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I n 1987, we both entered graduate
school at the University of Rochester
and began to study the biophysical

chemistry of RNA. At that time, many things
were poorly understood about RNA. There
were a total of three X-ray structures of RNA
(and no NMR structures); only two types of
ribozymes were known; and the ribosome
seemed like a mysterious blob that some-
how used RNA as a scaffold to orchestrate
the �50 ribosomal proteins. RNA structure
seemed static and 2D because nearly all the
presentations showed only the secondary
structure determined from comparative se-
quence analysis. Molecular dynamics simu-
lations were done in vacuo only on small
RNA domains for subnanosecond trajecto-
ries. Of course, it was these myriad open
questions that also attracted many of us to
this field.

The Physical Chemistry Division met
March 25–29, 2007, in Chicago, IL, at the
American Chemical Society’s 233rd Na-
tional Meeting and Exposition. During the
meeting, a four-day symposium on RNA bio-
physics was held, which was organized by
Joseph D. Puglisi and James R. Williamson.
The symposium touched on a number of
outstanding and timely topics on the bio-
physics of RNA, including RNA structure,
folding, and dynamics. The meeting showed
that nothing short of a revolution in our un-
derstanding of RNA structure and function
has occurred and that many of the ques-
tions asked 20 years ago are now being an-
swered. Advances in RNA biophysics are
having impacts on numerous other fields,
including gene regulation, virology, and mi-
crobiology, to name a few.

The meeting was organized into six ses-
sions, beginning Sunday morning with RNA
structure. Advances in RNA structure have
probably had the single greatest impact in
the field in the past 10 years. Structures of
numerous catalytic RNAs and the ribosome
are among the many examples, and the Pro-
tein Data Bank now has �400 RNA struc-
tures. Adrian Ferré D’Amaré and Robert
Batey presented structures of riboswitches,
which are RNAs that bind small molecules
through an aptameric domain and affect
gene expression through an expression do-
main. The glmS riboswitch, which is acti-
vated by glucosamine-6-phosphate
(GlcN6P), is unusual in that its expression
domain is a novel ribozyme fold (1). Ferré
D’Amaré presented pre- and post-cleavage
structures of the glmS ribozyme-riboswitch,
which folds into a double-pseudoknot topol-
ogy (2). He presented evidence that the
GlcN6P cofactor does not work through al-
lostery but instead appears to be an active
participant in chemistry through involve-
ment of an amine group. Batey, who has
solved several ligand-bound riboswitch crys-
tal structures, addressed the issue of the
structure of the free form of the RNA and
communication between aptameric and ex-
pression domains (3–5). Through crystal
structures, as well as a variety of biochemi-
cal techniques, including isothermal titra-
tion calorimetry, structure mapping with se-
lective 2=-hydroxyl acylation analyzed by
primer extension (SHAPE) chemistry, and
fluorescence with stacking-sensitive
2-aminopurine, he provided evidence that
only the internal binding pocket of the
aptameric domain is unstructured in the ab-
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sence of ligand; the global structure is
largely unchanged. One theme for achiev-
ing tight overall binding was the importance
of avoiding mispairing in the free state.

Whereas the riboswitch RNAs tend to be
smaller in size (�200 nt), many functional
RNAs are much larger. Alfonso Mondragón
and Joe Piccirilli addressed structures and
methodologies of crystallizing such RNAs.
Mondragón and colleagues have solved
several structures of the catalytic and speci-
ficity domains of RNase P RNA (6–8), which
is a true multiple-turnover ribozyme, is re-
sponsible for 5=-end processing transfer
RNAs (tRNAs), and was one of the first ri-
bozymes discovered. At the meeting, a
structure of the entire �300-nt RNase P
was presented (8). Communication between
domains, clustering of conserved residues,
and the basis for pseudoknot formation
were found. Future studies are expected to
unveil positioning of tRNA substrate and the
catalytic mechanism of this ribozyme.

One of the themes of the meeting was
the increasing development of methods for
examining RNA structure at low-to-medium
resolution, notably small-angle X-ray scatter-
ing (SAXS), cryo-electron microscopy (cryo-
EM), chemical probing, and fluorescence
methods. SAXS was presented by several
different speakers with clever applications
for dissecting the mechanism of RNA fold-
ing pathways, sometimes as snapshots of
stepwise processes (Tao Pan) and some-
times by monitoring the folding in real time
by SAXS analysis at different positions along
a microfluidic channel (Lois Pollack). Eric
Kool showed us that organic chemistry can
provide synthetic base analogues that can
be powerful tools in elucidating the mecha-
nism of sequence recognition in RNA inter-
ference (9). Charles Hoogstraten presented
a memorable “tai chi” demonstration of RNA
domain docking dynamics in which the dif-
ferences among all-or-none, stepwise, and
concerted mechanisms were discussed and
related to calorimetric and CD evidence. Pe-
ter Qin presented electron paramagnetic

resonance methods that measure nanome-
ter distances in nucleic acids by using
sequence-independent nitroxide probes
(10). Joachim Frank presented beautiful
cryo-EM reconstructions of the ribosome in
different functional states and proposed a
model for translocation that involves two
modes of movement: ratcheting of the sub-
units and swiveling of the head of the small
subunit, thereby accounting for the neces-
sary movement of the ribosome by one full
codon during each cycle (11). Stunning,
long-timescale molecular-dynamics simula-
tions of the ribosome in complete atomic
detail with solvation of the binding of tRNA
to the A-site were presented by Kevin San-
bonmatsu. A remarkable series of dance
steps were revealed in which the ribosome
and tRNA mutually change conformation.

The field of computational RNA structure
prediction was discussed by several speak-
ers, and it is apparent that reliable predic-
tions of RNA 3D structure (John SantaLucia,
Jr., and Neocles Leontis) and dynamics (San-
bonmatsu, Xiaohua Zhang, and Devarajan
Thirumalai) are on the near-term horizon. In
fact, the wealth of experimental and pre-
dicted structures is creating a new problem
of how to manage all of the data so that re-
searchers with varying levels of expertise
can access and mine the known RNA struc-
tural, biochemical, and dynamic databases.
Leontis introduced the RNA Ontology Con-
sortium, whose mission is to build an RNA
Ontology that will work with the Gene and
Sequence Ontologies to provide semantic
standards for the integration of complex,
heterogeneous data on RNA 3D structure,
function, and sequence (12). The aim is to
promote greater human understanding, as
well as software interoperability.

Within the cell, the structure and behav-
ior of RNAs are highly dependent upon the
proteins to which they are bound, and these
proteins are key determinants of their bio-
physical milieu. Andrew Feig and John
Marino both presented work on the nature
of kissing interactions and the way in which

these structures resolve into strand-
displaced states (13). Such reactions are
found in the biology of noncoding RNAs and
in virology, often facilitated by RNA binding
proteins such as Hfq and nucleocapsid zinc
finger protein 7. Structural analysis plays a
critical role in understanding how proteins
influence RNA behavior. On the other hand,
Gabriele Varani showed how a combination
of screening and rational redesign of ligands
could be used to inhibit transactivator of
transcription (Tat) protein binding to the
trans-acting responsive element (TAR) ele-
ment of HIV. Elizabeth Theil presented her
crystallographic studies on the iron-
responsive elements (IRE)/IRE-binding pro-
tein system, showing how protein contacts
at very long ranges influence RNA structure
to facilitate their regulatory roles. Overall,
the session showed that the RNA–protein
complexes are quite fluid. Although a single
structure is often quite illuminating, scien-
tists need a collection of biochemical, bio-
physical, and structural tools to look at the
progression between observed states in or-
der to understand the biological behavior.

Catalytic RNAs, or ribozymes, were dis-
covered �25 years ago. One of the current
themes in the field is the understanding of
mechanisms for chemical catalysis. Ri-
bozymes appear in a variety of sizes and
can either occur naturally or be selected
in vitro. Philip Bevilacqua, Marty Fedor, and
David Lilley presented their latest findings
on small, naturally occurring ribozymes.
Bevilacqua presented evidence that the pKa

of catalytic base in the hepatitis delta virus
ribozyme shifts to 7; this makes it histidine-
like and an ideal candidate for proton trans-
fer (14). Fedor presented work on the mech-
anism of the hairpin ribozyme and showed
the importance of nucleobases rather than
metal ions in the catalytic mechanism (15,
16). These functional studies complement
recent crystal structures on the hairpin ri-
bozyme and showed the particular impor-
tance of a guanosine and an adenosine in
the mechanism. In addition, new ap-
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proaches for assessing the pK of catalytic
guanosines by using 8-azaguanine were
presented (17). This provides a promising
approach for determining the presence and
contribution of pK shifting of guanines to
RNA catalysis.

Results in the above two talks were dis-
cussed in light of several high-resolution
crystal structures. Lilley, on the other hand,
presented evidence that another small ri-
bozyme without a high-resolution structure,
the Varkud satellite (VS) ribozyme, has a
mechanism similar to that of the hairpin and
also involves catalytic guanosine and ad-
enosine residues (18). Lilley concludes that
the hairpin and VS ribozymes have con-
verged on similar mechanistic solutions to
specifically cleave the phosphodiester back-
bone. Michael Harris presented functional
studies on RNase P that included insights
into the roles of metal ions in the mecha-
nism. Harris and coworkers have studied
heavy atom isotope effects and Raman dif-
ference spectroscopy to associate metal
ions with nucleophilic activation in the cata-
lytic mechanism (19). Calculations are also
beginning to play a greater role in elucidat-
ing ribozyme catalysis. Zhang, from Tom
Bruice’s lab, presented computational stud-
ies on the mechanism of a selected ri-
bozyme that catalyzes a Diels–Alder reac-
tion. The studies suggest that the ribozyme
catalyzes the reaction largely from position-
ing of the reactants in productive conforma-
tions and angles (20).

Given that RNA has numerous functions
in the cell, it becomes of interest to under-
stand how it folds. It is no small feat for poly-
anions to fold into the compact structures
needed for function. The uptake of metal
ions, often Mg2�, is critical to the process,
and this can occur both early and late in the
overall mechanism. Dan Herschlag, Michael
Brenowitz, and Lois Pollack provided in-
sight into how metal ions drive RNA fold-
ing, with an emphasis on the Tetrahymena
ribozyme, and Kathleen Hall presented evi-
dence for a Mg2�-dependent conforma-

tional change in a putative new riboswitch.
Herschlag and coworkers have applied
atomic emission spectroscopy with induc-
tively coupled plasma to give a direct count
of the number of metal ions taken up during
RNA folding (21). They are dissecting the
mechanism of metal ion contributions by
studies on model systems with helical dock-
ing and refining physical models for ion con-
densation, including the nonlinear Poisson–
Boltzmann model. RNA tertiary structure can
be conveniently mapped by using hydroxyl
radical ions and has been time-resolved
with synchrotron radiation. Brenowitz and
colleagues have recently developed a con-
venient method for time-resolved mapping
with hydroxyl radicals in the laboratory by
using common reagents and a rapid mixer
(22). This methodology was used to gather
and analyze large amounts of data with a
clustering approach. Computational analy-
sis of the data provided a mechanism in
which the Tetrahymena ribozyme folds
through three parallel channels, each hav-
ing its own intermediate, on its way to the
native state (23, 24). This level of complex-
ity has been seen with proteins as well. Pol-
lack and coworkers used time-resolved
SAXS and microfluidics with continuous
flow mixing to look at the earliest events in
RNA folding (500 �s timescale) (25, 26).
They found that divalent ions first induce
rapid compaction of the RNA without the for-
mation of detectable tertiary contacts. Thus,
a hierarchy appears to exist for attaining a
complete tertiary structure, with collapse
happening in a distinct early step.

The theme of complexity in RNA folding
was echoed in Sarah Woodson’s talk on the
folding of 16S ribosomal RNA. The folding
landscape for full assembly with proteins
appears rugged, with many pathways to the
final structure. Thus, many similarities ap-
pear to exist in the folding of RNA, proteins,
and RNA–protein complexes. Woodson and
coworkers also presented studies on the co-
operativity of interactions in the collapse
into compact intermediates (27). A variety

of biophysical measurements gave identi-
cal thermodynamics, supporting a two-state
model for the cooperative folding transi-
tion. A point mutant destabilized all tertiary
contacts, also consistent with cooperativity
in this process. Apparently, RNA can fold co-
operatively at and between tertiary and sec-
ondary structural levels in the hierarchy of
RNA folding.

Generally speaking, the RNA secondary
structure folds first and the tertiary structure
folds later. Much also remains to be under-
stood about secondary structure formation.
Thirumalai presented calculations on force-
induced unfolding and force-quench refold-
ing of RNA hairpins (28, 29). A coarse-
grained off-lattice model was used for
simulations and theoretical analysis. The
position of the transition state was shown
to be a function of the stretching force and
loading rate. Such considerations are impor-
tant for understanding how RNA folding de-
pends on the conditions under which the
studies are taken.

The structures of intermediates in RNA
folding received attention from Pan and col-
leagues (30). This is a tricky problem, be-
cause folding intermediates, which are par-
tially unfolded, are not generally amenable
to crystallography. First, equilibrium folding
methods were used to establish conditions
under which a folding intermediate accumu-
lates in the specificity domain of RNase P.
Then, a battery of experimental techniques,
including structure mapping, mutagenesis,
and cryo-EM, together with computational
modeling, was used, and this led to a struc-
tural model of the intermediate. This work
nicely complemented that of Mondragón in
the structural studies and showed that inter-
mediates can involve not only secondary
structure but also short-range native tertiary
interactions.

The last session of the symposium fo-
cused on joining the structure and dynam-
ics of RNA structures. Sam Butcher pre-
sented his NMR studies on the spliceosome,
a notoriously dynamic and difficult system

442 VOL.2 NO.7 • 440–444 • 2007 www.acschemicalbiology.orgBEVILACQUA AND SANTALUCIA

Given that RNA has numerous functions in the cell, it becomes of interest to understand

how it folds.



to study at atomic resolution (31, 32). He fo-
cused on a stem-loop in U2 RNA, which is
hypermodified with 2=-methoxy substitu-
tions in humans and leads to unusual ther-
modynamic stability. It is intriguing that
such stability may arise from a specific pat-
tern of methylated nucleosides. Insight into
how binding of the protein Prp24 remodels
U6 RNA secondary structure to drive further
spliceosome assembly was also discussed.
The use of NMR relaxation studies to probe
RNA dynamics was presented by Gary
Dobny. Solid-state and solution NMR were
shown to provide complementary informa-
tion about sugar and base dynamics over a
very wide timescale range (33). He used the
Tat–TAR complex from HIV to measure com-
plex formation. RNA conformational
changes in the solid state were consistent
with those in solution. He further obtained
long-range dynamic information by using
31P–19F rotational-echo double-resonance
methodologies and showed that the RNA
structure undergoes large deformations
upon protein binding. Taekjip Ha provided
insight into the dynamics of a number of
systems, including Holliday junctions, the
hairpin ribozyme, and the ribosome (34,
35). In collaboration with Lilley, Ha and his
group dissected details of the pH depen-
dence and folding mechanism of the hair-
pin ribozyme at the single-molecule level.
These data support acid–base chemistry by
ribozyme nucleobases. An additional contri-
bution at the single-molecule level was the
work of Xiaowei Zhuang and coworkers on
the assembly of telomerase, the complex of
RNA and proteins that adds DNA to the
ends of linear chromosomes. In collabora-
tion with Kathleen Collins, Zhuang et al.
used single-molecule FRET to show that this
RNA–protein complex assembles in two
steps in which the p65 protein directs fold-
ing of the RNA to allow binding of the cata-
lytic subunit, telomerase reverse tran-
scriptase (36).

One theme to RNA folding is the pres-
ence of multiple conformations of the RNA.

It is therefore important to have various ap-
proaches to prepare the system in specific
ways and to initiate and measure folding be-
tween states. Harald Schwalbe presented
his studies on the folding of bistable RNAs
or those that have two folds with similar sta-
bilities (37, 38). He was able to photopro-
tect the RNAs and block base pairing within
a given state. Photolysis was conducted in
the NMR tube to initiate the folding process
and monitor the kinetics of folding. This
technique promises to be applicable to a va-
riety of systems, including riboswitches.
The last speaker was Yitzhak Tor, who dis-
cussed method development for exploring
RNA recognition and dynamics. He has ap-
plied a number of fluorescent bases to
elucidating RNA dynamics, including
2-aminopurine in hammerhead catalysis
(39) and, more recently, pyrimidines modi-
fied with furan on the 5-position, which can
be incorporated during in vitro transcription
(40). These RNAs make good A-site model
systems for antibiotic binding. Such affinity
labeling techniques may find widespread
application in the field of RNA folding and
dynamics.

The past 20 years have provided an ex-
hilarating series of advances in our under-
standing of the biophysics of RNA function.
However, some old questions remain unan-
swered, and many new questions have
emerged. The detailed mechanisms by
which RNA is able to fold into its active con-
formation is still an unanswered question.
We still do not fully understand the mecha-
nism of catalysis of ribozymes. Where does
the energy come from to stabilize the transi-
tion state? Do ribozymes work in the same
way as protein enzymes, or are some funda-
mentally new ideas needed, particularly to
account for the dense ionic character of
RNA? It seems that we have more evidence
supporting the RNA world hypothesis, yet a
self-replicating RNA has not been discov-
ered or engineered. Methods for studying
RNA structure and dynamics will certainly
continue toward higher structural and tem-

poral resolution. The explosion in the dis-
covery of noncoding RNAs will provide many
new systems for biophysical studies. It will
be interesting to see how our understanding
of RNA biophysics allows us not only to ex-
plain biological function but also to invent
artificial catalysts, materials, and new thera-
peutic methods. It is apparent that there is
much to keep us gainfully employed for the
next 20 years.
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