Figure S. Derivative unfolding profiles along with fit and deconvolution
for DI, DIII™ and Domain I1I at 260 nm in the presence of Mg™*.
Experimental unfolding profiles are indicated by dashed lines. The fits to
the unfolding profiles are colored solid lines, and the component
transitions are black lines with colored fill. (a) Unfolding profile, fit, and
deconvolution of DI at 260 nm. (b) Unfolding profile, fit, and
deconvolution of DIII™! at 260 nm. (c) Unfolding profile of intact
Domain IIT and the sum of the component transitions of DIII® and
DI at 260 nm. The solid line is a weighted sum of the unfolding
profiles of DI and DII™!. The eight component transitions,
obtained from deconvolution of DI and DIII*! add to give the
unfolding profile of Domain III. All melting experiments were
performed in 180 mM NaCl, 0.5 mM MgCl,, 20 mM Tris-HEPES,
pH 8.0 buffer.

hyperchromicity at 260 nm, while melting of C-G base pairs has a
greater hyperchromicity at 280 nm."”** The fraction of A-U base
pairs is relatively low in T. thermophilus rRNA and is roughly
equivalent in DIII®* and DIII®.

The 260 and 280 nm melting profiles were fit independently
to unfolding models, for cross-validation of the fits. The same
number of transitions, with similar thermodynamic parameters,
was obtained at both wavelengths. In general, it can be seen that
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Table 1. Estimates of Thermodynamic Parameters for Unfolding of DIIT***
transition T, (°C) AG (kcal mol™)% AH (kcal mol™) AS (cal K™! mol™) AP Ayeo/Asgo
1 57.7 + 3.5° 39+0.7 39.1 +£ 3.6 118 + 8 33+18 1.1
549 + 3.67 32+08 35.1 + 3.7 107 +9 29+13
53.3 +2.4° 23+0.2 267 +£1.2 81.7 + 3.1 2.8+ 0.7
2 66.9 + 3.0° 8.0 +99 65.0 + 372 191 + 78 24+ 3.7 0.9
66.1 + 3,0‘1 72+72 59.5 +27.3 175 + S8 27 +32
65.8 +2.0° 28 £25 49.2 +9.6 145 + 20 2.8 + 1.6
3 74.3 + 0.6° 12.5 + 10.0 88.0 + 36.0 253+ 73 3.1+31 0.9
742 + 0.6¢ 119 + 89 83.6 + 323 241 + 66 34+31
74.6 + 0.8° 10.3 + 4.6 722 + 16.7 208 + 34 3.0+ 19
4 80.6 + 1.0° 17.8 + 6.8 113 + 24 320 + 49 12+ 10 1.0
80.6 + 124 16.7 + 7.1 106 + 25 300 + S1 12+12
80.7 + 0.7° 147 + 3.6 93.3 + 12.8 264 + 26 14 +09
totals 42.2 +194° 30 +71 882 + 148
39.0 + 17.07 284 + 63 823 + 129
30.1 + 7.7° 241 + 29 699 + 59

At 25 °C. Relative hyperchromicity (10X). “At 260 nm, with Na* only. 9At 280 nm, with Na* only. °At 260 nm, with Na* and Mg*".

Table 2. Estimates of Thermodynamic Parameters for Unfolding of DIIT®"

transition T, (°C) AG (kcal mol™)“ AH (kcal mol™) AS (cal K™! mol™) Ab Ayeo/ Azgo
1 544 +4.7° 43 +2.7 48.1 + 11.7 147 + 26 0.7 + 0.7 0.6
54.1 + 6.57 34+21 384 +9.3 117 £ 21 12+ 1.1
55.0 +2.8° 44+ 19 47.6 + 8.0 145 + 18 0.4 + 0.4
2 64.3 +0.5° 70+28 59.8 + 10.6 177 + 22 28+ 09 1.6
64.3 + 0.9¢ 7.0 + 5.8 59.6 +22.1 177 + 47 1.7+ 13
65.7 + 0.4° 55+12 455 + 4.5 134 + 10 3.1+0.S5
3 74.6 + 1.4° 15.1 + 0.7 105 +3 303 +5 6.1+03 0.9
753 + 0.9‘1 13.7 + 1.0 94.6 + 3.5 272 +7 6.7 + 04
76.3 +0.2° 13.5 £ 0.2 91.5 + 0.8 262 +2 64 +02
4 83.3 +£0.2° 251+ 4.5 153 + 16 429 + 31 0.5+0.1 0.8
83.6 + 0.3‘{ 25.6 +5.7 156 + 20 436 + 40 0.6 +0.1
86.5 +0.1° 284 + 4.6 166 + 16 460 + 31 0.2 £ 0.0
totals 515 +7.5° 366 + 29 1060 + 60
49.7 + 1037 349 + 39 1000 + 81
S51.8 + 5.6° 351 +21 1000 + 43

“At 25 °C. "Relative hyperchromicity (10x). “At 260 nm, with Na* only. At 280 nm, with Na* only. *At 260 nm, with Na* and Mg?*.

lower-temperature transitions showed greater hyperchomicities
at 260 nm (Figure 4a,c) than at 280 nm (Figure 4b,d). This
difference is expected if A-U base pairs melt preferentially at
lower temperatures over G-C base pairs. The observed difference
is modest because the thermophilic rRNA used here contains a
small fraction of A and U nucleotides, and therefore, their
contribution to hyperchromicity is low.

Dilree, D", and Domain lll in Na* and Mg*". Mg**
concentrations were restricted (0.50 mM) during the melting of
the rRNAs due to degradation in the presence of higher Mg**
concentrations at elevated temperatures. Therefore, the melting
transitions were monitored in 180 mM NaCl, 0.5 mM MgCl,,
20 mM Tris-HEPES, pH 8.0 buffer solutions. The addition of
0.5 mM Mg** to DI does not appear to change the number of
observable transitions, although the hyperchromicity of a given
sample was not fully reproducible because of rRNA degradation.
As with DIII", the addition of 0.5 mM Mg2+ to DIII*™ does not
appear to change the number of observable transitions.

Fitting DI and DIII**"! Unfolding to Thermodynamic
Models. The data fit a model in which DIII*® unfolds with four
transitions in 180 mM NaCl, 20 mM Tris-HEPES, pH 8.0 buffer
in the absence (Figure 4) and presence of 0.5 mM MgCl, (Figure S).
The thermodynamic parameters obtained from the fits are
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listed in Table 1. DIII® also appears to melt with four transitions
(Figures 4 and S and Table 2). A four-transition model is
described by 12 parameters, which are the T, ,, AH,, and A, for
each transition n. As noted previously, more complex models
with greater numbers of transitions cannot be excluded by
the methods used here. The Supporting Information contains a
discussion of uncertainties in the models.

The Melting Profile of Domain Il Is the Sum of DIlI<°"®
and DI Melting Profiles. It appears that each of the
unfolding transitions of DIII®* and DIII*! is conserved in the
unfolding of Domain III. The unfolding of Domain III in the
presence of Na" can be reconstructed by a weighted sum
of the component transitions of DIII"® and DIII*! (Figure 4e,f).
At 260 nm, the weights are given by (0.27)DIII** + (0.71)DIr*!
= Domain III. At 280 nm, the weights are given by (0.36)DIII®*
+ (0.69)DII™! = Domain IIL. The differences in the weights at
260 and 280 nm appear to be within the error of the experiment.
In the presence of Mg, it appears that each of the melting
transitions of DIII®™ and DII*! is generally conserved in the
melting of Domain III (Table 3). The melting profile of
Domain 1T in the presence of Mg*" can be roughly reconstructed
by a weighted sum of the component transitions of DIII®® and
DI (Figure 5c). At 260 nm in the presence of Mg, the
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Table 3. Estimates of Thermodynamic Parameters for Melting of Domain III

transition T, (°C) AG (kcal mol™)* AH (kcal mol™) AS (cal K™! mol™) AP Ayo/Argo
1 544 43 48.1 147 0.5 0.6
5414 34 384 117 0.8
53.3¢ 23 26.7 81.7 0.8
2 57.7° 39 39.1 118 0.9 0.9
54.99 32 35.1 107 1.0
55.0¢ 44 47.6 145 0.3
3 64.3¢ 7.0 59.8 177 2.0 17
64.37 7.0 59.6 177 12
65.7¢ 5.5 45.5 134 23
4 66.9° 8.0 65.0 191 0.7 0.7
66.17 72 59.5 175 1.0
65.8° 28 492 145 0.8
5 74.3¢ 12.5 88.0 253 0.8 0.7
7427 11.9 83.6 241 12
74.6° 103 722 208 0.8
6 74.6 15.1 105 303 43 0.9
7537 13.7 94.6 272 46
76.3 13.5 915 262 5.0
7 80.6° 17.8 113 320 0.3 0.8
80.67 16.7 106 300 0.4
80.7° 14.7 93.3 264 04
8 83.3° 25.1 153 429 04 1.0
83.67 25.6 156 436 0.4
86.5¢ 284 166 460 0.1
totals 93.7¢ 668 1940
88.7¢ 633 1830
81.9¢ 592 1700

At 25 °C. PRelative hyperchromicity (10X). “At 260 nm, with Na* only. 9At 280 nm, with Na* only. °At 260 nm, with Na* and Mg*".

weights are given by 0.28(DIII*) + 0.77(DII!) = Domain IIL.
The sums of the component transitions, obtained from melting
of DIII®* and DIII™, accurately recapitulate the unfolding of
Domain IIT at both wavelengths under both salt conditions.
Thus, only two parameters, the weights in the sum, are required
to fit the Domain III data to the DI and DIII*! unfolding
models. Although more complex models cannot be excluded, the
simplest model that explains this observation is that in which
DI and DIIT™! are independent within intact Domain III
and do not significantly affect each other at any point along the
unfolding pathway. The Domain III unfolding pathway does not
appear to contain off-pathway unfolding intermediates that are
absent from the unfolding pathways of DIII"® or DIII*! alone.
The combined results support a model in which the unfolding
pathway of the rRNA, composed of DIII®™ and DIII®!, is con-
served when Domain III is split into components.

The Summation of the Melting Profiles Is Model-
Independent. As described above, the sum of the observed
melting profiles of DIII®"® and DII*! was fit to the observed
profile of Domain III (w;DII*®"® + w,DIII™! = Domain III).
Using the weights obtained in that fit (w; and w,), the eight
melting transitions, derived from the fits of DIII**"® and DI
were summed. This weighted summation allowed us to reca-
pitulate the eight-transition unfolding pathway of Domain IIL
This approach is model-independent in that the summation does
not preclude more transitions in the fits of the melting profiles of
DIIT*" and DIIT®", Regardless of the number of transitions used
in those fits, the constituent melting transitions of DIII* and
DIII™! can be added to recapitulate the melting of Domain IIL
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B DISCUSSION

Large folded RNAs are built from recurrent motifs, some of
which are of high thermodynamic stability.””** The data here
support a model in which not only ground state rRNA structures
but also unfolding intermediates are composed of independent
elements. Local unfolding is not measurably affected by joining
or separating the sub-Domains of Domain III of the LSU rRNA.

RNA unfolding generally follows multistep pathways with
observable melting transitions for various junctions, internal
helices, and stem—loop motifs. We have fit our thermal melting
data to a model in which Domain III unfolds reversibly by eight
independent transitions, while isolated DIII®* and DIII*! each
unfold reversibly via four transitions. For these large RNAs,
the number of actual transitions is expected to be greater than
estimated by our fitting process.

The data suggest conservation of local unfolding transitions of
Domain Il and those of the two isolated sub-Domains (Figures 4
and S). This observation is model-independent and is not
dependent on the number of transitions in the fits. Except for
small differences that may be attributed to tertiary interactions,
the complex multistep melting profiles of DIII® and DIIT*! are
additive and give the melting profile of Domain III. We do not
find evidence that the folding of Domain III involves states that
are absent in the folding of isolated DITI®™® or DIIT®!, This result
is supported by UV melting data obtained at two wavelengths
and under two salt conditions. The thermodynamic parameters
for unfolding transitions appear to be conserved whether DIII®"
or DIIT™ is independent or united within Domain IIL.

Disruption of long-range interactions, when Domain III is
cleaved into two sub-Domains, does not appear to significantly
impact the folding energetics. The folding intermediates of

25,26
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the sub-Domains appear to be dominated by local interactions
and are less dependent on the surrounding rRNA. Support for
conservation of ground state structure, stabilities, and folding
mechanisms, upon separation of the sub-Domains, is given by
chemical footprinting, equilibrium melting, and CD spectros-
copy. Similarity in ground state structures is indicated by
comparison of SHAPE reactivities of intact Domain III and
isolated sub-Domain DIII**". SHAPE reactivities are essentially
identical where the sequences correspond. The CD spectra of
ground state DIII®™ and DIII*! add to give the spectrum of
Domain III. Additivity of the CD spectra is observed in the
absence or presence of Mg**. Our results indicate dominance of
local interactions during folding, not the absence of long-range
interactions.

Mg?* Microclusters. The Mg?* dependence of SHAPE
reactivities is consistent with the formation of a Mg>* micro-
cluster” in both isolated Domain III and DIII®*®, We have
previously determined the Mg®* dependence of SHAPE
reactivity on a variety of RNAs, including a viral genome,”
Domain I1I of the LSU,"° the central core of the small ribosomal
subunit,® the P4P6 domain of the Tetrahymena ribozyme,30 and
the 23S rRNA (unpublished). The results show that SHAPE is
a useful probe of binding of Mg** to RNA and a suitable assay
for formation of tertiary interactions. Mg>* induces changes in
SHAPE reactivity at nucleotides that coordinate Mg®" and, in
some cases, at nucleotides that are proximal to these Mg>*
binding sites.

RNA folding can be constrained by thermodynamics and/or
kinetics. Pyle and co-workers report that the unfolding of the
long noncoding RNA HOTAIR in vitro is irreversible.’" Folding
of this RNA appears to be kinetically controlled. HOTAIR
RNA refolds to a nonhomogeneous population that differs from
biological HOTAIR. By contrast, rRNA and tRNA folding
appears to be thermodynamically controlled. Both modified and
native tRNA, along with rRNA, fold reversibl)r.24’32 Like tRNA
and rRNA, a group I ribozyme, characterized by Woodson,*
folds reversibly, but unlike tRNA and rRNA, initial steps in the
group I ribozyme folding are directed by long-range interactions,
between nucleotides that are remote in the secondary structure.
tRINA and rRNA folding, by contrast, is driven at early stages by
local interactions.

_]aeger,34 Tan,” and others have shown that RNAs can be
robust in folding and function. RNA structure can be retained in
isolated domains or sub-Domains, and catalytic activity can be
regained by assembly in trans. Here we suggest that rRNA and
other ancient RNAs may be distinctive, in that independence of
rRNA elements is substantially retained in intermediates in
complex multistep folding pathways.

Accretion Model. The results obtained here are consistent
with our model describing the origin and evolution of rRNA."*
In this model, rRNA grew in size by accretion of small rRNA
fragments. The accretion model predicts that rRNA can be
decomposed into elements of various granularities, retaining the
folding mechanism in isolation.

RNAs in general fold by a variety of mechanistic pathways,
which, we suggest, are influenced by their evolutionary histories.
A folding pathway may be linear, with a sequential progression, or
branched, with an ensemble of intermediates. In either mechanism,
intermediates may be nativelike, or not. Native or non-native
long-range interactions between secondary elements may be
important and can form either early or late in the folding process.

RNA and Protein. Direct comparisons of life’s polymers can
illuminate and explain some of their most important properties.
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The experiments here help show how RNA folding differs from
protein folding. Proteins fold to autonomous, integrated, and
compact structures called domains.*® A protein domain can
be defined as a cooperative thermodynamic unit that is either
completely folded or completely unfolded at equilibrium.’”
In general, a native protein domain is destabilized by deletion
of component secondary elements,”® consistent with their
integration. For example, the removal of a f-sheet from a TIM
barrel would abolish folding of the entire barrel.

The architectural logic of RNA differs fundamentally from
that of protein. RNA folds locally to small secondary elements,
primarily stems and stem—loop motifs. Locally, RNA structure is
determined by base pairing, base stacking, rotameric preferences,
and interactions with inorganic cations.>””** RNA folding, in
contrast to protein folding, is hierarchical and is highly influenced
by electrostatics; monovalent cations alone favor secondary
structure, and addition of divalent cations favors native tertiary
structure.” In contrast to protein folding, formation of RNA
secondary elements is not highly cooperative with global domain
assembly; small RNA units are quasi-independent of each other.
Therefore, a RNA at equilibrium can occupy partially folded
states. RNA can make stepwise transitions between states as the
temperature increases. Previouslgr, it has been reported that
tRNA,*** mRNA pseudoknots, ” and other RNAs undergo
distinct and resolvable transitions during equilibrium melting.
These transitions are generally associated with disruption of
individual secondary structural elements, which are thermody-
namically decoupled after initial (low-temperature) disruption of
tertiary interactions.”****

RNA—-Drug Interactions. The folding competence of
isolated rRNA fragments can provide tools for deciphering drug
interactions. One example, investigated by the Draper labora-
tory, is the GTPase-associated region (GAR), a 58-nucleotide
rRNA fragment excised from LSU rRNA.**** Isolated GAR folds
in the presence of cations to a near-native state and binds to
its ribosomal protein partner, rProtein uL11. Formation of the
isolated GAR—uLl1l complex is blocked by the antibiotic
thiostrepton, just as in the assembled ribosome.
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