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Abstract
Most RNA comprises one strand and therefore can fold back on it-
self to form complex structures. At the heart of these structures is the
hairpin, which is composed of a stem having Watson-Crick base pair-
ing and a loop wherein the backbone changes directionality. First,
we review the structure of hairpins including diversity in the stem,
loop, and closing base pair. The function of RNA hairpins in biology
is discussed next, including roles for isolated hairpins, as well as hair-
pins in the context of complex tertiary structures. We describe the
kinetics and thermodynamics of hairpin folding including models
for hairpin folding, folding transition states, and the cooperativity
of folding. Lastly, we discuss some ways in which hairpins can in-
fluence the folding and function of tertiary structures, both directly
and indirectly. RNA hairpins provide a simple means of controlling
gene expression that can be understood in the language of physical
chemistry.
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Ribozyme: catalytic RNA
molecules; smaller
ribozymes (∼30–80 nt)
include the hepatitis delta
virus, whereas larger
ribozymes (∼200–400 nt)
include the Tetrahymena
ribozyme

Riboswitches: RNA
molecules that bind
substrates (often small
molecules) tightly and
specifically

1. INTRODUCTION

This article concerns the structure, kinetics, and thermodynamics of RNA hairpins
with an emphasis on their biological roles. When the central dogma of molecular
biology was laid out, the role of RNA was subservient to that of DNA and proteins.
In the ensuing years, our understanding and appreciation of RNA biology have un-
dergone a revolution. It is now recognized that RNA is much more than a passive
intermediary between DNA and proteins. RNA can both store genetic information
and perform varied functions. These discoveries have led to the notion that RNA, or
an RNA-like polymer, played a central role in the emergence of life on Earth—the
so-called RNA world hypothesis (1–3).

One of the early breakthroughs in understanding the functional potential of RNA
came when the structure of the first functional RNA was solved (4, 5). In the early
1970s the crystal structure of transfer RNA (tRNA) was determined, which revealed
that RNA can assume complex three-dimensional shapes with a solvent-protected
core. Because of this structural complexity, RNA can achieve extraordinary func-
tional complexity. It is now recognized that RNA can make and break covalent bonds,
in ribozymes (6), and bind small molecules with high affinity and specificity, in ri-
boswitches (7). The biological functions of such RNA molecules include aiding virus
replication, controlling gene expression, and synthesizing proteins. More recently,
investigators have discovered additional functions for RNA, including the regula-
tion of gene expression by microRNAs (miRNAs), in which the function is mediated
through simple Watson-Crick base pairing (8).

The goal of this article is to provide an introduction to the structure, kinetics,
and thermodynamics of RNA hairpins and their functions in biology. Because RNA
often functions in a more complicated structural context than simple hairpins—e.g.,
engaging in tertiary interactions and binding proteins and metabolites—we emphasize
biological and structural context. We also discuss how RNA secondary structures can
themselves be quite structurally complex and have profound influence on the folding
and catalysis of functional RNAs.

It is our intention that this article provides an entrée to RNA hairpins that is
useful to the physical chemist. The thermodynamics and kinetics of RNA structure
formation are emphasized, with a brief introduction to RNA hairpin structure. We
focus on the natural biological and structural contexts of RNA hairpins with the
hope that this inspires new physical chemical investigations to discern how hairpins
contribute to RNA function and folding in nature.

2. STRUCTURE OF RNA HAIRPINS

To set the stage for kinetic and thermodynamic analysis, we begin with an introduction
to the structure of RNA hairpins. There are many RNA hairpin structures available for
downloading at the Protein Data Bank (http://www.rcsb.org/pdb/home/home.do)
(9) and the Nucleic Acid Database (http://ndbserver.rutgers.edu/) (10). Much of
the information in these two databases overlaps; however, the Nucleic Acid Database
has search features that are nucleic acid specific and aid in the retrieval of hairpin
structural data. The goal of this section is not to provide a comprehensive survey of

80 Bevilacqua · Blose

A
nn

u.
 R

ev
. P

hy
s.

 C
he

m
. 2

00
8.

59
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 P

en
ns

yl
va

ni
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

10
/2

1/
07

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV340-PC59-04 ARI 3 October 2007 15:35

these hairpin structures, but rather to introduce some salient features of RNA hairpin
structures to facilitate discussion of the folding and function of RNA. We refer the
interested reader to an excellent review on hairpin structures (11).

The hairpin is the most common of the secondary structural elements in RNA.
Nearly 70% of the nucleotides in 16S rRNA are involved in hairpin structures (12,
13). For DNA, hairpin structures are much less common, with a few exceptions, such
as in the structures of single-stranded DNA viruses (14).

2.1. The Stem

In its simplest form, the hairpin consists of a stem and a loop and is often referred
to as a stem-loop (SL) structure (Figure 1). In longer RNAs with multiple stem-
loops (for example, in certain viruses), the notation SL1, SL2, and so on is used (15).
The stem comprises primarily Watson-Crick base pairs (bp) formed between the
two antiparallel stretches of RNA. In 16S rRNA, stems range in length from 1 to
10 or more bp, with an average length of 3–4 bp (12, 13). Structures with 1 bp are
not populated in isolation and are stabilized in the context of flanking sequence by
coaxially stacking of the stem onto an adjacent helix and engagement of the hairpin
loop in tertiary interactions with nearby nucleotides (16). Hairpin structures with
2 bp, however, have been prepared and characterized structurally, thermodynamically,
and kinetically (17–19); in these cases, a UNCG tetraloop (described below) was used
to stabilize the structure. Such small stem-loops provide an optimal model system for
detailed mechanistic study.

The stem of an RNA hairpin, similar to double-stranded DNA, is composed mostly
of Watson-Crick base pairs and therefore is largely a right-handed helix (Figure 1).

Bulge

(a)

a ≥ 1

3'5'

Internal loop
Symmetric, a = b

Asymmetric,  a ≠ b

(b)(a)

b ≥ 1a ≥ 1

3'5'3'5'

Hairpin
(single-stranded RNA)

Closing
base pair

Stem

Loop
(3 to 8 nt)

Double-stranded
RNA

3'5'

3' 5'

Figure 1
Components of RNA hairpins. The figure highlights the three components of hairpins: the
loop, closing base pair, and stem. Also shown are common RNA secondary structure elements,
which are defined by patterns of paired and unpaired nucleotides in a helical context. Hairpins
are characterized by unpaired nucleotides at the tip of helical stem. Bulges and internal loops
are characterized by unpaired nucleotides found in either one (bulge) or both strands (internal
loop).
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RNA
defects/imperfections:
secondary structural
elements other than
Watson-Crick base pairing,
including bulges and
internal loops

Bulge: unpaired
nucleotides on only one
strand

Internal loop: unpaired
nucleotides on both strands

RNP: RNA-protein
complex

Tetraloop: a hairpin loop
consisting of four
non-Watson-Crick paired
nucleotides

TGGE: temperature
gradient gel electrophoresis

cUNCGg: example of
notation for closing base
pair and loop; the lowercase
font denotes the closing
base pair, and the uppercase
the loop

N: any of the four bases (A,
G, C, or U) is tolerated

Here, however, the similarity between RNA and DNA ends. First, the geometry
(A-form) of the double-stranded stem in RNA is different than in DNA (typically
B-form). An RNA stem with only Watson-Crick base pairs has an accessible minor
groove, containing the 2′-hydroxyl groups, and an inaccessible major groove, con-
taining the majority of the sequence-specific information including Watson-Crick
functionalities and the Hoogsteen faces of the bases (20). In more drastic contrast
to double-stranded DNA, the stem of an RNA hairpin often contains non-Watson-
Crick structural elements, including GU wobbles and single mismatches (21), and
structural defects or imperfections, such as bulges and internal loops (Figure 1). A
bulge contains one or more unpaired nucleotides on one strand, whereas internal
loops contain one or more unpaired nucleotides on both strands. Symmetric internal
loops tend to distort the helix less than bulges and asymmetric internal loops, which
often kink or bend the helix (22–25). The unpaired nucleotides in the stem can en-
gage in diverse structural interactions, such as noncanonical hydrogen bonding and
stacking, which lend themselves to additional thermodynamic stability and functional
diversity (26, 27). Defects also widen the major groove of the stem (28), making it
accessible to drugs (29, 30), other RNA structural elements (31, 32), and proteins
(33). It is the structural diversity of stems and loops that leads to complex tertiary
structures, RNA-protein (RNP) assemblies, and functional diversity.

2.2. The Loop

The region of unpaired nucleotides at the apex of the structure is the hairpin loop
(Figure 1). The most obvious property of the loop is to serve as the region in which
the directionality of the backbone is reversed to afford the two antiparallel strands of
the stem. Because of steric repulsion, it takes a minimum of three nucleotides to make
a turn in an RNA hairpin, although loops of four nucleotides, so-called tetraloops,
are much more common (12, 34, 35).

Certain triloop and tetraloop sequences are especially thermodynamically stable
(32, 36–38), and these often correlate with sequences conserved in evolution, as deter-
mined through phylogenetic studies (34). In some cases, researchers identified stable
RNA loop sequences by combinatorial approaches using temperature gradient gel
electrophoresis (TGGE) (32, 38, 39). Stable RNA triloops and tetraloops are gen-
erally U rich, whereas C-rich RNA tetraloops are especially unstable (38, 40; P.C.
Bevilacqua & M. Hauser, unpublished observations). Poor stacking in stretches of
U residues and good stacking in stretches of C residues in the reference state (41)
account for these effects.

Stable and phylogenetically conserved tetraloops include cUNCGg, c/gGNRAg/
c, and gCUUGc (Figure 2a,b). Structures have been solved for these loops and reveal
extensive stacking and hydrogen bonding between loop residues, as well as unusual
conformations of certain nucleotides such as a syn conformation about the glycosidic
bond for the G in the UNCG loop (42–46) (Figure 2b). In the case of UNCG and
GNRA tetraloops, the second loop nucleotide (N) does not make contacts in the
loop—hence its lack of conservation—but is required to relieve steric clashes. GNRA
tetraloops form a sheared base pair between the first and last positions of the loop
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Figure 2
Molecular interactions in
RNA hairpins. (a) Sheared
GA base pair formed in a
GNRA loop. (b) Bifurcated
hydrogen bonding in a
UUCG loop. (c)
8-bromoguanosine
conformer. Note that the
base is in the syn
conformation over the
ribose ring to eliminate
steric clashes with the bulky
Br substituent. (d ) Structure
of protonated AC base pair.

R: a purine, either A or G

Y: a pyrimidine, either C or
U

M: either A or C

(Figure 2a) and are especially adept at making tertiary interactions with other RNA
motifs—so-called tetraloop receptors (31, 47)—and with certain proteins (48). TGGE
selections identified an extended family of UNCG tetraloops referred to as YNMG
(32, 39). Further studies revealed that YNMG loops form similar structures as UNCG
tetraloops, although with reduced stability as compared to the UNCG subfamily (32,
49–52). This reduced stability appears to be essential for tertiary interactions with
GNRA-like loops, possibly because certain YNMG loops have greater flexibility than
UNCG loops (32, 53, 54).

Tetraloops are so stable and well-structured in RNA that other loops are often
built from tetraloop platforms. For example, GNRA and UNCG tetraloops can be
expanded at any position other than before the first nucleotide of the loop (55, 56;
J.M. Blose & P.C. Bevilacqua, unpublished observations). In these cases, the structure
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of the tetraloop remains largely intact with the expanded nucleotides extruded and
available for interaction with proteins or other parts of a larger RNA molecule.

Lastly, it is worth noting that DNA hairpins can adopt especially stable triloops.
This is likely because the sugar of DNA, without the 2′ hydroxyl, prefers the C2′-endo
conformation, which allows for tighter turns and different stacking interactions of
the bases (57). In particular, the d(cGNAg) triloop is especially stable (58), forming
a sheared GA pair between the first and last nucleotides of the loop, much like in
the GNRA tetraloops in RNA (44). In addition, the d(GNA) loop can be expanded
at any position other than before the first nucleotide in the loop (59–61), much like
in RNA. Similarities exist between stable tetraloop sequences in DNA and RNA as
well, as revealed by TGGE selections on DNA tetraloops (61).

2.3. The Closing Base Pair

The first base pair next to the loop is referred to as the closing base pair (Figure 1).
Certain hairpin loop sequences prefer certain closing base pairs. For example, UNCG
tetraloops prefer a CG closing base pair over a GC by approximately 2 kcal mol−1 in
�G◦

37 (32, 36, 37), which is much greater than expected from nearest-neighbor effects
in a standard A-form helix (62, 63). The GNRA tetraloop also prefers a CG closing
base pair, but here the margin is only 1.3 kcal mol−1 (56), in line with the common
occurrence of a GC closing base pair for this loop sequence (34). Preference for a
CG closing base pair over a GC holds for certain RNA triloops (2.1–2.5 kcal mol−1)
(38), as well as for d(GNA) triloops and expanded triloops, in which the contribution
can be especially large (3 kcal mol−1) (59, 61, 64). Given the parallels in closing base
pair preferences in RNA and DNA, as well as similarities in loop preferences, the
molecular basis for closing base pair stability in the two nucleic acids is likely similar.
It should be noted that only certain loops have closing base pair preferences, with
many less structured loops, such as UUUU and AUAAUA, displaying a weak or
nonexistent preference (36, 65).

Although more is known about stable hairpin sequences, there has been some
investigation into unstable hairpins as well. Combinatorial TGGE selections revealed
that unstable triloops tend to have UG and AU closing base pairs, as well as loop
sequences poor in uracil (38). Melting experiments demonstrated that RNA hairpins
with the loop sequence AUAAUA were least stable with UG, AU, and UA closing
base pairs (65). Because G, A, and C tend to stack better than U (41; P.C. Bevilacqua
& M. Hauser, unpublished observations), residual stacking in the reference state may
be responsible for less favorable folding thermodynamics. Such unstable loop and
closing base pair sequences could be important determinants of instability in RNA
messages, as discussed below.

3. FUNCTIONS OF RNA HAIRPINS IN BIOLOGY

Our primary motivation behind studying RNA folding is to elucidate its role in
biology. In this section, we address some of the functions that RNA hairpins perform
in nature. A thorough review of the function of RNA hairpins in biology appeared

84 Bevilacqua · Blose

A
nn

u.
 R

ev
. P

hy
s.

 C
he

m
. 2

00
8.

59
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 P

en
ns

yl
va

ni
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

10
/2

1/
07

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV340-PC59-04 ARI 3 October 2007 15:35

recently, and we refer the interested reader to it (66). Our chosen perspective is
a structural one, moving along the hierarchy of RNA folding from unstructured, to
base paired (hairpin), and finally to globular tertiary structures, which typically contain
multiple hairpins. Because RNA molecules (as they occur in nature) range in size from
∼20 nucleotides (nt) to thousands of nucleotides, the focus in each subsection below
therefore pertains to the local structure of a given segment of a much longer RNA.

3.1. Functions of Unstructured RNA

RNA can function in biology when it has little or no self-structure. For example,
noncoding RNAs, such as mature miRNAs, control gene expression by base pairing
to complementary coding and noncoding regions on mRNA (8, 67). In these cases,
function is mediated through simple Watson-Crick base pairing between two different
strands of RNA.

In addition to base pairing with other RNAs, much of the unstructured RNA
found in nature is complexed with proteins (68–70). In particular, unstructured RNA
molecules can bind proteins in a sequence-specific fashion to effect biological func-
tions such as splicing, development, and gene regulation (71–75). However, RNAs,
or segments of RNA, that are unstructured in RNP complexes are not necessarily un-
structured in the absence of their protein partners (73, 76), and such RNA unfolding
events can play important roles in modulating gene expression, as discussed below.

3.2. Functions of Isolated RNA Hairpins

Although RNA can be found in nature without significant secondary structure, most
RNA strands spontaneously fold into structures that offer additional layers of biolog-
ical function and regulation (62, 63, 77, 78). Indeed, the local interactions in RNA
are sufficiently stable that most RNAs contain substantial and quite stable secondary
structures under physiological conditions (79). For example, the 4-bp hairpin, ggacU-
UCGgucc, has a �G◦

37 of almost −5 kcal mol−1 (32), whereas a longer 8-bp hairpin
having a UUUU loop and a stem with approximately equal GC and AU content has a
�G◦

37 of −9.4 kcal mol−1 (80). Of course, longer hairpins with stable loop sequences
have proportionately greater stability.

Some RNA molecules exert their biological functions when they contain only
secondary structural elements such as hairpins, for example, in controlling transcrip-
tion termination and gene expression (73). In these cases, it is often the relative
free energies of overlapping and mutually exclusive hairpins on a nascent transcript
that determine whether transcription of a given RNA is terminated or continued,
and therefore whether a gene is expressed (81–84). One can compute free energy
values for folding from an unstructured state to a given final hairpin structure us-
ing nearest-neighbor rules (77) and use a partition function analysis to calculate the
relative populations of the hairpin states (85, 86).

As an added level of complexity, the relative population of these secondary struc-
tures can be kinetically determined in some instances (87–89). For example, during
transcription the 5′ end of the RNA exists prior to synthesis of the 3′ end. As such,
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kinetically stable but thermodynamically inferior hairpins can form and exert biolog-
ical control even after more stable downstream RNA elements are transcribed. This
is often found in the case of transcription attenuation (73). In such instances, binding
to the RNA of allosteric effectors, such as small molecule–bound proteins or small
molecules themselves (as in the case of riboswitches), is needed to switch the RNA con-
formation into that of the more stable terminator; moreover, such binding generally
has to occur within a limited window of time to control gene expression (73, 87–89).

RNA molecules with secondary structures can also bind proteins in a sequence-
specific (90) or nonspecific fashion, as in the case of the double-stranded-RNA-
binding domain, which binds to the stem of hairpins (91). One important way in
which RNA hairpins can exert their biological effects is by modulating the chem-
ical stability of the inherently unstable RNA transcript.1 Such RNA hairpins often
participate in the regulation of mRNA levels by either preventing or, more rarely,
promoting mRNA degradation. For example, investigators observed resistance to
nuclease cleavage psbA mRNA transcripts in spinach chloroplasts. Mutants possess-
ing 3′ hairpins with a stable cUUCGg loop structure were more stable than their
wild-type counterparts (92). In addition, exonuclease resistance was observed for
transcript messages of the photosynthetic bacterium Rhodobacter capsulatus, in which
short and long mRNA messages (decay products of the full-length puf operon) were
protected from exonucleolytic cleavage by the presence of an intercistronic hairpin
at the 3′ portion of the short messages (93, 94). These observations have led to the
design of synthetic oligonucleotides that contain 3′-terminal hairpins or form hair-
pins upon binding mRNA targets, protecting messages from exonuclease degradation
(95). Hairpins can also protect mRNA transcripts when positioned 5′ of the message.
For example, a hairpin in the 5′ UTR of the ompA transcript, which codes for a major
outer membrane protein, serves to stabilize the mRNA, allowing it to be one of the
most stable transcripts in Escherichia coli (96). Although the above examples present
hairpins as stabilizing factors for mRNA, there is evidence in the literature that cer-
tain hairpins act in ways to promote the correct cleavage of mRNA. For instance,
processing of the mRNA of ribosomal protein S20 in E. coli requires a hairpin to
lock local structures and present the correct single-stranded regions for processing
by RNase E (97).

In summary, RNA hairpins are especially important in controlling gene expression.
Fundamentally, this is because RNA can switch between two conformations, one of
which allows gene expression and one of which blocks it.

3.3. Functions of Hairpins in RNA Tertiary Structures

As we might expect, the RNA molecules that perform the most complex cellular
functions—such as small molecule binding, protein synthesis, splicing, and tRNA
maturation (6, 33, 98, 99)—typically adopt tertiary structures in which secondary

1RNA molecules are inherently unstable because of the presence of the 2′-OH, which acts as an internal
nucleophile to cleave the backbone locally. This strand scission can be promoted by high pH, high temperature,
and divalent ions, as well as the presence of ribonuclease proteins.
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(1˚)

(3˚')

Mg2+ Protein

(                 )

3'
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5' 3' 5' 3'
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Figure 3
Hierarchical folding of RNAs with multiple hairpins. Multiple secondary structural elements
can form in the folding of primary structure to secondary structure. In some cases the isolated
hairpins may perform some biological function. In the presence of divalent metal ions (in
particular Mg2+), secondary structural motifs can interact to form tertiary structures such as a
loop-receptor interaction or this putative kissing-loop interaction. Finally, RNA tertiary
structures can interact with other biological molecules such as proteins, as shown in the
folding of the 3◦ complex. Folding tends to be hierarchical, as shown, with secondary
structures forming first, and more complex structures assembling out of these.

structures interact with each other through space to give compact, solvent-excluded
structures with binding pockets and active sites (100). In general, such RNAs fold in a
hierarchical fashion, with tertiary structure assembling in an Mg2+-dependent fashion
out of preformed secondary structures, including hairpins (101, 102) (Figure 3).
These RNAs can interact with proteins as well, and often do so in a sequence-specific
fashion in, for example, the ribosome and spliceosome RNP machinery (33, 103).
Thus, it is important to understand the folding and function of RNA hairpins in
these more complex systems as well. As described below, RNA hairpins can exert
biological control in systems with tertiary structure through multiple means.

4. KINETICS OF RNA HAIRPIN FOLDING

The deepest mechanistic insight into RNA hairpins comes from understanding their
folding kinetics. We begin with kinetics because this provides the most comprehen-
sive description of hairpins. Once the kinetics of hairpin folding is understood, the
thermodynamics, in principle, is known as well. In addition, because the folding of
many RNAs is dominated by misfolding and trapping in which the minimum free
energy is often not reached (104, 105), it is important to understand RNA folding
kinetics. In this section, we provide an overview of how hairpins fold and some of the
methods and models used to study and describe their kinetics.

As the majority of naturally occurring RNA comprises just one strand,2 secondary
structural elements typically form when an RNA molecule engages in intramolecular

2We refrain from referring to RNA as single stranded because it is composed of single-stranded and double-
stranded regions. RNAs composed of two strands include double-stranded RNA viruses, such as reovirus and
duplexes formed between miRNAs and their RNA targets.
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RNA folding problem:
understanding and
predicting how RNA folds
from a random coil into its
native structure

interactions by folding back on itself—so-called fold-back structures. Understanding
how RNA folds from a random coil to its native structure is referred to as the RNA
folding problem. Although RNA molecules can adopt a wide array of secondary struc-
tures (including helices, hairpins, kissing loops, bulges, internal loops, hairpin loops,
pseudoknots, and multistrand junctions), in almost every case the structural element
either contains a hairpin or is contained within a hairpin. Thus, understanding the
kinetics of hairpin folding is central to advancing our understanding of the overall
RNA folding problem.

4.1. Models for RNA Hairpin Folding

The helix-coil transition is typically modeled by statistical mechanics. The three most
common models, in order of increasing complexity, are the all-or-none model, the
aligned (or zipper) model, and the staggered (or Zimm-Bragg) model (106). Using
a definition of cooperativity as absence of well-populated intermediates (107), one
can view the all-or-none model as the most cooperative and the staggered model as
the least cooperative. For short RNA molecules that have one stable native state,
the all-or-none model works quite well (18, 19) and forms the basis for the nearest-
neighbor model of free energy prediction (see Section 5). For longer RNA molecules,
especially those with long segments of AU base pairing interspersed with GC base
pairs and structural defects, more states populate than the hairpin and random coil,
necessitating the aligned or staggered models (108).

4.2. Measurements of RNA Hairpin Folding Kinetics

Many studies have been conducted on the process of double-helix formation of RNA
and DNA, as summarized in References 106, 109, and 110. Because the kinetics tend
to be very fast, a rapid kinetics approach is generally needed. A large number of studies
have been conducted using temperature-jump kinetics, using a laser or discharge of
a capacitor to rapidly heat the water (111–113).3 The laser method offers typical
detection times on the order 10 ns, whereas the capacitor method has a detection
limit near 1 μs. Temperature jump is a perturbation method in which the system
starts at equilibrium at a certain temperature (Tinit) controlled by a thermostatted bath
and ends at equilibrium at a higher temperature (Tfinal). Methods of duplex detection
include absorbance and the detection of the hyperchromicity of unstacking, as well
as fluorescence, optical activity, scattering, and conductivity (113).

The success of the method depends on the system having a nonzero enthalpy
change over the temperature range of interest. RNA hairpin folding is well suited
to this technique because enthalpy changes are typically large (114). It is the relax-
ation of the system in going from Tinit to Tfinal that is observed. Typical association rate
constants for duplex formation are on the order of 105–107 M−1 s−1 and are fairly inde-
pendent of duplex length and sequence composition (109, 110). The thermodynamic

3Rapid mixing techniques can be used for duplexes as well, but not for hairpins, so we do not discuss them
here.
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Optical melting:
technique using the
temperature dependence of
spectroscopic parameters to
determine the
thermodynamic parameters
of a folding process

effects of temperature, oligonucleotide length, and sequence composition are pri-
marily manifested instead in the rate of strand dissociation, which can be quite slow
(on the order of days or years) for stable sequences. This property of duplexes (and
hairpins) makes the prediction of the dissociation rate fairly reliable (41, 110).

In the simplest case of two-state kinetics for hairpin formation (19),

coil −−⇀
k1

↽−−k-1
helix,

the observed relaxation rate, 1/τ , is given by the equation (112)

1/τ = k1 + k−1. (1)

Because there is no concentration dependence to the relaxation rate of hairpins,
relaxation data alone are not enough to determine the values of the individual rate
constants. Typically, the equilibrium constant for the helix-coil transition, K1, is deter-
mined using calorimetry or the temperature dependence of spectroscopic properties
(so-called optical melting),

K1 = k1/k−1, (2)

which, in combination with Equation 1, then affords both rate constants. Relaxation
lifetimes are generally on the order of 1–10 μs. These are sufficiently short that
secondary structure forms before tertiary structure (milliseconds to minutes) in the
folding of complex RNAs (102).

Estimates of the local concentration of one end of the RNA hairpin in the presence
of the other are on the order of 0.1 M (106). This consideration, in combination with
typical association rate constants for duplex formation of 105–107 M−1 s−1, offers a
qualitative explanation for the observed relaxation rates in hairpins. As with duplexes,
the effects of sequence and length on hairpin kinetics are manifested primarily in the
dissociation rate constant.

Although the lifetimes of hairpin formation are short, they are actually much
longer than the theoretical limit, which is on the order of 10 ns (110). In fact, this
slow effect is manifested in nucleic acid systems as simple as the stacking of the bases
in an RNA single strand, in which unfavorable activation entropies of −10 to −30 eu
have been reported. These entropic effects likely represent the penalty of ordering the
backbone in the nucleation step, although solvation and diffusion effects are possible
as well (110, 115). Studies on a conformationally restricted hairpin—gcUUCGgc
in which the syn conformation at the fourth position in the loop was constrained
by substituting 8-bromoguanisine for G (Figure 2c)—led to fourfold faster rates of
folding (18, 19), consistent with expectations for reduced entropy loss in this context
(116). Folding of RNA and DNA hairpins with eight or more nucleotides appears to
be slowed even further because stable nonnative structures of the loop and stem form
along the reaction pathway (19, 117, 118).

Folding of hairpins in the context of larger functional RNAs is slower still. For
example, folding of the hairpins in yeast tRNAPhe is on the order of 103–104 s−1 (109).
This may arise because the greater number of nucleotides allows for more alternative
states to be explored at the secondary and tertiary structural levels. Single-molecule
force pulling experiments have been applied to hairpins in the context of large RNAs
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as well, including the ∼400-nt Tetrahymena intron and an ∼80-nt subdomain (119,
120). These studies revealed multiple two-state transitions, intermediate states, and
hysteresis effects, consistent with increased folding complexity in larger RNAs.

Stable loop sequences affect hairpin folding and unfolding rates. In the case of
the UNCG tetraloop, researchers found that the CG closing base pair favored the
native state by accelerating folding and decelerating unfolding, 5.2-fold and 3.2-fold,
respectively (18). On the basis of these observations, it appears that certain stable
tetraloop–closing base pair combinations could affect RNA folding by nucleating
folding and steering it along certain pathways.

For the GAAA tetraloop, investigators substituted the fluorescent base 2-
aminopurine into the loop at several positions and studied the loop dynamics. It was
concluded that loop dynamics is slowed because of the restricted mobility of loop
residues (121). The folding of GNRA tetraloops has also been approached compu-
tationally using stochastic dynamics simulations, and a three-state model for folding
was advanced in which formation of the stem preceded loop formation (122). Recent
studies in which the relative rates of hairpin formation are determined by a kinetic
trapping method (123) concluded that stable GNRA tetraloops do not determine the
pathway of RNA folding (124), although the hairpins studied had longer stems, up to
13 bp in this case. Thus, the effect of stable tetraloops on directing RNA folding may
be dependent on the loop sequence or stem length and composition. In line with this
notion, Woodside and coworkers (125) have demonstrated via pulling experiments
that the transition state’s position in the folding of DNA hairpins with long (20–30-bp)
stems is dependent on local GC content and that intermediates populate upon the
introduction of a single mismatch into the stem. Thirumalai and coworkers (126,
127) have used a coarse-grained off-lattice model to simulate the force-induced
unfolding and force-quench refolding of RNA hairpins. They find that the position
of the transition state is a function of the force of stretching and the rate of loading.
Further experimental and theoretical studies are needed to understand fully the
effect of hairpin loop and stem length and composition on hairpin folding dynamics.

As mentioned above, larger RNAs often switch between two hairpin conforma-
tions to control gene expression. Each hairpin can be quite stable, making the time
for switching too slow to be on the biological timescale. However, in some instances
it appears that intermediate structures transiently form that facilitate the formation
of the final state. In two cases, the stems of two RNA hairpins have been proposed
to coexist in a pseudoknot topology (82, 83), whereas in another case RNA hairpin
intermediates, so-called guide helices, have been shown to form that are absent in the
native state (128, 129).

4.3. Implications of Intramolecular RNA Hairpin Folding
on Functional Complexity

We close this section with a brief consideration of the intramolecular nature of RNA
hairpin folding. When one considers the enormous functional complexity of RNA
as compared to DNA, a major contributing factor is that RNA is composed of just
one strand that folds back on itself to form hairpins. Indeed, proteins, which have the
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greatest functional diversity of all biopolymers, fold in a similar intramolecular man-
ner, whereas DNA, which has no known enzymatic properties in vivo, does not. The
vast majority of DNA in the cells comprises two strands engaged in Watson-Crick
base pairing, which sequesters the majority of the functional groups and limits struc-
tural and functional diversity—a desirable property for a molecule whose function is
to store genetic information.

RNA’s one-stranded composition is arguably more important to its functional
diversity than the presence of the 2′ hydroxyl of the ribose sugar. Indeed when com-
posed of just one strand in the laboratory setting, DNA has functional properties
that rival those of RNA. For instance, single-strand DNA has been evolved to adopt
complex structures that catalyze chemical reactions (130) and bind biological targets
including thrombin and ATP (131, 132).

5. THERMODYNAMICS OF RNA HAIRPIN FOLDING

5.1. Models and Thermodynamic Parameters for Folding

The thermodynamics of RNA hairpin folding is generally ascribed to the cooperative
two-state all-or-none model described in the previous section. This model ignores
any intermediates in the folding process, which is reasonable thermodynamically if
intermediates do not populate appreciably. This is probably a good assumption for
most short hairpins wherein the entropic contribution of loop formation to folding
free energy is so dominant near the melting temperature that intermediates with
bulges, internal loops, or large hairpin loops are too unstable to populate (106).
However, for hairpins with AU-rich helical termini (which tend to fray) or very long
stems (>20 bp), a partition function approach that considers aligned and staggered
populated intermediates is necessary (108, 125).

The thermodynamics of hairpin folding has been empirically determined largely
by the optical melting of short oligonucleotides. A nearest-neighbor model has been
applied to parse out thermodynamic terms for loop size, loop sequence, and closing
base pair identity (62, 133–135). In some cases, the thermodynamic contributions
of certain mismatches are explicitly accounted for, whereas in others a cassette free
energy bonus is assigned, for example, in specific loop–closing base pair sequences
such as cUNCGg and c/gGNRAg/c. It should be noted that even for favorable loop–
closing base pair combinations, the contribution of the loop to overall folding is
unfavorable (63). The nearest-neighbor model for hairpin formation has good pre-
dictive ability, generally estimating the correct stability to within 5%–10% of the
measured value (63, 134).

5.2. Cooperativity in Hairpin Folding

Another issue that arises in the folding of hairpins is the cooperativity of loop and stem
folding. DNA loops, which tend to have relatively fewer molecular interactions than
their RNA counterparts, possess greater folding cooperativity, as determined from
double and triple mutant cycles (56). High folding cooperativity is consistent with a
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model wherein loop formation in DNA is a concerted process linked through a con-
formational change (60, 136, 137). The folding of related loops in RNA, conversely,
is not concerted, which may be related to the much greater number of intramolecular
contacts in most RNA loops, often mediated by the 2′ hydroxyl (56). The coopera-
tivity of stem folding does not apply to DNA only, however. Investigators have found
intermediate-to-high folding cooperativity for 8-bp RNA stems in both internal and
external contexts (i.e., near the middle and base of the stem, respectively), whereas
folding cooperativity in DNA was high only in the external context (80). Thus, for
RNA the stem appears to fold more cooperatively than the loop (56, 80).

5.3. Competing Structures

Lastly, we note that folding of hairpins, especially those with long stems or self-
complementary loops, can populate states other than native and random coil, in-
cluding self-complementary duplexes. This can complicate any attempted thermo-
dynamic, kinetic, or structural studies, especially at the high strand concentrations
required for crystallography (138) and nuclear magnetic resonance (32). Lowering
the salt concentration in the solution can help favor the hairpin state, but this is not
always possible or desirable. An alternative approach to favor population of the hair-
pin state is to destabilize the duplex state. The conformationally restricted nucleotide
8-bromoguanisine has been substituted for the syn G in the loop, which disfavored
the competing duplex by 2.4 kcal mol−1 and populated the hairpin conformer (139).
Other structures can compete with the hairpin as well, including stacked helices,
slipped base pairs, and misfolded loops (19, 76, 105, 117, 118).

6. INFLUENCE OF RNA HAIRPINS ON TERTIARY
STRUCTURE

As discussed above, RNA folding generally occurs in a hierarchical fashion (101, 102)
(Figure 3). This is a consequence of both the ∼1000-fold faster rate of hairpin fold-
ing than tertiary structure formation and the fact that tertiary interactions typically
require between one to two prefolded RNA structural elements. Because complex
RNA function, such as catalysis, requires complex tertiary structure, it is reasonable
to ask whether the structurally simpler RNA hairpins play any important roles in these
more complex folds. We present three ways in which hairpins influence the activity of
such functional RNAs: (a) by driving alternative folding of functional RNAs to affect
the population of the native state, (b) by pKa perturbations to provide enhanced func-
tionality of nucleic acids, and (c) by affecting the thermostability of tertiary structure
via thermodynamic linkage between the steps in hierarchical folding.

6.1. RNA Hairpins Can Drive Folding of Nonnative States

As discussed above, RNA is especially prone to adopting conformations other than
the native state (105). Often such alternative or misfolded states are a nuisance to
the experimentalist, especially when investigating the structure or properties of one
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particular state (104, 105, 139). However, alternative pairings can also be desirable,
and a number of RNAs appear to have evolved such pairings as a way to regulate bi-
ological activity. In the self-splicing Tetrahymena ribozyme, two mutually compatible
RNA hairpins form upstream of the ribozyme and act to misfold the ribozyme and
turn self-splicing off, whereas another mutually exclusive upstream hairpin competes
with the other hairpins to switch the ribozyme back to the native fold (140, 141).
Similar competition between upstream hairpins occurs in the hepatitis delta virus
ribozyme (142). Likewise, many riboswitches involve terminator and antiterminator
RNA hairpins in their expression domains that fold in ways to disfavor small molecule
binding by the aptameric domain (7).

6.2. RNA Hairpins Can Form Motifs with Protonated Base Pairs

Another way in which hairpins can influence functional RNA activity is by presenting
motifs with shifted pKa values. The stems of RNA hairpins often contain AC mis-
matches (Figure 2d ). These can form wobble pairs upon protonation of the N1 of
A. Such bases typically have pKa values near 6.5 (143, 144), although optimal nearest
neighbors can shift the pKa to neutrality (145). The primary driving force for pKa

shifting in systems as simple as hairpins appears to be linkage between protonation
and folding of the stem (146, 147). The hairpin in these cases can present the proto-
nated base as a possible proton transfer agent, or as a oxyanion hole (148). Stems in
similar contexts may play important roles in RNA catalysis of the peptidyl transfer
reaction by the ribosome (33, 148).

6.3. RNA Hairpin Stability Can Alter the Thermostability
of Tertiary Structure

A third way that hairpins can affect RNA function is through thermodynamic linkage
between the two steps in the hierarchy of folding. It has long been known that sec-
ondary and tertiary structure can form either cooperatively or separately, depending
on solution conditions (149). If the folding of secondary and tertiary structure is coop-
erative, hairpins in the context of the native tertiary structure can be highly populated
at temperatures well above their isolated melting temperatures. Under such condi-
tions, strengthening secondary structure (by changes such as AU to GC base pairs)
leads to a higher melting temperature of tertiary structure, or greater thermostabil-
ity, as demonstrated in intramolecular folding triplex model oligonucleotides (150).
This finding suggests a simple means by which greater thermostability can evolve in
functional RNAs.

7. CONCLUSIONS AND OUTLOOK

Hairpins are the most common motif in RNA. They occur in virtually every RNA
molecule and are often conserved throughout evolution. Although structurally sim-
ple in comparison to ribozymes and riboswitches, RNA hairpins encompass signifi-
cant structural diversity in their own right. They can possess diverse loop and stem
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structures and assemble into tertiary structures with active sites. RNA hairpins can
regulate biological activity through the sequestration and exposure of recognition
elements for proteins or small molecules, switching on or off functional elements,
presenting protonated base pairs, or affecting the thermostability of tertiary struc-
ture. The folding of small hairpins is reasonably well-described by a cooperative
two-state model, whereas more complex hairpins often have intermediates in their
folding pathways, as well as transition states whose positions are determined by se-
quence content. Switching between two hairpin conformations often involves states
with transient base pairing, which lower the activation energy of switching. Future
studies are needed to fully understand these myriad processes in terms of reaction
intermediates, energy barriers, and transition-state structures. Such physical studies
will provide a deeper understanding of RNA’s role in biology.

SUMMARY POINTS

1. RNA hairpins form when a single strand of RNA folds back on itself. Hair-
pins comprise three parts: a stem, which can contain non-Watson-Crick
elements; a loop, which often has noncanonical pairing interactions involv-
ing hydrogen bonding and stacking; and a closing base pair, which can lead
to extra stability for certain loop–closing base pair combinations.

2. Hairpins are most stable for loops of four, so-called tetraloops, especially
for cUNCGg, c/gGNRAg/c, and gCUUGc. These loops dominate the sta-
ble hairpin sequences, with many larger loops simply being expansions of
tetraloops. Such loops often engage with receptors composed of other hair-
pins or internal loops, which help build up large complex RNA structures.

3. The kinetics of RNA folding is fast, with assembly typically complete in
1–10 μs. The folding of small hairpins is largely cooperative and can be
described near the melting temperature with a two-state model. The kinetics
of folding of larger hairpins can be non—two state, especially when defects
are introduced into the helix. The transition state for the folding of such
hairpins can also move along the helix depending on the pattern of GC and
AU base pairing.

4. The thermodynamics of hairpin folding can be described by a nearest-
neighbor model. Certain loop–closing base pair sequences are given a bonus
free energy, although their overall contribution to folding is still unfavorable.
RNA hairpin loops tend to fold less cooperatively than their DNA counter-
parts, although RNA stems fold as or more cooperatively than DNA stems.

5. Hairpins can make diverse and important contributions to the function of
tertiary structures in RNA. Folding of hairpins can modulate the population
of ribozymes and riboswitches, altering the expression of a given gene. The
presence of AC mismatches can lead to protonated base pairs at neutral pH
that can contribute to RNA catalysis. Finally, the strength of RNA hairpins
can affect the thermostability of RNA tertiary structure.
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FUTURE ISSUES

1. Little is known about how RNA folds in the cell. Folding during transcrip-
tion can determine whether folding is kinetically or thermodynamically con-
trolled. In addition, cellular conditions of crowding and RNA chaperones
may have an effect on the folding landscape for RNA hairpins.

2. The kinetics of how RNA switches between two conformations is not well
understood. Limited studies suggest the existence of transient structures
with intermediate or alternative base pairing that facilitate switching. Little
is known about how cellular conditions affect conformational switching.

DISCLOSURE STATEMENT

The authors are not aware of any biases that might be perceived as affecting the
objectivity of this review.

ACKNOWLEDGMENT

We thank Dan Herschlag, Lois Pollack, Nate Siegfried, and Doug Turner for com-
ments on the manuscript and helpful discussions. Funding was provided by NSF grant
MCB-0527102. In addition, acknowledgment is made to the Donors of the American
Chemical Society Petroleum Research Fund for partial support of this research.

LITERATURE CITED

1. Woese C. 1967. The evolution of the genetic code. In The Genetic Code: The
Molecular Basis for Expression, pp. 179–95. New York: Harper & Row

2. Crick FH. 1968. The origin of the genetic code. J. Mol. Biol. 38:367–79
3. Orgel LE. 1968. Evolution of the genetic apparatus. J. Mol. Biol. 38:381–93
4. Kim SH, Suddath FL, Quigley GJ, McPherson A, Sussman JL, et al. 1974.

Three-dimensional tertiary structure of yeast phenylalanine transfer RNA.
Science 185:435–40

5. Robertus JD, Ladner JE, Finch JT, Rhodes D, Brown RS, et al. 1974. Structure
of yeast phenylalanine tRNA at 3 A resolution. Nature 250:546–51

6. Doudna JA, Cech TR. 2002. The chemical repertoire of natural ribozymes.
Nature 418:222–28

7. Mandal M, Breaker RR. 2004. Gene regulation by riboswitches. Nat. Rev. Mol.
Cell. Biol. 5:451–63

8. Matzke MA, Birchler JA. 2005. RNAi-mediated pathways in the nucleus. Nat.
Rev. Genet. 6:24–35

9. Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, et al. 2000. The
Protein Data Bank. Nucleic Acids Res. 28:235–42

10. Berman HM, Olson WK, Beveridge DL, Westbrook J, Gelbin A, et al. 1992.
The nucleic acid database: a comprehensive relational database of three-
dimensional structures of nucleic acids. Biophys. J. 63:751–59

www.annualreviews.org • RNA Hairpins 95

A
nn

u.
 R

ev
. P

hy
s.

 C
he

m
. 2

00
8.

59
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 P

en
ns

yl
va

ni
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

10
/2

1/
07

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV340-PC59-04 ARI 3 October 2007 15:35

11. Varani G. 1995. Exceptionally stable nucleic acid hairpins. Annu. Rev. Biophys.
Biophys. Chem. 24:379–404

12. Wolters J. 1992. The nature of preferred hairpin structures in 16S-like rRNA
variable regions. Nucleic Acids Res. 20:1843–50

13. Gutell RR. 1994. Collection of small subunit (16S- and 16S-like) ribosomal
RNA structures: 1994. Nucleic Acids Res. 22:3502–7

14. Astell CR, Smith M, Chow MB, Ward DC. 1979. Structure of the 3′ hairpin
termini of four rodent parvovirus genomes: nucleotide sequence homology at
origins of DNA replication. Cell 17:691–703

15. Dutkiewicz M, Ciesiolka J. 2005. Structural characterization of the highly con-
served 98-base sequence at the 3′ end of HCV RNA genome and the comple-
mentary sequence located at the 5′ end of the replicative viral strand. Nucleic
Acids Res. 33:693–703

16. Lee JC, Cannone JJ, Gutell RR. 2003. The lonepair triloop: a new motif in
RNA structure. J. Mol. Biol. 325:65–83

17. Molinaro M, Tinoco I Jr. 1995. Use of ultra stable UNCG tetraloop hairpins
to fold RNA structures: thermodynamic and spectroscopic applications. Nucleic
Acids Res. 23:3056–63

18. Proctor DJ, Ma H, Kierzek E, Kierzek R, Gruebele M, Bevilacqua PC. 2004.
Folding thermodynamics and kinetics of YNMG RNA hairpins: Specific in-
corporation of 8-bromoguanosine leads to stabilization by enhancement of the
folding rate. Biochemistry 43:14004–14

19. Ma H, Proctor DJ, Kierzek E, Kierzek R, Bevilacqua PC, Gruebele M. 2006.
Exploring the energy landscape of a small RNA hairpin. J. Am. Chem. Soc.
128:1523–30

20. Bloomfield VA, Crothers DM, Tinoco I Jr. 2000. Nucleic Acids: Structures, Prop-
erties, and Functions. Sausalito, CA: Univ. Sci. Books. 794 pp.

21. Kierzek R, Burkard ME, Turner DH. 1999. Thermodynamics of single mis-
matches in RNA duplexes. Biochemistry 38:14214–23

22. Rice JA, Crothers DM. 1989. DNA bending by the bulge defect. Biochemistry
28:4512–16

23. Bhattacharyya A, Murchie AIH, Lilley DMJ. 1990. RNA bulges and the helical
periodicity of double-stranded RNA. Nature 343:484–87

24. Riordan FA, Bhattacharyya A, McAteer S, Lilley DM. 1992. Kinking of RNA
helices by bulged bases, and the structure of the human immunodeficiency virus
transactivator response element. J. Mol. Biol. 226:305–10

25. Zacharias M, Hagerman PJ. 1995. Bulge-induced bends in RNA: quantification
by transient electric birefringence. J. Mol. Biol. 247:486–500

26. Turner DH. 1992. Bulges in nucleic acids. Curr. Opin. Struct. Biol. 2:334–37
27. SantaLucia J Jr, Turner DH. 1993. Structure of (rGGCGAGCC)2 in solution

from NMR and restrained molecular dynamics. Biochemistry 32:12612–23
28. Weeks KM, Crothers DM. 1993. Major groove accessibility of RNA. Science

261:1574–77
29. Bevilacqua P. 2002. Battle for the bulge: directing small molecules to DNA and

RNA defects. Chem. Biol. 9:854–55

96 Bevilacqua · Blose

A
nn

u.
 R

ev
. P

hy
s.

 C
he

m
. 2

00
8.

59
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 P

en
ns

yl
va

ni
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

10
/2

1/
07

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV340-PC59-04 ARI 3 October 2007 15:35

30. Tok JB, Bi L, Saenz M. 2005. Specific recognition of napthyridine-based ligands
toward guanine-containing bulges in RNA duplexes and RNA-DNA heterodu-
plexes. Bioorg. Med. Chem. Lett. 15:827–31

31. Costa M, Michel F. 1995. Frequent use of the same tertiary motif by self-folding
RNAs. EMBO J. 14:1276–85

32. Proctor DJ, Schaak JE, Bevilacqua JM, Falzone CJ, Bevilacqua PC. 2002. Iso-
lation and characterization of a family of stable RNA tetraloops with the motif
YNMG that participate in tertiary interactions. Biochemistry 41:12062–75

33. Korostelev A, Trakhanov S, Laurberg M, Noller HF. 2006. Crystal structure of
a 70S ribosome-tRNA complex reveals functional interactions and rearrange-
ments. Cell 126:1065–77

34. Woese CR, Winker S, Gutell RR. 1990. Architecture of ribosomal RNA: con-
straints on the sequence of “tetra-loops”. Proc. Natl. Acad. Sci. USA 87:8467–71

35. Uhlenbeck O. 1990. Tetraloops and RNA folding. Nature 346:613–14
36. Antao VP, Lai SY, Tinoco I Jr. 1991. A thermodynamic study of unusually stable

RNA and DNA hairpins. Nucleic Acids Res. 19:5901–5
37. Antao VP, Tinoco I Jr. 1992. Thermodynamic parameters for loop formation

in RNA and DNA hairpin tetraloops. Nucleic Acids Res. 20:819–24
38. Shu Z, Bevilacqua PC. 1999. Isolation and characterization of thermodynam-

ically stable and unstable RNA hairpins from a triloop combinatorial library.
Biochemistry 38:15369–79

39. Bevilacqua JM, Bevilacqua PC. 1998. Thermodynamic analysis of an RNA com-
binatorial library contained in a short hairpin. Biochemistry 37:15877–84

40. Groebe DR, Uhlenbeck OC. 1988. Characterization of RNA hairpin loop sta-
bility. Nucleic Acids Res. 16:11725–35

41. Turner DH, Bevilacqua PC. 1993. Thermodynamic considerations for evolu-
tion by RNA. In The RNA World, ed. RF Gesteland, JF Atkins, pp. 447–64. Cold
Spring Harbor, NY: Cold Spring Harbor Lab.

42. Cheong C, Varani G, Tinoco I Jr. 1990. Solution structure of an unusually stable
RNA hairpin, 5′GGAC(UUCG)GUCC. Nature 346:680–82

43. Varani G, Cheong C, Tinoco I Jr. 1991. Structure of an unusually stable RNA
hairpin. Biochemistry 30:3280–89

44. Heus HA, Pardi A. 1991. Structural features that give rise to the unusual stability
of RNA hairpins containing GNRA loops. Science 253:191–94

45. Jucker FM, Pardi A. 1995. Solution structure of the CUUG hairpin loop: a
novel RNA tetraloop motif. Biochemistry 34:14416–27

46. Jucker FM, Heus HA, Yip PF, Moors EH, Pardi A. 1996. A network of hetero-
geneous hydrogen bonds in GNRA tetraloops. J. Mol. Biol. 264:968–80

47. Cate JH, Gooding AR, Podell E, Zhou K, Golden BL, et al. 1996. Crystal
structure of a group I ribozyme domain: principles of RNA packing. Science
273:1678–85

48. Legault P, Li J, Mogridge J, Kay LE, Greenblatt J. 1998. NMR structure of the
bacteriophage λ N peptide/boxB RNA complex: recognition of a GNRA fold
by an arginine-rich motif. Cell 93:289–99

www.annualreviews.org • RNA Hairpins 97

A
nn

u.
 R

ev
. P

hy
s.

 C
he

m
. 2

00
8.

59
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 P

en
ns

yl
va

ni
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

10
/2

1/
07

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV340-PC59-04 ARI 3 October 2007 15:35

49. Du Z, Yu J, Andino R, James TL. 2003. Extending the family of UNCG-like
tetraloop motifs: NMR structure of a CACG tetraloop from coxsackievirus B3.
Biochemistry 42:4373–83

50. Theimer CA, Finger LD, Feigon J. 2003. YNMG tetraloop formation by a
dyskeratosis congenita mutation in human telomerase RNA. RNA 9:1446–55

51. Finger LD, Trantirek L, Johansson C, Feigon J. 2003. Solution structures of
stem-loop RNAs that bind to the two N-terminal RNA-binding domains of
nucleolin. Nucleic Acids Res. 31:6461–72

52. Melchers WJ, Zoll J, Tessari M, Bakhmutov DV, Gmyl AP, et al. 2006. A
GCUA tetranucleotide loop found in the poliovirus oriL by in vivo SELEX
(un)expectedly forms a YNMG-like structure: extending the YNMG family
with GYYA. RNA 12:1671–82

53. Wimberly BT, Brodersen DE, Clemons WM Jr, Morgan-Warren RJ, Carter
AP, et al. 2000. Structure of the 30S ribosomal subunit. Nature 407:327–39

54. Yusupov MM, Yusupova GZ, Baucom A, Lieberman K, Earnest TN, et al. 2001.
Crystal structure of the ribosome at 5.5 Å resolution. Science 292:883–96

55. Abramovitz DL, Pyle AM. 1997. Remarkable morphological variability of a
common RNA folding motif: the GNRA tetraloop-receptor interaction. J. Mol.
Biol. 266:493–506

56. Moody EM, Feerrar JC, Bevilacqua PC. 2004. Evidence that folding of an RNA
tetraloop hairpin is less cooperative than its DNA counterpart. Biochemistry
43:7992–98

57. Haasnoot CA, Hilbers CW, Van Der Marel GA, van Boom JH, Singh UC, et al.
1986. On loop folding in nucleic acid hairpin-type structures. J. Biomol. Struct.
Dyn. 3:843–57

58. Yoshizawa S, Kawai G, Watanabe K, Miura K, Hirao I. 1997. GNA trinu-
cleotide loop sequences producing extraordinarily stable DNA minihairpins.
Biochemistry 36:4761–67

59. Moody EM, Bevilacqua PC. 2003. Thermodynamic coupling of the loop and
stem in unusually stable DNA hairpins closed by CG base pairs. J. Am. Chem.
Soc. 125:2032–33

60. Moody EM, Bevilacqua PC. 2004. Structural and energetic consequences of
expanding a highly cooperative stable DNA hairpin loop. J. Am. Chem. Soc.
126:9570–77

61. Nakano M, Moody EM, Liang J, Bevilacqua PC. 2002. Selection for thermody-
namically stable DNA tetraloops using temperature gradient gel electrophoresis
reveals four motifs: d(cGNNAg), d(cGNABg), d(cCNNGg), and d(gCNNGc).
Biochemistry 41:14281–92

62. Serra MJ, Turner DH. 1995. Predicting thermodynamic properties of RNA.
Methods Enzymol. 259:242–61

63. Mathews DH, Sabina J, Zuker M, Turner DH. 1999. Expanded sequence de-
pendence of thermodynamic parameters improves prediction of RNA secondary
structure. J. Mol. Biol. 288:911–40

64. Sandusky P, Wooten EW, Kurochkin AV, Kavanaugh T, Mandecki W,
Zuiderweg ER. 1995. Occurrence, solution structure and stability of DNA hair-
pins stabilized by a GA/CG helix unit. Nucleic Acids Res. 23:4717–25

98 Bevilacqua · Blose

A
nn

u.
 R

ev
. P

hy
s.

 C
he

m
. 2

00
8.

59
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 P

en
ns

yl
va

ni
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

10
/2

1/
07

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV340-PC59-04 ARI 3 October 2007 15:35

65. Serra MJ, Lyttle MH, Axenson TJ, Schadt CA, Turner DH. 1993. RNA hairpin
loop stability depends on closing base pair. Nucleic Acids Res. 21:3845–49

66. Svoboda P, Di Cara A. 2006. Hairpin RNA: a secondary structure of primary
importance. Cell. Mol. Life Sci. 63:901–8

67. Huttenhofer A, Vogel J. 2006. Experimental approaches to identify noncoding
RNAs. Nucleic Acids Res. 34:635–46

68. Draper DE. 1999. Themes in RNA-protein recognition. J. Mol. Biol. 293:255–
70

69. Perez-Canadillas JM, Varani G. 2001. Recent advances in RNA-protein recog-
nition. Curr. Opin. Struct. Biol. 11:53–58

70. Hall KB. 2002. RNA-protein interactions. Curr. Opin. Struct. Biol. 12:283–88
71. Nagai K, Oubridge C, Jessen TH, Li J, Evans PR. 1990. Crystal structure of

the RNA-binding domain of the U1 small nuclear ribonucleoprotein A. Nature
348:515–20

72. Munro TP, Kwon S, Schnapp BJ, St Johnston D. 2006. A repeated IMP-
binding motif controls oskar mRNA translation and anchoring independently
of Drosophila melanogaster IMP. J. Cell Biol. 172:577–88

73. Gollnick P, Babitzke P, Antson A, Yanofsky C. 2005. Complexity in regulation
of tryptophan biosynthesis in Bacillus subtilis. Annu. Rev. Genet. 39:47–68

74. Bernstein D, Hook B, Hajarnavis A, Opperman L, Wickens M. 2005. Binding
specificity and mRNA targets of a C. elegans PUF protein, FBF-1. RNA 11:447–
58

75. Babitzke P, Romeo T. 2007. CsrB sRNA family: sequestration of RNA-binding
regulatory proteins. Curr. Opin. Microbiol. 10:156–63

76. Baumann C, Xirasagar S, Gollnick P. 1997. The trp RNA-binding attenuation
protein (TRAP) from Bacillus subtilis binds to unstacked trp leader RNA. J. Biol.
Chem. 272:19863–69

77. Zuker M. 2003. Mfold web server for nucleic acid folding and hybridization
prediction. Nucleic Acids Res. 31:3406–15

78. Mathews DH, Turner DH. 2006. Prediction of RNA secondary structure by
free energy minimization. Curr. Opin. Struct. Biol. 16:270–68

79. Clote P, Ferre F, Kranakis E, Krizanc D. 2005. Structural RNA has lower
folding energy than random RNA of the same dinucleotide frequency. RNA
11:578–91

80. Siegfried NA, Metzger SL, Bevilacqua PC. 2007. Folding cooperativity in RNA
and DNA is dependent on position in the helix. Biochemistry 46:172–81

81. Babitzke P, Schaak JE, Yakhnin AV, Bevilacqua PC. 2003. Role of RNA structure
in transcription attenuation in Bacillus subtilis: the trpEDCFBA operon as a
model system. Methods Enzymol. 371:392–404

82. LeCuyer KA, Crothers DM. 1994. Kinetics of an RNA conformational switch.
Proc. Natl. Acad. Sci. USA 91:3373–77

83. Wenter P, Furtig B, Hainard A, Schwalbe H, Pitsch S. 2005. Kinetics of pho-
toinduced RNA refolding by real-time NMR spectroscopy. Angew. Chem. Int.
Ed. Engl. 44:2600–3

www.annualreviews.org • RNA Hairpins 99

A
nn

u.
 R

ev
. P

hy
s.

 C
he

m
. 2

00
8.

59
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 P

en
ns

yl
va

ni
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

10
/2

1/
07

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV340-PC59-04 ARI 3 October 2007 15:35

84. Hobartner C, Micura R. 2003. Bistable secondary structures of small RNAs
and their structural probing by comparative imino proton NMR spectroscopy.
J. Mol. Biol. 325:421–31

85. Mathews DH. 2004. Using an RNA secondary structure partition function to
determine confidence in base pairs predicted by free energy minimization. RNA
10:1178–90

86. Ding Y. 2006. Statistical and Bayesian approaches to RNA secondary structure
prediction. RNA 12:323–31

87. Yakhnin AV, Babitzke P. 2002. NusA-stimulated RNA polymerase pausing and
termination participates in the Bacillus subtilis trp operon attenuation mechanism
in vitro. Proc. Natl. Acad. Sci. USA 99:11067–72

88. Wickiser JK, Cheah MT, Breaker RR, Crothers DM. 2005. The kinetics of
ligand binding by an adenine-sensing riboswitch. Biochemistry 44:13404–14

89. Wickiser JK, Winkler WC, Breaker RR, Crothers DM. 2005. The speed of RNA
transcription and metabolite binding kinetics operate an FMN riboswitch. Mol.
Cell 18:49–60

90. Puglisi JD, Chen L, Blanchard S, Frankel AD. 1995. Solution structure of
a bovine immunodeficiency virus Tat-TAR peptide-RNA complex. Science
270:1200–3

91. Tian B, Bevilacqua PC, Diegelman-Parente A, Mathews MB. 2004. The double-
stranded-RNA-binding motif: interference and much more. Nat. Rev. Mol. Cell.
Biol. 5:1013–23

92. Adams CC, Stern DB. 1990. Control of mRNA stability in chloroplasts by 3′

inverted repeats: effects of stem and loop mutations on degradation of psbA
mRNA in vitro. Nucleic Acids Res. 18:6003–10

93. Belasco JG, Chen CY. 1988. Mechanism of puf mRNA degradation: the role of
an intercistronic stem-loop structure. Gene 72:109–17

94. Klug G, Cohen SN. 1990. Combined actions of multiple hairpin loop structures
and sites of rate-limiting endonucleolytic cleavage determine differential degra-
dation rates of individual segments within polycistronic puf operon mRNA.
J. Bacteriol. 172:5140–46

95. Khan IM, Coulson JM. 1993. A novel method to stabilise antisense oligonu-
cleotides against exonuclease degradation. Nucleic Acids Res. 21:2957–58

96. Emory SA, Bouvet P, Belasco JG. 1992. A 5′-terminal stem-loop structure can
stabilize mRNA in Escherichia coli. Genes Dev. 6:135–48

97. Mackie GA, Genereaux JL. 1993. The role of RNA structure in determining
RNase E-dependent cleavage sites in the mRNA for ribosomal protein S20 in
vitro. J. Mol. Biol. 234:998–1012

98. Fedor MJ, Williamson JR. 2005. The catalytic diversity of RNAs. Nat. Rev. Mol.
Cell. Biol. 6:399–412

99. Bevilacqua PC, Yajima R. 2006. Nucleobase catalysis in ribozyme mechanism.
Curr. Opin. Chem. Biol. 10:455–64

100. Holbrook SR. 2005. RNA structure: the long and the short of it. Curr. Opin.
Struct. Biol. 15:302–8

101. Brion P, Westhof E. 1997. Hierarchy and dynamics of RNA folding. Annu. Rev.
Biophys. Biomol. Struct. 26:113–37

100 Bevilacqua · Blose

A
nn

u.
 R

ev
. P

hy
s.

 C
he

m
. 2

00
8.

59
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 P

en
ns

yl
va

ni
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

10
/2

1/
07

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV340-PC59-04 ARI 3 October 2007 15:35

102. Tinoco I Jr, Bustamante C. 1999. How RNA folds. J. Mol. Biol. 293:271–81
103. Bae E, Reiter NJ, Bingman CA, Kwan SS, Lee D, et al. 2007. Structure and

interactions of the first three RNA recognition motifs of splicing factor prp24.
J. Mol. Biol. 367:1447–58

104. Uhlenbeck OC. 1995. Keeping RNA happy. RNA 1:4–6
105. Treiber DK, Williamson JR. 1999. Exposing the kinetic traps in RNA folding.

Curr. Opin. Struct. Biol. 9:339–45
106. Cantor CR, Schimmel PR. 1980. Biophysical Chemistry Part III: The Behavior of

Biological Macromolecules. New York: Freeman. 523 pp.
107. Dill KA, Bromberg S. 2003. Molecular Driving Forces: Statistical Thermodynamics

in Chemistry and Biology. New York: Garland Sci. 666 pp.
108. Poland D, Scheraga HA. 1966. Occurrence of a phase transition in nucleic acid

models. J. Chem. Phys. 45:1464–69
109. Turner DH, Sugimoto N, Freier SM. 1990. Thermodynamics and kinetics of

base-pairing and of DNA and RNA self-assembly and helix coil transition. In
Nucleic Acids, Vol. 1C, Landolt-Bornstein Ser., ed. W Saenger, pp. 201–27.
Berlin: Springer-Verlag

110. Turner DH. 2000. Conformational changes. See Ref. 20, pp. 259–334
111. Eigen M, DeMaeyer L. 1963. Relaxation methods. In Techniques of Organic

Chemistry, Vol. VIII, Part 2, ed. SL Friess, ES Lewis, A Weissberger, pp. 895–
1054. New York: Wiley Intersci.

112. Bernasconi CF. 1976. Relaxation Kinetics. New York: Academic
113. Turner DH. 1986. Temperature-jump methods. In Investigations of Rates and

Mechanisms of Reactions, ed. CF Bernasconi, pp. 141–89. New York: Wiley
Intersci.

114. Lu ZJ, Turner DH, Mathews DH. 2006. A set of nearest neighbor parameters for
predicting the enthalpy change of RNA secondary structure formation. Nucleic
Acids Res. 34:4912–24

115. Ansari A, Kuznetsov SV. 2005. Is hairpin formation in single-stranded polynu-
cleotide diffusion-controlled? J. Phys. Chem. B 109:12982–89

116. Murthy VL, Srinivasan R, Draper DE, Rose GD. 1999. A complete conforma-
tional map for RNA. J. Mol. Biol. 291:313–27

117. Ansari A, Kuznetsov SV, Shen Y. 2001. Configurational diffusion down a folding
funnel describes the dynamics of DNA hairpins. Proc. Natl. Acad. Sci. USA
98:7771–76

118. Wang X, Nau WM. 2004. Kinetics of end-to-end collision in short single-
stranded nucleic acids. J. Am. Chem. Soc. 126:808–13

119. Liphardt J, Dumont S, Smith SB, Tinoco I Jr, Bustamante C. 2002. Equilib-
rium information from nonequilibrium measurements in an experimental test
of Jarzynski’s equality. Science 296:1832–35

120. Onoa B, Dumont S, Liphardt J, Smith SB, Tinoco I Jr, Bustamante C. 2003.
Identifying kinetic barriers to mechanical unfolding of the T. thermophila ri-
bozyme. Science 299:1892–95

121. Menger M, Eckstein F, Porschke D. 2000. Dynamics of the RNA hairpin GNRA
tetraloop. Biochemistry 39:4500–7

www.annualreviews.org • RNA Hairpins 101

A
nn

u.
 R

ev
. P

hy
s.

 C
he

m
. 2

00
8.

59
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 P

en
ns

yl
va

ni
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

10
/2

1/
07

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV340-PC59-04 ARI 3 October 2007 15:35

122. Sorin EJ, Engelhardt MA, Herschlag D, Pande VS. 2002. RNA simulations:
probing hairpin unfolding and the dynamics of a GNRA tetraloop. J. Mol. Biol.
317:493–506

123. Nagel JH, Gultyaev AP, Oistamo KJ, Gerdes K, Pleij CW. 2002. A pH-
jump approach for investigating secondary structure refolding kinetics in RNA.
Nucleic Acids Res. 30:e63

124. Nagel JH, Flamm C, Hofacker IL, Franke K, de Smit MH, et al. 2006. Structural
parameters affecting the kinetics of RNA hairpin formation. Nucleic Acids Res.
34:3568–76

125. Woodside MT, Anthony PC, Behnke-Parks WM, Larizadeh K, Herschlag D,
Block SM. 2006. Direct measurement of the full, sequence-dependent folding
landscape of a nucleic acid. Science 314:1001–4

126. Hyeon C, Thirumalai D. 2006. Forced-unfolding and force-quench refolding
of RNA hairpins. Biophys. J. 90:3410–27

127. Hyeon C, Dima RI, Thirumalai D. 2006. Pathways and kinetic barriers in
mechnical unfolding of RNA and proteins. Structure 14:1633–45

128. Isambert H, Siggia ED. 2000. Modeling RNA folding paths with pseudoknots:
application to hepatitis delta virus ribozyme. Proc. Natl. Acad. Sci. USA 97:6515–
20

129. Brown TS, Chadalavada DM, Bevilacqua PC. 2004. Design of a highly reactive
HDV ribozyme sequence uncovers facilitation of RNA folding by alternative
pairings and physiological ionic strength. J. Mol. Biol. 341:695–712

130. Silverman SK. 2004. Deoxyribozymes: DNA catalysts for bioorganic chemistry.
Org. Biomol. Chem. 2:2701–6

131. Bock LC, Griffin LC, Latham JA, Vermaas EH, Toole JJ. 1992. Selection of
single-stranded DNA molecules that bind and inhibit human thrombin. Nature
355:564–66

132. Huizenga DE, Szostak JW. 1995. A DNA aptamer that binds adenosine and
ATP. Biochemistry 34:656–65

133. Serra MJ, Axenson TJ, Turner DH. 1994. A model for the stabilities of RNA
hairpins based on a study of the sequence dependence of stability for hairpins
of six nucleotides. Biochemistry 33:14289–96

134. Serra MJ, Barnes TW, Betschart K, Gutierrez MJ, Sprouse KJ, et al. 1997.
Improved parameters for the prediction of RNA hairpin stability. Biochemistry
36:4844–51

135. Giese MR, Betschart K, Dale T, Riley CK, Rowan C, et al. 1998. Stability of
RNA hairpins closed by wobble base pairs. Biochemistry 37:1094–100

136. Di Cera E. 1998. Site-specific thermodynamics: understanding cooperativity in
molecular recognition. Chem. Rev. 98:1563–92

137. Moody EM, Bevilacqua PC. 2003. Folding of a stable DNA motif involves a
highly cooperative network of interactions. J. Am. Chem. Soc. 125:16285–93

138. Holbrook SR, Cheong C, Tinoco I Jr, Kim SH. 1991. Crystal structure of an
RNA double helix incorporating a track of non-Watson-Crick base pairs. Nature
353:579–81

102 Bevilacqua · Blose

A
nn

u.
 R

ev
. P

hy
s.

 C
he

m
. 2

00
8.

59
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 P

en
ns

yl
va

ni
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

10
/2

1/
07

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV340-PC59-04 ARI 3 October 2007 15:35

139. Proctor DJ, Kierzek E, Kierzek R, Bevilacqua PC. 2003. Restricting the confor-
mational heterogeneity of RNA by specific incorporation of 8-bromoguanosine.
J. Am. Chem. Soc. 125:2390–91

140. Cao Y, Woodson SA. 1998. Destabilizing effect of an rRNA stem-loop on an
attenuator hairpin in the 5′ exon of the Tetrahymena pre-rRNA. RNA 4:901–14

141. Pan J, Woodson SA. 1998. Folding intermediates of a self-splicing RNA: mis-
pairing of the catalytic core. J. Mol. Biol. 280:597–609

142. Chadalavada DM, Knudsen SM, Nakano S, Bevilacqua PC. 2000. A role for
upstream RNA structure in facilitating the catalytic fold of the genomic hepatitis
delta virus ribozyme. J. Mol. Biol. 301:349–67

143. Cai Z, Tinoco I Jr. 1996. Solution structure of loop A from the hairpin ribozyme
from tobacco ringspot virus satellite. Biochemistry 35:6026–36

144. Legault P, Pardi A. 1997. Unusual dynamics and pKa shift at the active site of
a lead-dependent ribozyme. J. Am. Chem. Soc. 119:6621–28

145. Moody EM, Brown TS, Bevilacqua PC. 2004. Simple method for determin-
ing nucleobase pKa values by indirect labeling and demonstration of a pKa of
neutrality in dsDNA. J. Am. Chem. Soc. 126:10200–1

146. Moody EM, Lecomte JT, Bevilacqua PC. 2005. Linkage between proton bind-
ing and folding in RNA: a thermodynamic framework and its experimental
application for investigating pKa shifting. RNA 11:157–72

147. Tang CL, Alexov E, Pyle AM, Honig B. 2007. Calculation of pK(a)s in RNA:
on the structural origins and functional roles of protonated nucleotides. J. Mol.
Biol. 366:1475–96

148. Bevilacqua PC, Brown TS, Nakano S, Yajima R. 2004. Catalytic roles for proton
transfer and protonation in ribozymes. Biopolymers 73:90–109

149. Stein A, Crothers DM. 1976. Conformational changes of transfer RNA: the
role of magnesium(II). Biochemistry 15:160–68

150. Blose JM, Silverman SK, Bevilacqua PC. 2007. A simple molecular model for
thermophilic adaptation of functional nucleic acids. Biochemistry 46:4232–40

www.annualreviews.org • RNA Hairpins 103

A
nn

u.
 R

ev
. P

hy
s.

 C
he

m
. 2

00
8.

59
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 P

en
ns

yl
va

ni
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

10
/2

1/
07

. F
or

 p
er

so
na

l u
se

 o
nl

y.


