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Summary
Protein-RNA interactions are important for the regulation of several biological processes in the cell which include alternative splicing which occurs in
about 98% of human genes. Alteration of splicing activity by proteins can
cause diseases such as spinal muscular atrophy. RNA binding is regulated
by various RNA binding proteins mostly through the RNA recognition motif
(RRM). The RRM contains ∼ 70–90 amino acids consisting of two helices
packed against four -strands. Canonical binding of the RNA to the -sheet
surface of the RRM is mediated by aromatic and basic residues in conserved
RNP1 and RNP2 sequences. RRMs containing non-conserved RNP1/RNP2
sequences may exhibit structural versatility by binding to RNA using other
surfaces which include / or / loops and -helices. However, the energetics of this structural versatility remain poorly understood. Understanding
these energetics helps explain regulation of complex stability and protein
function. This study comparatively analyzes the thermodynamic RNA binding signatures of diﬀerent types of RRMs exhibiting diﬀerent binding modes.
This is the ﬁrst such comprehensive study. The RRMs considered are hnRNP A1 RRM1, hTra2 1 RRM, hnRNP F qRRM1 or qRRM3 and SRSF1
pseudo-RRM in which the RNA is bound to the -sheet surface, -sheet
surface with involvement of the N- and C- terminal segments, the loops
and -helix regions respectively. The sequences and numbers of residues of
cognate RNAs recognized by the RRMs are similar. 5’-UAGG-3’, 5’-GAA3’, 5’-GGG-3’ and 5’-GGA-3’ RNA sequences are speciﬁcally recognized by
hnRNP A1 RRM1, hTra2 1 RRM, hnRNP F qRRM1/3 and SRSF1 pseudoRRM respectively.
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In the ﬁrst part, because the qRRMs of hnRNP F speciﬁcally recognize sequences of successive guanines (G-tracts) that spontaneously assemble into stable higher order conformations termed G-quadruplexes at moderate salt concentration, we investigated the eﬀects of the G-quadruplex
stability on the energetics and kinetics of qRRM-ssRNA association. To
date, these eﬀects have not been throughly investigated. Formation of Gquadruplexes both in vitro and in vivo is established, and eﬀects on the
regulation of events such as telomere biology and alternative splicing are
well documented. To understand the thermodynamic and kinetic eﬀects
of the stability of G-quadruplexes on formation of the qRRM-ssRNA complex we studied by isothermal titration calorimetry (ITC), diﬀerential scanning calorimetry (DSC), circular dichroism (CD) and nuclear magnetic resonance spectroscopy (NMR) the binding equilibrium between qRRM3 and 5’AGGGAU-3’ and 5’-GGA-(GGGUUA)4 -3’ G-tract RNAs under conditions
that variably stabilized the G-quadruplex. An individual qRRM can mimick the function of hnRNP F. The 5’-AGGGAU-3’ sequence was used in the
solution NMR structural studies, whereas 5’-GGA-(GGGUUA)4 -3’ resemiv

bles telomeric RNA. The obtained results show that G-tract RNAs exist as
an equilibrium between single-stranded RNA (ssRNA) and G-quadruplexes.
qRRM3 binds to the ssRNA but not the G-quadruplex. This fact contradicts
other authors. The intrinsic dissociation of the G-quadruplex is rate-limiting
and slows complex formation. Consequently, qRRM3 binds to G-tract RNA
co-transcriptionally preventing G-quadruplex formation.
To study the binding equilibrium in the absence of G-quadruplexes, the
RNA sequence was modiﬁed by 7-deazaguanine (5’-AGG*G*AU-3’ where
G* is 7-deazaguanine). 5’-AGG*G*AU-3’ and 5’-AGGGAU-3’ are recognized in the same manner by the qRRMs. The binding equilibria between
hnRNP A1 RRM1, hTra2 1 RRM, hnRNP F qRRM1 and SRSF1 pseudoRRM and cognate RNAs were investigated by ITC and DSC experiments.
qRRM1 was used because qRRM3 is not soluble in the same buﬀer as the
other three proteins. Firstly, the thermodynamic binding parameters governing association and their temperature-dependence were determined. Secondly, the contribution of electrostatic eﬀects to the overall free energy of
association ( Gobs ) was evaluated according to the counterion-condensation
(CC) theory. Complex formation is driven by net negative enthalpy change
and opposed by net negative entropy change throughout the physiological
temperature range. The changes in enthalpy and entropy vary widely but
compensate to give a Gobs that is almost constant as function of temperature. Interestingly, the magnitude of Gobs is the same in all considered complexes, which seems to be due to the dominance of intermolecular hydrogen bonds. The non-electrostatic component of Gobs ( Gnel )
contributes ∼ 75% to complex stability. The remaining ∼ 25% is contributed by the electrostatic component ( Gele ) due to formation of two
ionic bonds between positively charged arginine side-chains and negatively
charged phosphate oxygens (except in hnRNP F qRRM1-ssRNA). The arginine residues are always located in the 2- 3 loop and the N- or C-terminal
segment. Furthermore, complex formation is accompanied by large negative heat capacity change of association ( Cp,obs ), which is characteristic of
sequence-speciﬁc interactions. However, the magnitudes of Cp,obs for the
RRM-ssRNA complexes are diﬀerent despite the recognition of the same
number of RNA residues, except an additional uracil in the case of hnRNP
A1 RRM1. Hence, the magnitude of Cp,obs was dissected into its components. The combination of structural analysis, analyses of semi-empirical
Cp predictions and direct heat capacity measurements led to the following conclusions: (1) Complex formation proceeds with incomplete dehydration of the binding interfaces, (2) The side-chains and terminal segments of
the RRMs undergo signiﬁcant structural transitions, and (3) Non-parallel
changes in thermal motions/dynamics experienced by the reaction partners
and complex cause net increase in thermal motions (except in SRSF1). The
net increase in thermal motions appears to correlate with the expected struc-
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tural ﬂexibility of the binding interfaces.
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Zusammenfassung
Protein-RNA-Interaktionen regulieren verschiedene biologische Vorgänge der
Zelle, darunter alternatives Splei en. Mehr als 90-95% der menschlichen
messenger RNA (mRNA) wird alternativ gesplei t. Durch Proteine veränderte
Splei -Aktivität kann Krankheiten wie zum Beispiel spinale Muskelatrophie
auslösen. Die RNA-Bindung ist durch verschiedene RNA-bindende Proteine
geregelt und häuﬁg durch das RNA Recognition Motif (RRM) vermittelt.
Das RRM besteht aus ca. 70-90 Aminosäuren und enthält zwei -Helices
welche gegen ein viersträngiges -Faltblatt gepackt sind. RRMs mit konservierten RNP1- und RNP2-Aminosäuresequenzen binden die RNA auf der
Oberﬂäche des -Faltblattes durch aromatische und basische Seitenketten
der Aminosäuren. Andere RRMs, deren Aminosäureabfolge nicht der konservierten RNP1/RNP2-Sequenz entspricht, können strukturell vielfälltiger
RNA binden und andere Kontaktﬂächen, darunter Schleifen zwischen Sekundärstrukturelementen ( / - oder / - Schleifen) und -Helices, nutzen. Die
energetischen Grundlagen dieser strukturellen Vielfältigkeit sind bisher jedoch wenig bekannt - ihr Verständnis würde helfen zu erklären, wie die
Stabilität von RNA-Protein-Komplexen und die Proteinfunktion reguliert
werden. Diese Doktorarbeit analysiert und vergleicht erstmals umfassend
die thermodynamischen Merkmale der RNA-Bindung von vier verschiedenen RRM-Typen, welche jeweils unterschiedlich an RNA binden. Die untersuchten RRM-Domainen sind hnRNP A1 RRM1 und hTra2 1 RRM, welche
die RNA über die -Faltblätter binden, letztere zusätzlich auch unter Einbezug des N- und C-Terminus, sowie hnRNPF qRRM1 oder qRRM3, welche
Schleifen zwischen Sekundärstrukturelementen zur Bindung benutzen, und
SRSF1 pseudo-RRM, welches mit -helicalen Regionen bindet. Die RNASequenzen, welche durch die RRMs erkannt werden, sind ähnlich lang und
purinreich: 5’-UAGG-3’ wird erkannt durch hnRNP A1 RRM1, 5’-GAA-3’
durch hTra2 1 RRM, 5’-GGG-3’ durch hnRNP F qRRM1/3 und 5’-GGA-3’
durch SRSF1 pseudo-RRM. Da die qRRMs von hnRNP F aufeinanderfolgende Guanine (G-tracts) erkennen, welche sich unter moderaten Salzbedingungen spontan zu Strukturen höherer Ordnung zusammenfügen können,
sogenannten G-quadruplexen, untersuchten wir die Auswirkungen der Gquadruplex-Stabilität auf die energetischen und kinetischen Merkmale der
Komplexbildung zwischen qRRM und einzelsträngiger RNA (ssRNA) mit
isothermer Titrationskalorimetrie (ITC), dynamischer Diﬀerenzkalorimetrie
(DSC), zirkularen Dichroismus Spektroskopie (CD) und Kernresonanzspektroskopie (NMR). Bisher wurden diese Eﬀekte nicht vollständig erforscht,
obwohl die Bildung von G-quadruplexen in vitro und in vivo etabliert und
ihr Einﬂuss auf die Regulierung der Telomer-Aufrechterhaltung und des alternativen Splei en belegt ist. Wir beobachteten das Bindungsgleichgewicht
zwischen qRRM3 und 5’-AGGGAU-3’ sowie 5’-GGA-(GGGUUA)4 -3’ und
das Gleichgewicht zwischen ssRNA und G-quadruplexen in Abwesenheit des
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Proteins unter Bedingungen, welche den G-quadruplex unterschiedlich stark
stabilisieren. Die 5’-AGGGAU-3’ RNA-Sequenz wurde zuvor schon für die
Bestimmung von NMR-Strukturen der qRRM-ssRNA-Komplexe benutzt,
die 5’-GGA-(GGGUUA)4 -3’ RNA-Sequenz gleicht Telomer-RNA. Wir modiﬁzierten erstere RNA-Sequenz mit 7-deaza-Guanin (5’-AGG*G*AU-3’; wobei
G* 7-deaza-Guanin bedeutet) um das Bindungsgleichgewicht in Abwesenheit von G-quadruplexen zu beobachten. Sowohl 5’-AGG*G*AU-3’ als auch
5’-AGGGAU-3’ werden genau gleich von qRRMs erkannt. Unsere Ergebnisse zeigen, dass G-tracts in Lösung im Gleichgewicht zwischen ssRNA und
G-quadruplexen stehen und nur als ssRNA von qRRM3 gebunden werden
können. Dies widerspricht den Ergebnissen anderer Autoren. Die intrinsische Dissoziation des G-quadruplexes ist geschwindigkeitsbestimmend und
verlangsamt die Protein-ssRNA-Komplexbildung. qRRM3 bindet G-tractRNA cotranscriptional und verhindert die G-quadruplex-Bildung.

b

Die Bindungsgleichgewichte von hnRNP A1 RRM1, hTra2 1 RRM, hnRNP F qRRM und SRSF1 pseudo-RRM mit den entsprechenden RNASequenzen wurden mit ITC und DSC untersucht. Dabei wurde hnRNP F
qRRM1 und nicht hnRNP F qRRM3 verwendet, da qRRM3 nicht unter
denselben Puﬀerbedingungen wie die anderen Proteine löslich ist. Wir
ermittelten die thermodynamischen Parameter, welche die RNA-Bindung
bestimmen und ihre Temperaturabhängigkeit. Anschliessend wurde der
Beitrag von elektrostatischen Eﬀekten zur gesammten Freien Energie der
Bindung ( Gobs ) gemäss der Counterion-Condensation (CC) Theorie ausgewertet. Die Komplexbildung ist im gesamten Bereich physiologischer Temperaturen bedingt durch eine negative Gesamt-Enthalpie während eine negative Gesamt-Entropie entgegenwirkt. Die temperaturbedingten änderungen
in Enthalpie und Entropie unterscheiden sich stark, jedoch kompensieren sie
sich, sodass eine beinahe temperaturunabhängige Freie Energie der Bindung
die Folge ist. Der Wert von Gobs ist interessanter Weise vergleichbar
in allen untersuchten Komplexen, was teilweise durch die Dominanz einer
ähnlichen Anzahl von zwischenmolekularen Wasserstoﬀ-Brückenbindungen
erklärt werden kann. Der nicht-elektrostatische Anteil an Gobs beträgt ca.
75%, die elektrostatische Komponente ( Gele ) ca. 25%. Diese resultiert aus
zwei ionischen Bindungen zwischen positiv geladenen Arginin-Seitenketten
und negativ geladenen Phosphat-Sauerstoﬀatomen (ausser im hnRNP F
qRRM1-ssRNA-Komplex). Die Arginine beﬁnden sich in der 2- 3-Schleife
und dem N- oder C-terminalen Bereich. Die Komplexbildung wird begleitet von einer gro en negativen änderung der Wärmekapazität ( Cp,obs ),
welche für sequenzspeziﬁsche Interaktionen charakteristisch ist. Der Wert
von Cp,obs für die verschiedenen RRM-ssRNA-Komplexe ist jedoch unterschiedlich, obwohl eine vergleichbare Anzahl von RNA-Resten erkannt wird.
Wir analysierten die einzelnen Bestandteile von Cp,obs . Die Kombination von Strukturanalysen mit semi-empirischen Cp -Vorhersagemethoden

D

D

D

D

b b

b

D

D

D
D

viii

und direkter Wärmekapazitätsmessungen führt zu folgenden Ergebnissen:
(1) Die Komplexbildung geht mit einer unvollständigen Dehydration der
Bindestelle vonstatten, (2) die Seitenketten der RRMs vollführen wesentliche
strukturelle änderungen und (3) die änderungen der thermischen Bewegung/Dynamik, welche die Reaktionspartner einzeln und im Komplex erfahren, sind ungleich und bewirken eine Gesamtzunahme thermischer Bewegung im Komplex (mit Ausnahme von SRSF1). Letzteres korreliert mit der
erwarteten strukturellen Flexibilität der Bindungsstellen.
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1
1.1

Introduction
Structural basis of protein-RNA interactions

Protein-RNA interactions are important for the regulation of mRNA processing in the cell through maintaining spliceosomal assembly, mRNA export, mRNA stability and alternative splicing of several pre-mRNA sequences. The latter is important for generating proteomic diversity and
occurs in approximately 98% of human genes [1]. In support of the importance of protein-RNA interactions, numerous diseases and disorders are associated with changes in the manner in which proteins and RNA interact [2,3].
An increasing number of studies are being undertaken to characterize the
structural basis of formation of protein-RNA complexes (reviewed in [4]). In
several cases binding proceeds by induced ﬁt of the interacting partners (reviewed in [4,5]), such as the rearrangement of the C-terminal -helix in some
RNA recognition motifs (RRMs) [6], the adoption of -helical conformation
by arginine-rich peptides upon binding RNA [7–9] and structural adaptation
of terminal segments [10]. Rigid-body interactions are also important and
common in the recognition of double-stranded RNA (dsRNA) by doublestranded RNA recognition domains (dsRBDs). The dsRBD consists of 70
– 75 amino acids arranged in an
topology and recognize the shape
of the dsRNA without speciﬁc sequence readout (reviewed in [11]). An
example is the association of the third dsRBD from Staufen protein with
an RNA stem-loop which proceeds by recognition of the A-form dsRNA
without signiﬁcant reorganization of the RNA or protein [12]. Similarly,
no signiﬁcant conformational changes were observed in the interaction between the second dsRBD from Xenopus laevis RNA-binding protein A and
a dsRNA [13]. However, recent studies have shown that exceptions exist
in which dsRBDs may bind sequence-speciﬁcally [14]. Another interesting
example of rigid body interaction occurs during the binding of the sterile
alpha motif (SAM) domain of VTS1p to an RNA hairpin termed the Smaug
recognition element (SRE) [15].

a

a
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Besides the importance of structural changes in the formation of proteinRNA complexes, the redistribution of dynamic modes upon binding also
plays a signiﬁcant role [16–20]. Changes in dynamics upon binding are
likely to impact the speciﬁcity of the formed complexes as well as aﬀect the
entropic cost of complex formation. To satisfy both the need for speciﬁc
interactions as well as reduce the entropic cost of binding, the motions of
protein residues located at the binding interface are dampened upon complex formation, with compensating increase in motions of residues positioned
adjacent to the interface [17, 18]. Similarly, increased mobility of residues
located at the protein-RNA interface has been observed and implicated in
the discrimination between GU-rich and non GU-rich RNAs [16]. However,

1

some of the data provided on dynamic changes is limited because of the
failure to probe the entire range of timescales of molecular motion. The
importance of accessing the entire range of frequencies and amplitudes of
motions is illustrated by results from the NMR relaxation-dispersion studies that showed that binding of cAMP to the catabolite activator protein
(CAP) to form the singly liganded cAMP1 –CAP complex proceeded with
no appreciable change of fast motions but with a signiﬁcant increase in slow
motions [21]. Interestingly, although important atomic details on changes
in dynamic information are commonly obtained through 15 N heteronuclear
NMR experiments and relaxation-dispersion experiments, access to global
changes in thermal motions can also be accessed through direct heat capacity measurements as function of temperature. However, not many studies
have been done to this end.

1.2

RNA Recognition Motif (RRM)

The RNA recognition motif (RRM), also known as the RNA binding domain (RDB) or ribonucleoprotein motif (RNP) is one of the most abundant
domains in eukaryotes. The RRM is an ancient fold that is present in all
life kingdoms and conserved from yeasts to humans [22–24]. The primary
function of RRMs is in post-transcriptional gene regulation through direct
binding to speciﬁc RNA sequences. The prokaryotes contain only a single
RRM copy while multiple copies are commonly found within eukaryotic proteins. Examples include one RRM found in human transformer 2 homolog 1
(hTra2 1; Figure 1.0); two RRMs in heterogenous nuclear ribonucleoprotein
(hnRNP) A1 and serine/arginine-rich splicing factor 1 (SRSF1) (Figure 1.0);
three RRMs in hnRNP F (Figure 1.0) and four RRMs in polypyrimidinetract binding protein (PTB). In some cases, isolated RRMs are suﬃcient
to provide the necessary speciﬁcity and aﬃnity for eﬃcient interaction but
in other cases cooperative interactions between RRMs are necessary. Multiple RRMs can cooperate to modulate the binding aﬃnity or speciﬁcity
for RNA as reported in SRSF1 [25, 26]. Spatial orientation of the RRMs
can promote eﬃcient RRM-nucleic acid interaction as observed in hnRNP
A1/UP1 [27], or help to induce structure-formation (looping) by the RNA
to induce exon repression as shown in the case of PTB [28, 29]. In addition to RRMs, RNA binding proteins also contain other auxiliary domains
(Figure 1.0) which include arginine/serine-rich (RS–) and the glycine-rich
domains. The RS and glycine-rich domains are mainly involved in proteinprotein interactions [24, 30–34].

b

b

Although the primary target of RRMs are structured and single-stranded
RNA (ssRNA) sequences, some RRMs also bind to single-stranded DNA (ssDNA) [27] as well as proteins [35, 36]. hnRNP A1 recognizes ssDNA and
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Figure 1.0: Domain composition of selected RNA-binding proteins. Domain boundaries were assigned according to data available on UNIPROT
(http://www.uniprot.org)

ssRNA in the same manner [27]. The noncanonical elF3b RRM cannot bind
RNA because the -sheet surface is negatively charged but interacts with
elF3j peptide via a region stretching from loop 1 to -helix 1 and loop 5 [36].
Also, SPF45 U2AF-homology motif (UHM) forms a complex with a UHMligand motif (ULM) peptide from SF3b155 [35]. The inability of SPF45
UHM to bind RNA is argued to involve the occlusion of the canonical sheet surface by an additional -helix C. However, the mechanisms governing
the interaction between RRMs and proteins are still emerging and not yet
fully understood.

b
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1.2.1

Structural and functional characteristics of RRMs

The RRM is a compact globular domain consisting of ∼ 70–90 amino acids.
It shows an / fold arranged in the 1 1 2 3 2 4 topology. The four
strands are anti-parallel and pack against the two helices forming an
extensive hydrophobic core. RRMs are characterized by the presence of two
conserved sequences termed RNP1 and RNP2 located in 3 and 1 respectively (Figure 1.1). RNP1 and RNP2 are separated by approximately 30
amino acids and are both rich in aromatic and hydrophobic residues. RNP1
is deﬁned by the sequence [RK]-G-[FY]-GA-[FY]-[ILV]-X-[FY], and the less
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conserved RNP2 is described by ([ILV]-[FY]-[ILV]-X-N-L), where X can be
any amino acid residue [23].
In the canonical binding mode, the RRM recognizes a ssRNA/DNA dinucleotide oriented in the 5’ to 3’ direction using conserved aromatics positioned on the sheet surface of the protein (RNP2 position 2, and RNP1
positions 3 and 5), as well as a basic amino acid residue (RNP 1 position
1) [23]. The canonical RRM binding is illustrated in Figure 1.1 by the interaction between hnRNP A1 RRM1 (A1RRM1) and ssDNA. In particular,
residues Phe 17 (RNP2 position 2) located on 1 and Phe 59 (RNP1 position
5) located on 3 are involved in stacking interactions with the Ade 203 and
Gua 204 nucleotides respectively. Phe 57 (RNP1 position 3) positioned on
3 forms van der Waals contacts with the sugar ring of Gua 204. Normally,
the aromatic positioned at RNP2 position 2 should contact sugar rings of
both dinucleotides. In addition, the basic residue Arg 55 (RNP1 position
1) forms an electrostatic contact to the phosphate group located between
the dinucleotide. Interestingly, this canonical structural binding signature
of RRMs is optimal for binding any single-stranded nucleic acid sequence
and lacks any sequence speciﬁcity.
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To attain sequence-speciﬁc character, RRMs interact with the nucleic
acid via additional structural surfaces. These include the 4 and 2 strands [27],
intervening loops and terminal segments [10, 27]. The role of loop 3 has
been reported to be of particular signiﬁcance in the mediation of speciﬁcity
because it is the region of greatest diversity in RRMs [24]. Speciﬁc proteinRNA interactions are mediated by contacts from both the main-chain (fold
of the RRM) and side-chains of the RRM (reviewed in [37]). As the number
of solved RRM-RNA complexes available increases, structures of complexes
that exhibit diﬀerent binding modes are becoming more common. Much of
this structural versatility has been attributed to the presence of unconserved
aromatics on the two central -strands. However, the energetic consequences
of diﬀerent RRM binding modes in binding cognate RNAs has not yet been
comprehensively investigated. To provide clues on the underlying energetic
signatures, comparative thermodynamic studies of the binding of canonical
and nonconserved RRMs are necessary.

b

b

b

1.2.2

hnRNP A1 and the canonical RRM

hnRNP A1 is the most abundant and best characterized hnRNP protein.
It is involved in several processes of postranscriptional gene regulation that
include alternative splicing, mRNA export and spliceosomal assembly. hnRNP A1 favors the usage of distal 5’ splice-sites in pre-mRNAs containing
alternative 5’ splice-sites promoting alternative exon skipping both in vitro
4

5

3

RNP1:[RK]-G-[FY]-[GA]-[FY]-[ILV]-X-[FY]
2

RNP2:[ILV]-[FY]-[ILV]-X-N-L

RNP2

2

5

RNP1

5
2
3

3
1

β4

β1

β3

β2

Figure 1.1: Canonical RNA-binding mode of RRMs. Cartoon representation of single-stranded nucleic acid binding of 5’-AG-3’ ssDNA on the β-sheet
surface of hnRNP A1 RRM1 (pdb: 2UP1). The protein and ssDNA are colored
in gray and yellow respectively. The side-chains of conserved aromatics located
at RNP2 position 2 and RNP1 positions 3 and 5, as well as the conserved positively charged residue on RNP2 position 1 are shown as sticks, colored in green and
numbered accordingly. Phosphate oxygens are shown as red dots. This ﬁgure was
prepared using PYMOL.
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and in vivo [38–41]. In this way, the function of hnRNP A1 antagonizes the
role of SR proteins that include SRSF1 (ASF/SF2) and SRSF2 (SC35) which
favor exon inclusion by promoting the use of proximal 5’ splice-sites. The
splicing product depends on the relative concentrations between hnRNP A1
and the SR proteins. Additionally, studies in mouse cells have indicated that
hnRNP A1 is involved in the regulation of telomere lengths [42]. Mouse cell
lines that are deﬁcient in hnRNP A1 expression possess shorter telomeres
in comparison to cell lines containing normal levels of hnRNP A1. Restoration of hnRNP A1 expression in deﬁcient cell lines leads to an increase in
the lengths of telomeres. Recent studies have also shown that telomeric
DNA can be transcribed into (UUAGGG)4 telomeric RNA repeats termed
TERRA [43] which are regulated by hnRNP A1 among other proteins [44].
Protein factors regulating TERRA are predominantly of the hnRNP family.
The mechanism of hnRNP A1 function in splicing activity is still not fully
clear. However, one way involves dimerization of hnRNP A1 molecules mediated by the glycine-rich domain resulting in looping out of the intervening
pre-mRNA [45]. In a recent ”cross-talk” model, the RNA is not looped out
but hnRNP A1 molecules cooperatively spread on the RNA preferentially in
a 3’-to-5’ direction displacing bound SR proteins, and unwinding any RNA
hairpin structures [46]. In other instances, hnRNP A1 may interfere with
spliceosomal assembly particularly involving the functions of U2AF and U2
snRNP [47–49].
hnRNP A1 consists of two N-terminal RRMs termed UP1, a glycine rich
C-terminal region and an M9 nuclear localization sequence (Figure 1.0).
The glycine-rich domain is involved in regulatory and protein-protein interactions [33, 34, 45, 48], and the M9 sequence controls nuclear-cytoplasmic
shuttling of the protein [50]. The speciﬁcity of hnRNP A1 for RNA is
determined by the two RRMs acting as a composite and the consensus sequence is UAGGGA/U [51]. ssRNA/DNA is bound by UP1 as a dimer
and 5’-UAGG-3’ and 5’-UUAGG-3’ are speciﬁcally recognized by RRM1
and RRM2 respectively [27]. The structures of UP1 in free form have been
solved by X -ray crystallography at varying resolutions [52–54]. Both the
RRM1 and RRM2 domains contain conserved RNP1 and RNP2 consensus
sequences (Figure 1.2) that mediate canonical RNA binding but speciﬁcity
is provided by other non-conserved surfaces. One way involves the additional amino-terminal -helix ( 0) that contacts the carbonyl group of Gua
204 in the complex via a hydrogen bond mediated by Gln 12 [27]. Alternatively, the C-terminal helix (residues 183-190) that is disordered in the free
form becomes ordered in the complex and contacts the ssDNA via Lys 183
and Met 186. Speciﬁc interactions also involve residues located in the linker
located between RRM1 and RRM2. The inter-RRM linker is disordered in
the free protein and becomes structured and orients the two RRMs in the
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complex [27]. The complex between UP1 and ssDNA is shown in Figure 1.3.

RNP2

(A)

RNP1

RNP2

(C)
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(B)
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hnRNP F qRRM1

hnRNP A1 RRM1/RRM2; hTra2β1 RRM
RNP2

RNP1
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SRSF1 pseudoRRM (RRM2)
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hnRNP F qRRM3

Figure 1.2: Conservation of canonical RRM residues. Shown are the βstrands in (A) hnRNP A1 RRM1 and hTra2β1 RRM, (B) SRSF1 RRM2, (C)
hnRNP F qRRM1 and (D) hnRNP F qRRM3. The conserved aromatic positions
are shown in red circles. Non-conserved aromatics are shown in circles colored blue,
green or cyan if replaced by a hydrophobic, positively charged or negatively charged
residue respectively.
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(A)

(B)
3’
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3’
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5’

Figure 1.3: Canonical ssDNA/RNA recognition by hnRNP A1. (A) Cartoon representation showing interaction between two antiparallel 5’-d(TTAGGG)2 3’ ssDNA strands and a UP1 dimer. RRM1, RRM2, the amino-terminal α helix, the
inter-RRM linker, the C-terminal α-helix and the ssDNA are colored gray, black,
blue, cyan, red and yellow respectively. (B) Recognition of 5’-TAGG-3’ by hnRNP
A1 RRM1. The colors are as in (A). In addition, residues contacting the RNA are
shown as sticks (green) and the hydrogen bonds formed are shown as blue dashed
lines. Figures were prepared using PYMOL.
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1.2.3

b

hTra2 1 (SRSF10) and the ’unsually aligned’ canonical RRM

b

hTra2 1 (SRSF10) belongs to the serine/arginine-rich like (SR-like) protein
family, which is a subset of SR proteins (see section 1.2.4). It is a homolog
of the transformer-2 protein from Drosophila melanogaster which, together
with transformer (Tra) protein, is involved in the female-speciﬁc splicing of
the doublesex (dsx) pre-mRNA by binding to the 13 nucleotide sequences
located in the female speciﬁc fourth exon [55]. It also binds to an AG-rich
ESE located in survival motor neuron (SMN) exon 7 thereby promoting the
inclusion of the exon 7 in the mature SMN2 mRNA and stimulating the
expression of full length SMN [56]. The activity of hTra2 1 is usually mediated by the involvement of other factors such as SRSF1, SRSF9/Srp30c
and hnRNP G.

b

3’

5’

Figure 1.4: hTra2β1 RRM-ssRNA complex. Cartoon representation of
hTra2β1 RRM in complex with 5’-A1 A2 G3 A4 A5 C6 -3’ RNA. The protein and ssRNA
are colored in gray and yellow respectively. The N- and C-terminal segments are
colored in blue and red respectively. Only 5’-G3 A4 A5 -3’ are speciﬁcally recognized.
The ﬁgure was prepared using PYMOL.

b

hTra2 1 contains a single RRM ﬂanked by arginine/serine rich (RS-rich)
termini (Figure 1.0). The structures of the RRM free and in complex with
RNA have been determined by solution NMR [10, 57]. The RRM contains
conserved aromatics on the 1 and 3 strands which are involved in binding
RNA [10]. The trinucleotide 5’-G3 A4 A5 -3’ sequence is speciﬁcally recognized (Figure 1.4). Phe 123 stacks with Gua 3 and Phe 163 stacks with Ade
5. Therefore, the binding mode in Tra2 1 is unusual in the sense that a
non-consecutive RNA dinucleotide is involved in stacking interactions with
aromatics residues of the RRM. The base of Ade 4 is not involved in stack-

b

b
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ing interactions with an aromatic residue. Phe 161 stacks with the sugars of
Gua 3 and Ade 4. In addition to the RNA binding via the -strands, the Nand C-terminal segments contact the RNA in the complex providing additional speciﬁcity. Interestingly, based on NMR chemical shift perturbations,
it has been shown that the hTra2 1 RRM can also recognize 5’-CAA-3’
when integrated in a stem-loop structure via a diﬀerent binding mode that
involves weaker or diﬀerent interactions with the -strands with a particularly prominent role of the 2- 3 loop [57].

b

b

b

b b

1.2.4

SRSF1 (SF2/ASF) and the pseudo-RRM

Arginine/serine-rich (SR) proteins are essential splicing regulatory factors
in metazoa. They mainly promote exon splicing by interacting with purinerich exonic splicing enhancers (ESEs) [58]. However, one or more binding
sites of SR proteins present in an exonic sequence do not necessarily function
as an ESE. SR proteins are critical regulators of the selection and use of alternative splice sites in a concentration-dependent manner that is generally
antagonistic to the function of hnRNP A1 [38, 40, 59, 60]. The SR proteins
bind diverse and usually overlapping sequences resulting in some level of
redundancy in protein function [30].
SR proteins are composed of one or two N-terminal RRMs involved in
RNA-binding, as well as a C-terminal RS auxiliary domain that mediates
spliceosomal assembly through protein-protein interactions or direct RNA
contacts [30, 61]. The domain architecture of SR proteins is illustrated by
the well characterized SRSF1 protein (Figure 1.0). The serine residues in
the RS domains may be phosphorylated [30]. In SR proteins containing two
RRMs, the ﬁrst usually resembles the classical RRM containing conserved
RNP1 and RNP2 sequences, and is followed by a non-conserved degenerate
or pseudo-RRM (Figure 1.2) [22]. This is the case with SRSF1 since RRM1
is canonical and RRM2 is a pseudo-RRM. Despite that the two RRMs of
SRSF1 can both independently bind RNA, they exhibit strong synergy to
achieve both optimal interaction [25, 62] and sequence speciﬁcity [26]. The
SRSF1 consensus RNA binding sites determined by in vitro selection methods are RGAAGAAC and AGGACRRAGC [26, 30] or SRSASGA [30, 63],
where R represents a purine residue, and S represents a guanine or cytosine
residue.
In contrast to the classical RRM binding mode that is well characterized, the structural basis of RNA-binding by pseudo-RRMs has until recently been poorly understood. The structure of the pseudo-RRM of SRSF1
has been determined both in the free form [64] and in complex with 5’U1 G2 A3 A4 G5 G6 A7 C8 -3’ ssRNA by solution NMR (Cléry & Allain, unpub10

Consensus: S133-W-Q-D-LK-D139

5’

3’

Figure 1.5: Pseudo-RRM of SRSF1 in complex with ssRNA. Cartoon
representation of the sequence-speciﬁc interactions between SRSF1 pseudo-RRM
(RRM2) and 5’-G5 G6 A7 -3’ RNA. The protein and ssRNA are colored in gray and
yellow respectively. The auxiliary β3’–β3” β-hairpin located between α4 and β5 and
the highly conserved α-helix 1 region are shown in cyan and red respectively. The
insert shows the conserved peptide sequence of pseudo-RRMs which is located on
α-helix 1. The illustration of the complex was prepared using PYMOL.
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lished data; Figure 1.5). The free RRM shows the canonical 1 1 2 3 2 4
topology but contains an extended loop 5 ( 2/ 4 loop) that forms an auxiliary –hairpin (Figure 1.5; cyan). The RNA is bound to the highly conserved S133 -W-Q-D-L-K-D139 -helix 1 sequence (Cléry & Allain, unpublished data). Although the solution NMR structure of SRSF1 was solved in
complex with 5’-UGAAGGAC-3’, the protein only interacts with the three
central 5’-GGA-3’ nucleotides mostly through contacts formed by residues
positioned at the bottom (N-terminal part) of -helix 1. The interaction
with GGA also forms the basis of sequence-speciﬁcity. The GGA triplet is
arranged into an arch in which consecutive RNA bases are positioned perpendicular to each other. This conformational state of the RNA is argued
to be induced by stacking interactions with -helix 1 residues. The Trp
134 side-chain stacks with the base and sugar ring of Gua 5. Gln 135 sidechain stacks with the base of Ade 7 and sugar ring of Gua 6. Ser 133 and
the main-chain also stack with Ade 7 and Gua 6 respectively. The stacking interactions contribute to complex stability but not sequence speciﬁcity.
All sugars of the RNA nucleotides except Gua 5 adopt the C2’-endo conformation. The Gua 5 sugar conformation is C3’-endo. Sequence-speciﬁc
interactions are mediated by the main-chain and other surfaces of the RRM
through hydrogen bond formation. The protein residues involved in hydro-
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gen bond contacts are located in 1 (side chains of Lys 138, Asp 139 and
Asp 136), 2 (main-chain of Ala 150), the inter-RRM linker (Arg 117 side
chain) and the 2– 4 loop (His 183 side-chain) [Cléry & Allain, unpublished
data] (Figure 1.5).

b

1.2.5

a b

hnRNP F and the quasi-RRM

hnRNP F belongs to the hnRNP F/H/H’/2H9 (or simply hnRNP F/H)
family of proteins involved in several postrascriptional gene regulation processes. HnRNP F is involved in the regulation of alternative splicing of
several pre-mRNAs such as the HIV-1 tat [65] and Bcl-x [66]. Alternative
5’ splice-site utilization in Bcl-x pre-mRNA produces two isoforms termed
Bcl-xs and Bcl-xL whose relative ratios either promote or prevent apoptosis.
Binding of hnRNP F to a 30-nucleotide G-rich element (B2G) in the B2 element of exon 2 of Bcl-x pre-mRNA favors production of the proapopoptic
Bcl-xs regulator. hnRNP F is also involved in mRNA export as exempliﬁed
by the fact that hnRNP F binding to the HIV-1 p17gag instability sequence
(INS) element promotes the rev-dependent export of the unspliced HIV-1
transcripts [67]. Additionally, hnRNP F is a repressor of telomeric RNA [44].
Interestingly, hnRNP F/H has a peculiar distribution in the cell. In contrast to the general nucleoplasmic distribution of hnRNP proteins, hnRNP
F/H are concentrated in discrete regions of the nucleoplasm in addition to
diﬀuse cytoplasmic and nucleoplasmic localization [66,68]. It is however not
certain whether these discrete regions represent sites of mRNA processing
or transcription.
The mechanistic eﬀects of hnRNP F are due to direct binding to poly(rG)
sequences [66, 67]. However, only three consecutive guanines termed Gtracts are speciﬁcally recognized [69]. hnRNP F consists of three RRMs
(Figure 1.0) that exhibit the canonical 1 1 2 3 2 4 topology. However,
qRRM1 and qRRM2 each contain an auxiliary C-terminal -helix ( 3). The
three RRMs of the hnRNP F/H family are classiﬁed as quasi-RRMs (qRRMs) because the RNP1 and RNP2 sequences located on the two central
-strands are not conserved (Figure 1.2). As a result, the RNA is bound by
the highly conserved loops (loop 1, loop 3 and loop 5) without involvement of
the canonical sheet surface (Figure 1.6). The consensus signature sequence
for the qRRMs is [RK]-G-[ILVA]-P-[FYWH] for loop 1 and X-R-Y-[ILVA]-E[ILVA]-F for loop 5, where X is any amino acid residue (Figure 1.6) [69]. In
addition, hnRNP F contains two glycine-rich (Gly-rich) auxiliary domains
(Figure 1.0). These Gly-rich domains are the glycine-tyrosine-arginine-rich
(GYR) region that is located between qRRM2 and qRRM3 and the glycinetyrosine-rich (GY) region that is located at the C-terminus [70]. The GYR
domain is important for the nuclear-cytoplasmic shuttling of the protein,
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while both Gly-rich domains are implicated in protein-protein interactions.
The solution NMR structures of the three qRRMs of hnRNP F are available in the free form [71] and in complex with AGGGAU G-tract RNA [69].
All the three qRRMs bind ssRNA in the same manner, which is an unusual
scenario for hnRNPs containing multiple RRMs. ssDNA is not recognized by
hnRNP F and the reason is unclear. It has been shown that each individual
qRRM is capable to bind RNA and regulate splicing thus eﬀectively mimicking the function of hnRNP F [69]. However, qRRM2 shows slightly lower
splicing activity because it has ∼10-fold less aﬃnity for RNA compared to
qRRM1 and qRRM3. The aﬃnities for qRRM-AGGGAU complex formation are 0.4, 0.4 and 4.6 M for qRRM1, qRRM3 and qRRM2 respectively
(measured at 303 K temperature in the presence of 20 mM NaH2 PO4 , 50
mM NaCl, pH 7.0) [69]. However, it should be mentioned that the aﬃnities
are only approximate because under the given conditions the RNA forms a
stable G-quadruplex whose dissociation is not signiﬁcantly coupled to complex formation (see later).

µ

The quasi-RRM binding mode is illustrated in Figure 1.6 by the complexes formed between qRRM3 and qRRM1 with 5’-A1 G2 G3 G4 A5 U6 -3’ RNA.
The RNA is arranged in a compact conformation resembling an arch with
a ’molecular cage’ formed between the qRRM and the three central guanines [69]. Interestingly, the arch adopted by the RNA in the qRRM-ssRNA
complexes is curved inwards towards the protein while the ssRNA in the
SRSF1 pesudo-RRM-ssRNA complex is curved outwards away from the protein. Several stacking interactions are made between residues located mainly
in the loops and the RNA bases. An aromatic residue in loop 1 (Trp 20 in
qRRM1 and Tyr 298 in qRRM3) is sandwiched between the bases of Ade 1
and Gua 2. An arginine residue in loop 3 (Arg 52 in qRRM1 and Arg 326
in qRRM3) stacks with Ade 1. In loop 5, an aromatic residue (Tyr 82 in
qRRM1 and Tyr 356 in qRRM3) stacks with Ade 5. Additionally, an arginine residue (Arg 75 in qRRM1 and Arg 349 in qRRM3) also interacts with
Ade 5. Another arginine residue (Arg 16 in qRRM1 and Arg 294 in qRRM3)
stacks with Gua 4. In 4, an aromatic residue (Phe 84 in qRRM1 and Phe
360 in qRRM3) is also shown to interact with Ura 6 via van der Waals interactions. Sequence speciﬁcity is achieved through formation of hydrogen
bonds between RNA bases and the main chain and side chain residues of
the RRM. In all qRRM-ssRNA complexes an aromatic (Tyr 82 in qRRM1
and Tyr 356 in qRRM3) and positively charged residue (Arg 81 in qRRM1
and Arg 355 in qRRM3) in loop 5 forms hydrogen bond contacts to Gua 3.
In loop 1, the main chains of Leu 18 in qRRM1 and Leu 296 in qRRM3 also
form hydrogen bond contacts to Gua 2. Gua 4 is in syn orientation which
causes its base to be positioned above the sugar of Gua 3. Gua 4 also forms
an intramolecular hydrogen bond with Gua 2. There are also two hydrogen
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bonds not formed in all of the qRRM-ssRNA complexes. The contacts are
formed between the backbone amide of Tyr 298 in 1 of qRRM3 with the
carboxyl of Gua 2, as well as between a glutamate residue in 4 (Glu 84 in
qRRM1 and Glu 182 in qRRM2) with Gua 3. It is interesting to note that
the interface between the qRRMs and ssRNA contains a larger than average numbers of positively charged (arginine) residues, thus it is highly polar.

b

Loop 1

Loop 3

b

Loop 5

[RK]-G-[ILVA]-P-[FYWH] - X(20-40) - [RK] - X(15-30) -

[RK] - X(5) -R-Y-[ILVA]-E-[ILVA]-F

qRRM1-AGGGAU

qRRM3-AGGGAU

Figure 1.6: qRRM1 and qRRM3 of hnRNP F in complex with ssRNA.
Cartoon representation of qRRM1 and qRRM3 in complex with 5’-AGGGAU-3’
RNA. The qRRMs and ssRNA are colored in gray and yellow respectively. The
auxiliary C-terminal α-helix (α3) is shown in red. The ﬁgure was prepared using
PYMOL. The insert shows the consensus sequence of the conserved loops of qRRMs.

1.2.6

Summary on the four considered RRM binding modes

The RRMs chosen for study exhibit four diﬀerent binding modes. RNA is
bound using diﬀerent structural surfaces of the RRM. hnRNP A1 RRM1
exhibits the canonical RNA binding mode. Precisely, a consecutive RNA
dinucleotide is involved in stacking interactions with conserved aromatics
located on the 1 and 3 strands. hTra2 1 RRM also binds the RNA in
a canonical manner using the same -sheet surface. However, the N- and
C-terminal segments are also involved in making sequence-speciﬁc contacts
to the RNA. Furthermore, the RNA nucleotides involved in stacking interactions with conserved aromatics of the hTra2 1 RRM are not consecutive.
The pseudo-RRM of SRSF1 and the qRRMs of hnRNP F lack conserved
aromatics on the two central -strands. Consequently, the pseudo-RRM of
SRSF1 binds RNA using a conserved sequence located on -helix 1. The
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qRRMs of hnRNP F bind RNA using conserved residues located on the
loops ( 1 / 1 , 2 / 3 and 2 / 4 loops).

b a b b

1.3

1.3.1

a b

ITC, DSC and semi-empirical heat capacity analyses as
complementary tools to understand thermodynamics of
biomolecular processes
Isothermal titration calorimetry (ITC)

adiabatic
shield

Differential power P (J s-1)

t1

t2
thermal baseline

thermal baseline

t2

q=

Injection
(ligand addition)

∫Pt ∂T
1

Time

Figure 1.7: Illustration of a isothermal titration calorimeter (left) and
its principle of operation (right). In thermal equilibrium, the thermal baseline
is observed. Addition of an aliquot of ligand to the macromolecule solution causes
heat release or absorption in the sample cell relative to the reference, if the ligand
and macromolecule interact. The additional heat change perturbs the thermal
equilibrium and causes a deﬂection in the diﬀerential electrical power signal P
required to maintain a small constant temperature diﬀerence between the sample
and reference cells. More or less feedback electrical power is supplied to the sample
cell to re-establish thermal equilibrium. The area under the titration peak (integral
from t1 to t2 ) corresponds to the total heat of the injection, q.

The principle of isothermal titration calorimetry (ITC) is based on direct measurement of the heat of interaction during the binding of a ligand to
macromolecule at constant temperature and pressure. The set-up of the ITC
instrument is illustrated in Figure 1.7. It consists of two cells maintained at
the same temperature in a quasi-adiabatic jacket. One of the cells contains
buﬀer (”reference cell”) and the other the macromolecule solution (”sample
cell”). The instrument has a computer-controlled precision syringe containing ligand (”titrant”), which continuously rotates to allow rapid mixing of
the reactants in the sample cell.
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During an ITC titration experiment the ligand is successively added in
speciﬁed aliquots at deﬁned time-intervals into the macromolecule solution
(”titrand”). The addition of ligand into the macromolecule solution is accompanied by heat absorption or release due to the binding reaction, if any.
The reaction heat is measured relative to the reference cell and expressed as
an electrical power P (J s−1 ) required to maintain a small constant temperature diﬀerence between the sample and reference cells [72]. Integration of
the diﬀerential power with respect to time gives the apparent heat change
qi,app betweeen injection i-1 and i:

D

∆qi,app = qi − qi−1

(1)

Dqi,app corresponds to the area of the ith peak (Figure 1.8).

However,

Dqi,app contains heats due to any buﬀer mismatches or heats of dilution
(Dqi,mis+dil ), and any other nonspeciﬁc contributions Dqi,ns . Subtraction

of the eﬀects that are not due to direct interaction between the ligand and
macromolecule is necessary (Equation 2). Standard controls include adding
the titrant into buﬀer and the buﬀer into the titrand. The apparent heat
change due to ligand-macromolecule binding between injection i − 1 and i
after correction for non-binding related phenomena is qi .

D

∆qi = ∆qi,app − ∆qi,mis+dil − ∆qi,ns

(2)

Dqi is proportional to the concentration of bound ligand [DL]i,b which

changes during the course of titration, the volume of sample cell Vo , and the
apparent molar enthalpy of association Hobs which is constant at a given
temperature and pressure, as expressed in Equation 3.

D

∆qi = [∆L]i,b · ∆Hobs · Vo = n · ∆Θ · [M ]tot · ∆Hobs · Vo

(3)

where n describes the number of ligand binding sites present on the
macromolecule,
is the fraction of bound ligand (
= [ L]i,b /n·[M]tot )
and [M]tot is the total concentration of macromolecule in the sample cell.

DJ

DJ D

The physical reactive volume of the sample cell is constant. However,
concentrations of the total macromolecule [M]tot (Equation 4) and ligand
[L]tot (Equation 5) change because addition of ligand displaces an equal
volume of the contents of the cell. These changes in concentration have to
be additionally accounted for by Equation 6.
}
{
dV i
Mtot,i = Mtot,0 · 1 −
Vo
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(4)

{
Ltot,i = Ltot,0 ·

}}
{
dV i
1− 1−
Vo

(5)

where dV is the volume of ligand added at each injection, Mtot,0 and
Ltot,0 are the total concentrations of macromolecule and ligand in the sample cell at the beginning of the experiment; and Mtot,i and Ltot,i are the
respective concentrations at injection number i.

DJ

After rewriting for
in Equation 3 in terms of the apparent binding
constant Kobs and total concentrations of the macromolecule and ligand
([M]tot and [L]tot ), n, Hobs and Kobs can be determined by nonlinear curve
ﬁtting from Equation 6.

D

∆q
∆[L]tot




Ltot
1
1
1 − n·[M
]tot − n·Mtot ·Kobs
√{
= Vo ·∆Hobs ·
+
}2

2

Ltot
1

2·
+
+
1
−4·
n·[M ]tot
n·[M ]tot ·Kobs





Ltot
n·[M ]tot





(6)

The typical sigmoidal curve shown in Figure 1.8B is obtained from Equation 6 by plotting the heat accumulated up to injection i, normalized per mol
of total ligand concentration at injection i, against the total concentration
of ligand added. Commonly, the normalized data is also plotted against the
molar ratio of total ligand concentration added to the total macromolecule
concentration. Alternatively, the ITC data can
∑ibe represented by plotting
the cumulative heat Q up to injection i (Q = i=1 ∆q) as function of total
ligand concentration (Figure 1.8C) according to:
{

1 + n · [M ]tot · Kobs + [L]tot · Kobs
2Kobs
√

2 
(1 + n · [M ]tot · Kobs + [L]tot · Kobs )2 − 4 · n · [Mtot · [L]tot · Kobs
Q = Vo · ∆Hobs

−

2Kobs



(7)

The shape of the binding isotherm depends on the binding constant Kobs
and the concentration of the macromolecule in the sample cell. The shape of
the isotherm determines how eﬀectively the obtained titration data can be
ﬁt, and therefore the accuracy with which the thermodynamic parameters
can be obtained. A so-called ”c-value” has been deﬁned such that: c-value =
[M]tot · Kobs , which deﬁnes the ranges in which thermodynamic parameters
17



Figure 1.8: An example of ITC titration data determined at 30 . (A)
Diﬀerential electrical power P recorded during the successive addition of ligand into
macromolecule plotted as function of time. After integration of P with respect to
time, normalization per mol of ligand and correction for nonspeciﬁc eﬀects, ΔHobs ,
Kobs and n can be obtained from nonlinear curve ﬁtting. (B) The normalized
data plotted in the diﬀerential mode characterized by the typical sigmoidal curve.
The cumulative heat change up to injection i is normalized per mol of total ligand
concentration at injection i, and plotted against the molar ratio of total ligand
concentration at point i to the total macromolecule concentration. (C) The same
data in (B) plotted in the cumulative mode characterized by a hyperbolic saturation
curve. The total cumulative heat is plotted against the total ligand concentration.
Solid lines in curves (B) and (C) give ΔHobs = 436 kJ mol−1 , Kobs = 3.1 x 106 M−1
and n = 1.0. This ﬁgure was adapted from the review by Jelesarov & Bosshard [72].
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can be accurately obtained from nonlinear regression. For c-values in the
range from 10 – 200, Kobs , n, and Hobs are determined with high accuracy.
For c-values above 500, the curve is too steep, and the points too few for
eﬃcient curve ﬁtting. In this situation, only Hobs can be determined accurately. The limit of Kobs values that can be determined by ITC is in the
range of 109 M−1 . In the case of c-values below 1, the curves are featureless
because the amount of complex formed varies slightly (and similarly Hobs )
between injections. Therefore, regression analysis disallows the simultaneous determination of Kobs , n or Hobs . However, Kobs can be determined
accurately for low c-values of up to 10−4 provided that n is ﬁxed and a great
excess of the ligand is titrated into the macromolecule to ensure at least ∼
93% complexation [73]. The least squares estimates of Kobs are independent
of the errors in n at low c-values. The molar enthalpy change can then be
obtained from the temperature-dependence of Kobs by van’t Hoﬀ analysis
( HvH
HvH
obs ). Comparison between the determined van’t Hoﬀ enthalpy
obs
and the original calorimetric enthalpy Hobs provides an estimate for n.

D

D

D

D

D

D

D

D

From the directly obtained thermodynamic parameters ( Hobs and Kobs ),
the free energy of association ( Gobs ) can be calculated from:

D

∆Gobs = −R · T · ln Kobs

D

(8)

The molar entropy of association (–T Sobs ) can similarly be determined
from Hobs and the previously determined Gobs :

D

D

−T ∆Sobs = ∆Gobs − ∆Hobs

(9)

If ITC experiments are conducted at diﬀerent temperatures, the heat
capacity of association Cp,obs can be determined from the slope of Hobs
as function of temperature according to:

D

D

d∆Hobs
(10)
dT
To dissect the various contributions to Cp,obs by means of semi-empirical
relations, one needs to consider that the ITC-dependent procedure in determining Cp,obs assumes that the individual heat capacities (Cp ) of the free
binding components and complex are independent of temperature within
the range of the ITC experiments. This is not always the case. In cases
where complex formation proceeds with signiﬁcant refolding of the binding
components such as in protein-dsDNA binding [74, 75], or changes in thermal ﬂuctuations/dynamics, these temperature-dependent equilibria have to
be substracted from Cp,obs to give a corrected heat capacity ( Cp,corr ).
Thus, it is necessary to complement enthalpy data obtained from ITC experiments with direct heat capacity data obtained from diﬀerential scanning
∆Cp,obs =

D

D

D

D
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calorimetry (DSC) studies.
Informational content of ITC experiments
From a single ITC experiment, one obtains all the thermodynamic parameters characterizing the association process, that is, n, Hobs , Sobs
and Gobs are all accessed. In this way the ITC has a strong advantage
over the van’t Hoﬀ approach in which the respective molar enthalpy change
HvH
CvH
obs and heat capacity changes
p,obs can be determined by nonlinear
regression as ﬁtting parameters from the integrated form of the van’t Hoﬀ
equation:

D

D

D

D

D

[
(
)
)]
vH (
∆Cp,obs
∆Hobs (TR ) 1
1
T
TR
Kobs (T )
= exp −
−
+
ln
+
−1
Kobs (TR )
R
T
TR
R
TR
T
(11)

where T is temperature and TR is the reference temperature at which
the association constant Kobs (TR ) is measured, Kobs (T ) is the association
constant at temperature T , and R is the universal gas constant. In the van’t
Hoﬀ approach, Kobs (T )/Kobs (TR ) (or more commonly ln Kobs (T )/Kobs (TR ))
is plotted against 1/T to give a curvillinear plot with a maximum at temvH
perature TH where HvH
obs = 0. From this plot, Cp,obs can alternatively be
determined by ﬁrst taking the slopes of the tangents at any 1/T (tangent
= - HvH
HvH
CvH
obs (T )/R) and then plotting
obs (T ) against T to obtain
p,obs
according to Equation 10. If one can obtain Kobs data with suﬃciently high
precision, HvH
obs (T ) can be determined from plotting ln Kobs against 1/T
according to:

D

D

D

D

D

vH (T )
∆Hobs
∂ ln Kobs (T )
=
∂T
RT 2

(12)

vH
DCvH
p,obs and DSobs can also be obtained according to Equations 13 and
14 respectively as derivatives of the free energy change of binding DGobs

with temperature:

vH
∆Cp,obs
= −T

vH
∆Sobs
=

∂ 2 ∆Gobs
∂T 2

∂∆Gobs
∂T
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(13)
(14)

There are signiﬁcant problems in the determination of thermodynamic
parameters by the van’t Hoﬀ approach, beyond the estimation of Kobs and
Gobs . Due to reasons such as the temperature-dependent conformational
transitions experienced by the reacting partners, it is not possible to obtain
data across a broad temperature range required to accurately determine
the curvature of the plot according to Equation 11. Another reason is the
possibility that TH is beyond the experimentally accessible region. This is
true in protein-ssRNA interactions (see later). All this leads to inaccuracies
in the determination of HvH
CvH
obs (T ) and
p,obs . Also, because the experimentally obtained Kobs (T ) data is not precise, showing a spread of 10–15%
about the statistical mean, this leads to large errors in the determination
of HvH
CvH
obs (T ) by Equation 12 and consequently
p,obs . The errors become
more drastic if one attempts to obtain the heat capacity changes and molar
entropy changes as derivatives of free energy with temperature according to
Equations 13 and 14.

D

D

D

D

D

It should be emphasized that the thermodynamic parameters obtained
from ITC experiments are global quantities. They represent all the various processes occurring in the calorimetric cell. Therefore in most cases
it is diﬃcult to interpret the contributions to Hobs and –T Sobs directly.
In the strict sense, the major contribution to Hobs is the net change in
the distribution of intermolecular contacts between the free binding components, solvent and the complex. Complex formation generally involves
loss of protein-solvent hydrogen bonds and van der Waal’s contacts with
the consequent formation of protein-ligand hydrogen bonds, van der Waal’s
contacts, ion pairs or salt bridges and changes in solvent-solvent interactions
at the surfaces of the binding components [76]. The contribution of the solvent is often neglected especially where the analysis of mutagenesis data is
concerned. It has been shown that redistribution of the solvent dominates
Hobs in some cases [76–78]. The release of water from the binding interface
upon complex formation has also been shown to be enthalpically unfavorable particularly in the case of protein binding to DNA minor grooves [79].
Protonation eﬀects may also be involved [72, 76, 80].

D
D

D

D

D

The entropy change Sobs upon complex formation is the most diﬃcult
parameter to interpret. The various contributions to Sobs can be summarized as:

D

∆Sobs = ∆SHE − ∆SP E + ∆Srt + ∆Sconf + ∆Sother
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(15)

D

D

where SHE is the hydrophobic eﬀect, SP E is the polyelectrolyte effect, Srt is the rotational/translation entropy, Sconf is the conﬁgurational
entropy and Sother is the contribution of any other entropic eﬀects, such
as changes in vibrations. The hydrophobic eﬀect involves changes in the extent of hydration of the binding interface. Normally, this eﬀect is accounted
for by analyzing the heat capacity change of binding using semi-empirical
calculations that relate the magnitude of the heat capacity change with the
type and size of surface area buried at the binding interface. The polyelectrolyte eﬀect involves the entropy associated with the net release or uptake
of ions upon association. This eﬀect plays a major role in the formation of
protein-DNA complexes [81]. It is normally determined by measuring the
dependence of the binding constant Kobs as function of cation concentration.
The rotational/translational entropy takes into account the reduced degrees
of motional freedom of the binding components upon forming the complex.
This entropic contribution is usually approximated by the cratic entropy [82]
or other statistical formulations [83]. Recently, analyses of order parameters
obtained from NMR spin relaxation experiments are making strides in the
evaluation of the conﬁgurational entropy [84–86].

D

1.3.2

D

D

Differential Scanning Calorimetry (DSC)

The DSC directly measures the temperature-dependence of the partial heat
capacity of solutes/biomolecules thereby revealing temperature-dependent
conformational equilibria and dynamic changes. The operation of the DSC
instrument has been reviewed in detail [72, 87, 88]. The instrument consists
of two cells corresponding to the sample cell containing the solute solution
(e.g. protein dissolved in buﬀer) and an ”identical” reference cell containing
an equal volume of solvent (buﬀer) (Figure 1.9). The two cells are kept at
constant high pressure (up to 2 atm) in a quasi-adiabatic jacket. The high
pressure allows scanning to temperatures up to 120
without boiling or
formation of gas bubbles. During the course of a DSC experiment, the two
cells are heated (or cooled) at a constant rate, typically 0.5 – 1.5 K min−1 .
Diﬀerences in heat capacities between the solute solution and solvent leads
to diﬀerences in heat uptake or release during temperature-scanning. As a
result, a feedback electrical power P (in J s−1 ) is supplied to the sample cell
to zero the temperature diﬀerence between the sample and reference cells.
The feedback electrical power P , after normalization by the scan rate (in K
s−1 ) is a direct measure of the diﬀerence in heat capacity between the solute
solv (Csol−solv ) [72, 88]:
solution Csol
p
p and solvent Cp



Cpsol−solv = Cpsol − Cpsolv + δCp
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(16)

Figure 1.9: Illustration of the differential scanning calorimeter (DSC).
The DSC directly measures the heat capacity of the solute (biomolecule) in the
sample cell (S) relative to the solvent (buﬀer) in the reference cell (R). It has an
outer jacket which serves as an adiabatic shield, and a manostat (P) to pressurize
the sample and reference cells. The instrument operates in diﬀerential mode. The
two cells are heated up at the same rate by the main heaters. Diﬀerential heat
uptake (or release) as a result of the diﬀering heat capacities of the solute and solvent
is compensated by an electrical power via the feedback heaters. The electrical power
signal oﬀsets to almost zero any temperature diﬀerence between the sample and
reference cells (ΔT1 ). The jacket heater maintains the thermal shield at the same
temperature as the two cells by keeping ΔT2 at zero. The ﬁgure was adapted from
Cooper, Nutley and Wadood (2000).
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d

where Cp represents instrumental ”noise” due to the fact that the reference and sample cells cannot be manufactured identically and any small
diﬀerences in the volumes ﬁlled in the reference and sample cells. Cp is determined by conducting blank experiments with solvent in both the sample
and reference cells. The results of the blank experiment are then subtracted
to give:

d

Cpsol−solv = Cpsol − Cpsolv

(17)

The Csol−solv
proﬁle of a hypothetical globular protein is shown in Figp
ure 1.10A. The result of the blank experiment with solvent (buﬀer) in both
cells is overlayed. During unfolding of a protein, extensive heat is absorbed
to break non-covalent bonds and the enthalpic ﬂuctuations are large. So the
heat capacity of the protein may be larger than that of solvent during the
melting phase. In general, the heat capacity of the protein obtained across
a broad temperature range as function of temperature (thermogram) can
be split into three stages (Figure 1.10B), if the melting transition is cooperative and reversible. The ﬁrst is the pre-transitional region in which the
native state is populated (T1 to T2 ). The second is the transition phase (T2
to T3 ) where the native and denatured states are populated in comparable
concentrations with a melting temperature of Tm . The last is the denatured
state observed at temperatures above T3 .



A commonly determined parameter from DSC data is the partial speciﬁc
heat capacity of the solute (Csp,sol
in J K−1 g−1 ) which is related to the heat
p
capacity of the solute according to the following expression:
Cpsol = Cpsp,sol · msol

(18)

where msol is the mass of the solute/biomolecule (in g). Rearranging
Equation 17:
Cpsol−solv = Cpsp,sol · msol − Cpsp,solv · ∆msolv

(19)

where Csp,solv
(J K−1 g−1 ) is the partial speciﬁc heat capacity of the
p
solvent and ∆msolv is the mass of solvent displaced by the solute in solution
(g). Therefore, to determine Csp,sol
, the contribution of the solvent needs to
p
be subtracted. ∆msolv can be accessed from [88]:
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A

B

Tm

T3
T2
T1

Figure 1.10: An example of direct measurement of excess heat capacity
by DSC. (A) The excess heat capacity of solute (protein) relative to solvent
(buﬀer) (Csol−solv
) plotted as function of temperature. Overlayed in the ﬁgure
p
is the results of the blank experiment determined with solvent (buﬀer–buﬀer) in
both the reference and sample cells. The heat capacity of biomolecules in their
native or denatured states is always lower than that of solvent because of the
extensive hydrogen-bonding network of water. The reason is that when heating
up water, the heat supplied is used to break hydrogen bonds rather than increase
the temperature in the form of kinetic energy. (B) Partial molar heat capacity of
the solute Cmol,sol
plotted as function of temperature. The plot was determined
p
according to Equation 22 after subtraction of the blank experiment. Three regions
are marked corresponding to the pre-transitional phase in which the molecules
populate the native state (temperature range T1 to T2 ), the transition phase which
is characterized by excess heat absorption to induce protein unfolding (temperature
range T2 to T3 ), and the region in which only the denatured conformational state
is signiﬁcantly populated (> T3 ).
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∆msolv = msol ·

V̄sol
V̄solv

(20)

where V̄sol and V̄solv are the partial speciﬁc volumes of the solute and
solvent respectively. The partial speciﬁc volume of the solvent for aqueous
solutions is approximated by that of water which is known. The partial
speciﬁc volume of the solute (protein) can be calculated from the sequence by
summing up the heat capacity of the amino acid residues and contribution of
peptide bonds using additivity schemes [72,89,90]. Combining Equations 19
and 20 the partial speciﬁc heat capacity of the solute can be obtained:
Cpsp,sol

=

Cpsp,solv

Cpsol−solv
V̄sol
−
·
msol
V̄solv

(21)

However, the most appropriate quantity to determine is the partial molar
heat capacity of the solute Cmol,sol
(Figure 1.10B) which is obtained from
p
the partial speciﬁc heat capacity by multiplying by the molecular weight
Mw (g mol−1 ):
{
Cpmol,sol

=

Cpsp,sol

· Mw =

Cpsp,solv

Cpsol−solv
V̄sol
−
·
msol
V̄solv

}
· Mw

(22)

Information content of DSC experiments
The area under the curve of the partial molar heat capacity as function
of temperature (Figure 1.10B; from T2 to T3 ) gives the change in enthalpy
associated with the process of denaturation ( HD ).
HD is model independent and is an absolute measurement of the heat released or taken up
during the transition. The van’t Hoﬀ enthalpy change ( HvH
D ) can also be
determined by assuming an ideal two-state equilibrium between only the
native and denatured states to calculate the association constant Kobs and
then determining HvH
HvH
D according to Equation 12 [72].
D depends on
the shape of the transition curve and in this way is related to the cooperativity of the unfolding reaction. The higher the cooperativity of the reaction,
the sharper the transition curve, and the larger the magnitude of HvH
D .
vH
If HD and HD are equivalent, the cooperative unfolding transition is
indeed two-state. If HvH
HD , this indicates the signiﬁcant population
D >
of intermediate states or the fact that the cooperative folding unit is not
deﬁned the same way in the calorimetric and van’t Hoﬀ analyses [72]. If

D

D

D

D

D

D

D

D

D

D
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DHvH
D < DHD , this suggests that the unfolding transition is irreversible or

proceeds by aggregation of the biomolecules. Additionally, this may indicate
that some protein is incorrectly folded.
From the thermal denaturation curve (thermogram) showing variation
of the partial heat capacity of the solute as function of temperature, one
can access the temperature-dependent conformational states that are populated within the entire temperature range. From rigorous statical mechanics,
the proﬁle of Cmol,sol
(T ) can be deconvoluted to access information on the
p
number of states and the thermodynamic properties of those states [88]:
mol,sol
Cpmol,sol = Cp,0
+

N
∑

∂Pi ∑
mol,sol
+
Pi · ∆Cp,i
∂T
N

∆Hi ·

(23)

i=1

i=1

where Cmol,sol
is the partial molar heat capacity of the reference (nap,0
tive) state, Hi is the relative enthalpy of state i ( Hi = Hi - H0 ), Pi is
the population of conformational state i and Cmol,sol
is the relative partial
p,0
molar heat capacity of state i. Previous studies have mainly focused on the
temperature-dependence of the partial speciﬁc heat capacity Csp,sol
p,0 . The

D

D

D

data shows that the absolute value of Csp,sol
for well-packed globular prop,0
−1
−1
teins at 25 is in the range 1.2–2.3 J K g and increases linearly with
temperature with a slope of (6–8) x 10−3 J K−2 g−1 [72, 87, 91]. Proteins
with a slope higher than average are intrinsically ﬂexible/dynamic. Protein
denaturation proceeds with increase in heat capacity relative to the native
state as a result of the positive heat capacity required to hydrate exposed
polar groups. For globular proteins the heat capacity increment is similar
and amounts to 0.3–0.7 J K−1 g−1 [72].



The analysis of the pre-transitional phase of a DSC thermogram provides information on the temperature-dependence of the absolute partial
heat capacity of the solute/biomolecule [72]. Extensive analysis of the
slopes of Cmol,sol
as function of temperature within the pre-transition rep
gion for the free binding partners and complex allows for the determination of changes in thermal ﬂuctuations that occur upon complex formation
( Cp,f luct ). Cp,f luct can be determined as the normalized diﬀerence between
the heat capacity of complex, CC
p , and the summed heat capacities of the
free protein, CPp and free ligand, CN
p , calculated according to:

d

d

δCp,f luct = CpC − (CpP + CpN )
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(24)

The redistribution of thermal motions experienced upon complex formation contributes to the molar enthalpy Hobs obtained from ITC experiments conducted at diﬀerent temperatures. Therefore, to quantitatively account for the eﬀect of non-parallel temperature–dependencies of the
heat capacities of the associated and dissociated states (non-zero Cp,f luct )
on Cp,obs , a correction term, λ(T ), can be calculated by integrating the
Cp,f luct function:

D

d

d

D

∫

∫

T

λ(T ) =

T

δCp,f luct dT =
Tref

[CpC − (CpP + CpN )] dT

(25)

Tref

As a result, to ”correct” for the contribution of net thermal motions
(as well as of any other molecular process leading to non-zero Cp,obs ) the
value of (T) at the corresponding temperature is subtracted from Hobs
obtained by ITC according to Equation 26 to give the ”corrected” enthalpy
of association Hcorr :

D

l

D

D

∆Hcorr = ∆Hobs − λ(T )

(26)

It should be stressed that this ”correction” procedure yields enthalpy values whose magnitudes are physically meaningless because the reference temperature for integration of Cp,f luct is arbitrarily chosen since it is generally
unknown at which temperature Cp,f luct = 0. From the slope of Hcorr with
temperature, the apparent heat capacity change ”corrected” for changes in
thermal ﬂuctuations ( Cp,corr ) upon association can be determined:

d

d

D

D

∆Cp,corr =

d∆Hcorr
dT

(27)

D

Therefore, Cp,corr is expected to better correlate with heat capacities
calculated from the type and size of surface area buried upon complex formation (using semi-empirical models) than Cp,obs .

D

1.3.3

Semi-empirical heat capacity analyses

D

The major contribution to the observed heat capacity change ( Cp,obs ) upon
protein unfolding or protein-ligand binding is the release of bound water
from the binding interface into the bulk. Consequently, the magnitude of
Cp,obs correlates with the size and type of solvent accessible surface area
buried upon complex formation (Figure 1.11). Surface areas are commonly

D
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Figure 1.11: Solvent accessible surface area. (A) Schematic representation
of the solvent accessible surface area (ASA). The solvent accessible surface area is
the path traced by the center of a probe with the radius equivalent to that of a water
molecule as it rolls on the surface of a biomolecule (in this case, the complex). ASA
can be considered as an expanded van der Waal’s surface. The volume enclosed by
the accessible surface is referred to as the solvent-occluded volume (B). The ASA
of the free binding components. The ASA of the free binding components (molecule
1 and molecule 2) is calculated in the same manner as in the complex. The area
buried upon complex formation is shaded in gray. The change in solvent accessible
surface area ΔASA is the surface area of the complex in A minus the sum of the
ASA of the free molecules in B. This ﬁgure was sourced from Baker et al [76].
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classiﬁed as either nonpolar (hydrophobic groups) and polar (hydrophilic
groups) [76,92–94] or as aliphatic, aromatic and polar [90]. From these classiﬁcations, semi-empirical models have been derived from which the expected
heat capacity Cxp,ASA can be calculated. The semi-empirical models are
based on the transfer of hydrocarbons and organic amides from aqueous to
pure liquid phases [92], the dissolution cyclic dipeptides from the crystalline
phase into water [93], partitioning of model compounds into the aqueous
phase excluding changes in translational motions [90] or the use of m values
derived from urea and guanidine hydrochloride-induced protein unfolding
experiments [94].

D

Spolar et al [92]:
x
∆Cp,ASA
= 0.32 ± 0.04 · ∆ASAnp − 0.14 ± 0.04 · ∆ASApol

(28)

Murphy & Freire [93]:
x
∆Cp,ASA
= 0.45 ± 0.02 · ∆ASAnp − 0.26 ± 0.03 · ∆ASApol

(29)

Myers et al [94]:
x
∆Cp,ASA
= 0.28 ± 0.02 · ∆ASAnp − 0.09 ± 0.30 · ∆ASApol

(30)

Makhatadze & Privalov [90]:
x
∆Cp,ASA
= 0.51 · ∆ASAali − 0.30 · ∆ASApol + 0.37 · ∆ASAaro

D

D
D

D
D

(31)

where Cxp,ASA is either Cbp,ASA or Cfp,ASA accordingly [in cal K−1
mol−1 ]; ASAnp , ASAali , ASAaro and ASApol are the changes in apolar, aliphatic, aromatic and polar water-accessible surface areas (ASA) respectively (Å2 ). The change in each type of surface is determined as in
Figure 1.11.
Cbp,ASA , is the expected heat capacity calculated from the
bound conformations of the interacting partners. Therefore, in the calculation of Cbp,ASA , the structures of the ”free” binding components assume

D

D

D

D
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D

rigid-body interaction. Cfp,ASA is determined from the free structures of
the binding components solved in their free unbound form by either NMR
spectroscopy or X-ray crystallography. The structures of free single-stranded
nucleic acids and unfolded proteins or peptides can be approximated by computer modeling. In contrast to Cbp,ASA , Cfp,ASA considers conformational
transitions experienced by the binding components upon complex formation.

D

D

ASA is determined per atom and summed over all atoms contained in
a molecule. According to the Lee & Richards method [95], ASA is the
atomic accessible surface around the van der Waal’s surface of a macromolecule traced by the center of a probe which has the radius equivalent to
that of a water molecule (∼ 1.4 Å). Common software for the determination of ASA that are based on the Lee & Richards algorithm are NACCESS
(http://www.bioinf.manchester.ac.uk/naccess/) and ACCESS (http://www.
csb.yale.edu/. . ./access/). In these implementations all carbon, nitrogen and
phosphate atoms are considered as polar and vice versa. Simple scripts can
be written to split the non-polar ASA into the aliphatic and aromatic surface areas. This is achieved by simply subtracting the aromatic ASA from
the total nonpolar ASA. The aromatic category can be deﬁned to contain all
carbon atoms that are structurally part of the purine and pyrimidine rings
of nucleic acid bases, as well as the rings of protein aromatic residues. The
change is water accessible surface area ASA is the ASA of the complex
(ASAcomplex ) minus the summed ASA valuates of the free binding partners
(ASAligand and ASAmacromolecule ):

D

∆ASA = ASAcomplex − (ASAmacromolecule + ASAligand )

(32)

However, the application of semi-empirical models correlating binding
heat capacity changes to surface burial implicitly assumes that the association process is not linked to signiﬁcant structural rearrangements or changes
in dynamics of the participating molecules. Both structural changes [76],
and redistribution of dynamic modes [21, 96, 97] are likely and have been
reported.

1.4

Thermodynamics of protein-DNA interactions

The energetics governing protein-DNA complex formation are much better characterized in contrast to protein-RNA binding. The reason could
be related to the resistance of the B-DNA to ribonuclease cleavage in contrast to RNA. From a structural basis, the association of DNA binding domains (DBDs) with (B-form) DNA is often accompanied by conformational
changes in the protein, DNA or both. A good example is the refolding of
31

HMG box DBDs upon binding to DNA minor grooves [98]. This interaction
also causes bending of the DNA. In fact, in most cases involving the recognition of minor grooves, the B-form DNA is bent or kinked in contrast to
recognition of the major groove in which changes in DNA conformation are
mostly subtle. To illustrate, recognition of the DNA major groove by the
MAT homeodomain proceeds without signiﬁcant DNA distortion despite
the formation of a binding-induced -helical structure in the homeodomain
itself [99]. Possible mechanisms causing bending or kinking of DNA have
been reviewed [79]. Bending may be driven by the entropy gained from ionrelease following the asymmetric neutralization of negative phosphate charge
by basic proteins. Kinking has been shown to be normally caused by protein
binding to the A+T-rich minor grooves which forces the DNA to bend away
from the protein in the direction of the major groove. Interestingly, it has
been recently argued that DNA bending may be energetically inexpensive
because the cost could be oﬀset by the large entropy gained from the release
of highly ordered (”ice-like”) waters lining the minor grooves of DNA; and
this would explain the large positive enthalpy change characterizing binding
to the minor grooves [79]. Further data remain necessary to validate this
claim.

a

a

Protein-DNA complex formation can be both driven by favorable changes
in enthalpy ( Hobs ) and entropy (-T Sobs ). Large variations of the changes
in enthalpy and entropy as function of temperature are ubiquitous in the
formation of sequence-speciﬁc complexes and these mostly compensate to
give a rather constant free energy of association, Gobs . In several cases
in protein-DNA binding, the large temperature-dependence of the changes
in enthalpy and entropy alters the thermodynamic driving force of the association reaction between enthalpy and entropy, that is, a reaction that
is driven by negative enthalpy at lower temperatures may be completely
driven by positive entropy at higher temperatures. To illustrate, in the
binding of Sox 5 HMG box to a 12 base-pair duplex, Hobs changes sign
at 17 , being positive (unfavorable) below and negative (favorable) above
that temperature [74]. In other circumstances, the sign of Hobs does not
change throughout the entire physiological temperature range. This is the
case in the tryptophan repressor–operator interaction [100] and the association of the ﬁrst three zinc ﬁngers of transcription factor TFIIIA with cognate
DNA [101].
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Because Hobs and T Sobs may change sign as function of temperature,
the energetics of association of DBDs and DNA can be subdivided into
two binding modes at a reference temperature of 20 . The ﬁrst binding
mode pertains to recognition of the DNA major groove. This process is almost always driven by negative enthalpy. The second binding mode involves
recognition of the DNA minor groove. This mode is fully driven by positive



32

entropy and always opposed by positive enthalpy [102]. In both cases, the
overall entropy change of binding is usually large and positive. This overall
entropy term can be further split into the electrostatic and non-electrostatic
components. The electrostatic entropy, which is due to ion-release, is always
large and positive in both binding to major and minor grooves. However,
the non-electrostatic entropy contribution is mostly large and positive in
binding to the minor groove, but small and negative in binding to the major
groove [79].
The formation of sequence-speciﬁc complexes is characterized by large
negative changes in the heat capacity of association Cp,obs [98,100,103,104].
In contrast, the formation of nonspeciﬁc protein-DNA complexes involves a
negligible and almost zero [100, 103] or positive [98] Cp,obs . The major
contribution to Cp,obs in protein-DNA binding are changes in hydration
in a manner similar to protein folding [76, 94, 104, 105]. Correlation between the observed Cp,obs and expected Cbp,ASA heat capacity deduced
from the type and size of buried surface area has been good in several
cases [76, 105–107]. However, discrepancies have also been observed in numerous cases [75, 100, 106, 108]. Cp,obs was generally larger than Cbp,ASA .
Several explanations were oﬀered. One such explanation involves the need
to take into account the local or global conformational changes experienced
by the binding partners upon association [76, 98, 106, 109]. In other cases, it
was necessary to consider the changes in thermal motions and dynamics in
the reaction partners and/or complex [100, 101, 108]. Furthermore, evidence
for the existence of buried waters at the binding interface due to incomplete
hydration [75,101,110] and/or proton-linkage eﬀects [111]. Consequently, in
an attempt to improve the correlation between the experimental Cp,obs and
the calculated Cbp,ASA , the occurrence of thermal ﬂuctuations and refolding of proteins upon complex formation has been corrected for in a small
number of studies [74, 75, 101]. This correction linearizes the variation of
Hobs as function of temperature in cases where refolding of the binding
components is coupled to binding, as well as altering the magnitude of the
slope. Only the magnitude of the slope is expected to be altered in cases
where only thermal ﬂuctuations are apparent but not coupled refolding of
binding components. The correction for refolding and thermal ﬂuctuation
in protein-DNA complexes resulted in corrected Cp,obs ( Cp,corr ) that are
smaller in magnitude (less negative) than the Cp,obs determined from ITC
experiments [74, 75]. This led to improved agreement between the experimental and expected heat capacities. In one case involving the interaction of
zf1-3 with its cognate DNA duplex, the magnitudes of Cp,corr are slightly
more negative than Cp,obs [101]. The discrepancy between the experimental and expected heat capacities could not be explained but theoretical
arguments for incomplete hydration were proposed.
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As far as the electrostatics are concerned, the binding of protein to DNA
minor and major grooves during the formation of both non-sequence speciﬁc
and sequence-speciﬁc complexes is predominantly driven by electrostatic
forces. The magnitude of the electrostatic component to the free energy of
association ( Gobs ) is of the order 60 – 70 % [81]. This has been explained
in terms of the cation-condensation theory developed by Manning [112]
and thermodynamically formalized by Record [113] which attributes electrostatic stability to the cratic entropy of mixing gained by bound cations
upon release into the bulk solution. From the same analysis, the number
of ionic contacts formed between positively charged side-chains and phosphate groups could be determined [81]. The number of contacts determined
from thermodynamic and structural data are in good agreement. An analysis of 11 protein–DNA complexes indicates that at least three ionic contacts
are formed, with an average number of ∼ six such contacts per complex [81].

D

1.5

Thermodynamics of protein-RNA interactions

Recognition of RNA hairpins
In contrast to protein-dsDNA complexes, current information on the
thermodynamics of protein-RNA complex formation is limited or not fully
comprehensive. Because most of the data available is based on the van’t
Hoﬀ approach which has serious drawbacks in contrast to direct calorimetric measurements, a distinction is made between thermodynamic parameters
determined from van’t Hoﬀ analysis (changes in enthalpy HvH
obs , entropy
vH ) from those determined by microcalorimeSvH
and
heat
capacity
C
obs
obs
try ( Hobs , Sobs and Cobs ). The discrepancies between van’t Hoﬀ and
calorimetric enthalpies are signiﬁcant and can be severe [72, 114]. Two temperatures are deﬁned at which the changes in enthalpy and entropy are zero,
corresponding to TH and TS respectively. Association between U1A RRM1
and a 26 nucleotide RNA hairpin is entropy driven below temperature TS
(292±2 K) and enthalpy-driven above temperature TH (283±5 K) [115].
Similarly U1A RRM1 binds to stem-loop RNAs with variable loop-lengths
by the same thermodynamic signature [116]. TS and TH are 288 and 284
K respectively. The tryptophan-dependent association of the TRAP (trp
RNA-binding Attenuation protein) hexamer to trp leader RNA hairpin is
entirely entropy driven (+ 30 kcal mol−1 ) and opposed by enthalpy (+ 15
kcal mol−1 ) at 310 K temperature [117]. Data at other temperatures are
not given. Formation of the C5 protein–M1 RNA complex is driven by both
favorable enthalpy and entropy changes at the same temperature ( HvH
obs =
−1
−1
vH
-11.3 kcal mol , T Sobs = + 2 kcal mol ) [118]. The R17 coat protein
binds a 21–mer hairpin RNA in a diﬀusion-controlled reaction to give HvH
obs
−1 respectively, measured at
and T SvH
obs estimates of -19 and -18 kcal mol
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275 K in 0.19 M salt [119]. The binding site is quite large and involves
recognition of the upper part of the stem, the 4 nucleotide stem-loop and a
bulged adenosine residue [120].
The most comprehensively studied system so far on protein-RNA hairpin interaction involves the binding of C2 H2 zinc ﬁnger proteins ZNF29 and
ZNF29G29R to predominantly the bulge region of RREIIBTR RNA [121].
Association is mediated by the -helical region of the zinc ﬁngers [122]. Binding of the ’mutant’ ZNF29G29R (which contains an extra positive charge
involved in ionic bonding) to the RNA hairpin is characterized by favorable changes in both enthalpy and entropy within 25 – 35 temperature
range [121]. However, association of ZNF29 with RNA is both enthalpy
and entropy driven below 27 , above which favorable changes in enthalpy
become the sole driving force. The observed heat capacity changes of association ( Cp,obs ) for ZNF29 and ZNF29G29R are -403 ±40 and -271 ± 34
cal K−1 mol−1 respectively. These Cp,obs values could not be accounted
for by standard semi-empirical predictions based on changes in accessible
surface area (e.g. Equation 28). Cp,obs was much larger (more negative)
than the expected values by between 280–420 and 120–310 cal K−1 mol−1
for ZNF29 and ZNF29G29R respectively. Consequently, semi-quantitative
explanations of the discrepancies in terms of the roles of hydrogen bonding
and solvent-water interactions according to the work of Cooper [123] were
suggested.
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In all cases where the overall free energy of association Gobs has been
partitioned into its non-electrostatic and electrostatic components, complex
formation is predominantly driven by non-electrostatic forces [118,119,121,
124, 125]. Electrostatic forces contribute between 20 [124] to 40% [121]
of Gobs . The contribution of the electrostatic force is explained by the
release of 1–3 cations from the bound phosphate groups into the solution [118, 119, 121, 124].

D

Recognition of unstructured single-stranded RNA
The recognition of single-stranded RNA (ssRNA) by proteins is almost
always favored by negative enthalpy and opposed by negative entropy in the
entire physiological temperature range. This thermodynamic binding signature is exempliﬁed by the interaction of the Sm-like protein Hfq from Escherichia coli to poly(A) [126] as well as by the interactions of various RRMs
with cognate ssRNA as in hnRNP F qRRMs [69], Tra2 1 RRM [10, 57],
SRSF2 RRM [127], CUG-BP1 [128] and tandem RRMs from U2AF65 , SXL,
TIA-1 and PABP [129]. However, each data set was collected at a single
temperature. To the author’s knowledge, there has been no direct measurement to date of Hobs as function of temperature during the binding of
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proteins or peptides to unstructured ssRNA. Consequently, understanding
of the associated heat capacity changes and their agreement with estimations from surface area models remains missing.
Nonetheless, from the study by McLaughlin et al [129], it is shown that
non-cognate RNA binding by SXL and PABP is characterized by less favorable (less negative) enthalpy and less unfavorable (less negative) to slightly
favorable entropy. Mutation of the conserved aromatics in the RNP1 and
RNP 2 sequences involved in stacking interactions shared a similar thermodynamic signature to noncognate RNA-binding [129]. However, the suggested dependence of the changes in Hobs and Sobs on formation of speciﬁc
RNA contacts remains inconclusive. It is the author’s understanding that
such structural thermodynamics should be conducted at the level of heat
capacity analysis because Hobs varies widely as function of temperature,
notwithstanding the occurrence of entropy-enthalpy compensation leading
to a rather constant Gobs . Besides, protonation eﬀects have rarely been
observed in the formation of protein-ssRNA complexes [129].The contribution of electrostatics as well as the energetic consequences of dynamics have
remained neglected and further studies are necessary.
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Lessons from the past: comparison of the thermodynamic signature of protein-RNA complex formation to protein-dsDNA association
Because there is more extensive data on protein-dsDNA complex formation compared to protein-RNA binding, it is necessary to compare the
two systems and reﬂect upon the similarities and diﬀerences. There are
more diﬀerences than similarities in the thermodynamic signatures of the
two systems. The ﬁrst obvious diﬀerences are the native conformational
states of the binding components. The B-DNA duplex is a rigid structure
compared to the unstructured RNA. The RNA hairpins contain a ﬂexible
loop region as well as the narrow and deep major groove (the minor groove
is broad and shallow) that is normally widened by the presence of bulges
and mismatches. DNA binding domains (DBDs) are in many cases partially unfolded in their native form and refold upon DNA-binding. On the
other hand, the RNA-binding domains (RRMs) are mostly fully folded in
their native state. However, signiﬁcant refolding is observed in arginine-rich
domains/peptides. Local protein folding upon binding may occur in both
DNA- and RNA- binding. Nonetheless, the energetics of protein binding to
DNA major grooves are highly similar to protein binding to RNA hairpins.
In both cases, binding is generally driven by favorable entropy and/or favorable enthalpy. There are characteristic temperatures at which a switch
in the thermodynamic driving forces occur. In both cases, binding is also
not mostly accompanied by signiﬁcant distortion of DNA/hairpin structure.
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Protein-ssRNA complex formation also bears some similarities with major
groove binding as far as negative enthalpy is the major driving force. However, there is no switch in the driving thermodynamic force in the case of
protein-ssRNA complex formation, at least as far as the small amount of
data available suggests.
The formation of both protein-RNA and protein-DNA complexes is characterized by large changes in enthalpy and entropy which compensate to give
a rather constant free energy of binding as function of temperature. As far
as the magnitudes of the heat capacity changes of binding are concerned,
these are highly variable in the formation of protein-DNA complexes alone.
In addition, there is paucity of comprehensive data on protein-RNA complexes. Therefore a conclusion cannot be reached on the signiﬁcance of the
heat capacity change of binding. However, the sizes of the interface areas of
protein-DNA complexes are similar to those of protein-duplex RNA while
those involved in binding ssRNA are generally smaller [130]. Changes in
thermal motions upon binding have been observed in some protein-DNA
systems [100, 108]. The binding components are more rigid in the complex
than in the free forms. There is no data on changes in thermal motions
for the formation of protein-RNA complexes. However, considering the unstructured nature of ssRNA or the ﬂexibility of the loop regions and bulges
of RNA hairpins, one can extrapolate that changes in thermal motions are
likely to play an important role in protein-RNA binding with signiﬁcant energetic consequences. Evidence of the importance of dynamics has already
been noted in structural studies and MD simulations.
One other theme of signiﬁcant interest involves the role of electrostatic
forces. Both dsDNA and RNA are highly charged polyelectrolytes. The
phosphates are also exposed to make ionic contacts. Similarly, the nucleicacid binding proteins which include the DNA binding domains, RNA recognition motifs and arginine-rich peptides are basic and highly charged. Therefore, similar magnitudes of the electrostatic contribution would be expected,
at least as far as the driving force is concerned. However, the electrostatic
contribution in the binding of ssRNA has so far not been determined. Despite that, the formation of protein-DNA complexes is predominantly electrostatically driven as opposed to the binding of proteins to RNA hairpins
which is predominantly driven by nonelectrostatic forces [81, 118, 119, 121,
124, 125]. This fact requires further elucidation. But one would suggest
that the diﬀerences in the electrostatic contributions could be explained by
either dynamics experienced by the nucleic acids or by diﬀerences in the
arrangements of the phosphate oxygens.
Interfacial waters are also an important determinant of the energetics
of complex formation. The determination of the number of waters that are
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part of the interface depends strongly on the resolution of the structures.
A previous study focusing on the properties of protein-RNA interfaces concentrated on structures with a resolution of less than 2.1 Å [130]. It was
shown that protein-RNA interfaces are highly hydrated with an average of
32 water molecules per interface (13 water molecules per 1000Å2 buried surface area (BSA)). For the high resolution structures, the number of waters
determined is 18 per 1000Å2 BSA. Thus protein-RNA interfaces are more
hydrated than protein-protein complexes with 10–11 water molecules per
1000Å2 BSA [131] and protein-DNA complexes [130, 132, 133].

1.6

Aims

This study seeks to investigate the energetic consequences of the various
RNA binding modes adopted by RNA recognition motifs (RRMs). To
achieve this, a comparative analysis of the thermodynamic RNA binding
signatures between diﬀerent types of RRMs and cognate RNAs is conducted.
However, because one type of RRM (qRRM) recognizes an RNA sequence
that spontaneously assembles into stable higher order secondary structures
termed G-quadruplexes, the eﬀect of G-quadruplex stability on the energetics and kinetics of qRRM-ssRNA formation is ﬁrst characterized. The
results of this comprehensive study have signiﬁcant implications on the understanding of: (1) the energetics of protein-ssRNA recognition, and (2) the
eﬀects of G-quadruplexes on protein-ssRNA complex formation.
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ABSTRACT
hnRNP F is an important protein involved in telomeres maintenance and
pre-mRNA processing, such as alternative splicing and polyadenylation. It
speciﬁcally recognizes RNAs containing three consecutive guanines termed
G-tracts that have the potential to assemble into G-quadruplexes. We
have proposed recently that hnRNP F could regulate alternative splicing
by remodeling RNA structures, such as G-quadruplexes. However, the exact mechanism of hnRNP F binding to such RNA sequences remains unknown. Here, we have studied the binding of the third RNA binding domain
of hnRNP F (qRRM3) to G-tract RNA using sensitive isothermal titration calorimetry, circular dichroism and nuclear magnetic resonance spectroscopy. Our results show that qRRM3 binds speciﬁcally only to single
stranded G-tracts (ssRNA), in contrast to previous claims stating that the
G-quadruplex was additionally recognized. Furthermore, we show that the
pre-existent ssRNA/G-quadruplex equilibrium slows down the formation of
the protein-ssRNA complex. However, using in vitro transcription assays,
we show that the rate of the protein-RNA complex formation is faster than
that of the G-quadruplex and propose a model in which hnRNP F could
bind RNA co-transcriptionally in order to prevent G-quadruplex formation.

KEYWORDS:
hnRNP F | G-quadruplex | G-tract RNA | telomeric RNA |
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INTRODUCTION
Repeats of at least three consecutive guanines, known as G-tracts, have
been shown to be over-represented in RNA molecules, especially near splice
sites [134, 135]. These G-tracts play an important role in pre-mRNA alternative splicing by buﬀering splicing activity against 5’ splice-site mutations [134]. G-tracts have also been shown to be involved in the regulation
of alternative splicing of several pre-mRNAs such as the thyroid hormone
receptor [136], chicken cardiac troponin T [137] and the -tropomyosin premRNAs [138, 139]. G-tracts are therefore well-characterized cis-acting elements that often lead to exon inclusion or exclusion when positioned in
the ﬂanking introns (ISE) or spliced exon (ESS) respectively. These Grich cis-acting elements are speciﬁcally recognized by the hnRNP F/H family of proteins that contain three quasi-RNA recognition motifs (qRRMs)
and two auxiliary domains located between qRRM2 and qRRM3 and at
the carboxyl-terminus [66] (Figure S1A). Quasi-RRMs diﬀer from canonical
RRMs by the lack of aromatics and basic residues in the conserved RNP1
and RNP2 sequences of RRM [23]. We have recently solved the structures
of each of the qRRMs of hnRNP F in complex with a G-tract containing
RNA 5’-AGGGAU-3’ by solution NMR spectroscopy (Figure S1B) and observed that loop residues of the qRRM bind the RNA in a single stranded
form (ssRNA), despite the fact that the free RNA adopts a tetramolecular
G-quadruplex fold [69]. However, detailed kinetic and thermodynamic analysis on this complex formation was not investigated.

b

Recent studies have highlighted the importance of RNA structures in the
regulation of alternative splicing (reviewed in [140]). The over-representation
of G-tracts in pre-mRNAs and their aptitude to participate in structure formation suggest that secondary structures, such as G-quadruplexes or stemloops, are likely to form in vivo. Accordingly, it has been shown that Gquadruplex formation plays signiﬁcant roles in many biological events such
as transcription regulation [141, 142], telomere biology [143], cancer biology [144], retroviral RNA dimerization [145] and mRNA processing [146,
147]. For example, it was shown that (UUAGGG)n repeat-containing telomeric RNA [43] can form G-quadruplexes in vivo [148–150] and that the RNA
is bound and regulated by several hnRNP proteins including hnRNP F that
represses telomeric RNA expression [44]. Furthermore, it has been shown
by computational studies that C- and G-runs are overrepresented upstream
and downstream of exons, at conserved relative positions, suggesting that
exon skipping may be achieved via a looping mechanism [151]. In addition,
numerous studies have provided in vitro evidence for the formation of Gquadruplexes under conditions mimicking the cellular environment [145,152].
G-quadruplexes consist of stacked planes of G-tetrads stabilized by hydrogen
bonds formed via the Hoogsteen faces of the guanine residues constituting
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a G-tetrad (Figures S2A and S2B). Coordination by a central metal cation
further stabilizes the structure. G-quadruplexes assemble in moderate salt
concentrations and the kinetic and thermodynamic properties have been
studied extensively in DNA molecules and in some RNAs [153–157]. The
association and dissociation processes are very slow, generally ranging from
minutes to several days at physiological temperatures [154]. Thus, as previously suggested on the basis of observed kinetic rate constants [145], a
role for G-quadruplexes in vivo could be kinetically rather than thermodynamically driven. However, the kinetic and thermodynamic consequences of
the slow rate of G-quadruplex unfolding upon formation of protein-ssRNA
complexes have never been fully investigated despite the numerous singlestranded RNA binding proteins shown to bind G-quadruplex forming sequences. In this context, hnRNP F is an interesting candidate because it has
been argued that it can directly interact with quadruplexes [158,159]. However, our previous structural studies provided evidence that hnRNP F binds
only ssRNA and sequester the guanines, and thus we speculated that consequently G-quadruplex formation could be prevented [69]. To understand
the thermodynamic and kinetic eﬀects of the stability of the G-quadruplex
on formation of the protein-ssRNA complex we have therefore studied the
interaction of hnRNP F qRRM3 with a G-tract RNA (AGGGAU) in vitro
in the presence and absence of G-quadruplexes, by a combination of microcalorimetry, Circular Dichroism (CD) and NMR spectroscopy. Our data
clearly indicate that the G-tract RNA exists in a temperature-dependent
manner as only two species, which correspond to the ssRNA and a parallel
G-quadruplex specie, of which only the ssRNA is recognized by the protein. Dissociation of the quadruplex into ssRNA in the presence of protein
is intrinsic and requires to overcome a high activation energy barrier explaining our observation that the formation of the protein-ssRNA complex
is very slow. To explain the interaction of hnRNP F with long natural RNA
substrates, we further characterized the interaction between qRRM3 and
the well characterized telomeric RNA. ITC and CD experiments showed
evidence of lack of interaction between qRRM3 and the unimolecular Gquadruplex formed by telomeric RNA in agreement with data obtained on
AGGGAU RNA. Interestingly, using in vitro transcription assays, we show
that hnRNP F qRRM3 can prevent G-quadruplex formation by telomeric
RNA by binding to ssRNA co-transcriptionally. These results have implications on the possible regulatory role of secondary structure formation in
alternative splicing regulation and telomere biology, as well as on the mechanism of action of hnRNP F/H family of proteins in splicing and telomere
maintenance.
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MATERIALS AND METHODS
Oligonucleotides. HPLC-puriﬁed RNA oligonucleotides (5’-AGGGAU-3’ and
5’-AGG*G*AU-3’ where G* is 7-deazaguanine) were purchased from Metabion
(Martinsried, Germany). GGA-(GGGUUA)4 (TERRA) was transcribed in
vitro by T7 polymerase from a double-stranded DNA template and puriﬁed by anion-exchange HPLC. The concentration was determined by measuring the UV absorption at 260 nm. Due to the propensity to form Gquadruplexes the optical density at 260 nm was measured after incubating
the RNA at 90 C for at least 5 minutes. The extinction coeﬃcient for
AGGGAU and AGG*G*AU was 67500 M−1 cm−1 , while that for TERRA
was 290900 M−1 cm−1 . Samples containing quadruplexes were prepared by
heating the RNA for 3-5 minutes at 98 and incubating the samples at
4 for several hours.

°





Protein expression and purification. qRRMs were expressed as previously described [71]. The mass of the qRRMs was conﬁrmed by either
MALDI or ESI mass spectrometry. UV Absorption spectrometry was used
for concentration determination. The extinction coeﬃcient of qRRM3 was
determined by amino acid analysis (AAA); ϵ = 12000 M−1 cm−1 .
CD Spectroscopy. The CD spectra of free RNA and the transcription
mixture were collected at 5-20 nm min−1 on a Jasco J-715 spectropolarimeter connected to a Julabo FS-18 temperature controller in a quartz cuvette
with a 2.00, 1.00 or 0.02 cm path length. Each spectrum of the RNA was
an average of 2-3 accumulations.
Isothermal titration calorimetry (ITC). Isothermal titrations were conducted using a VP-ITC microcalorimeter from GE Healthcare (Northampton, USA). ITC titrations were done at diﬀerent temperatures (10, 18, 20,
25 and 40 C) with diﬀerent equilibration time between subsequent ITC injections (5 and 60 min) in 10 mM NaH2 PO4 , 100 mM NaCl–NaOH pH 7.0
and in 10 mM KH2 PO4 , 100 mM KCl–NaOH pH 7.0 buﬀers accordingly.
Unless mentioned otherwise, experiments were conducted with a spacing of
5 minutes in 10 mM NaH2 PO4 , 100 mM NaCl–NaOH pH 7.0 buﬀer. The
injection volume was 8.8 l and the reaction mixture was constantly stirred
at 300 rpm.
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NMR Spectroscopy. The 1D 1 H and 2D 1 H-15 N HSQC experiments were
measured at 283 and 313 K respectively on a Bruker DRX-750 MHz spectrometer. Data were analyzed with Topspin 2.1 and Sparky softwares.
Kinetics of G-quadruplex dissociation. The kinetics of dissociation of the
G-quadruplex formed by AGGGAU RNA were followed by measuring the
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CD signal intensity (ellipticity) at 265 nm wavelength as a function of time
in 10 mM NaH2 PO4 , 100 mM NaCl–NaOH pH 7.0 buﬀer at 25 temperature. The CD measurements were immediately started (within a dead time
of ∼20 s) after adding a 2.7 l aliquot of preformed 2.2 mM G-quadruplex
stock into 297.3 l of 10 mM NaH2 PO4 , 100 mM NaCl–NaOH pH 7.0 buﬀer
containing 0, 40 or 200 M qRRM3. The ﬁnal AGGGAU concentration
was 20 M. After correction for the instrumental baselines, the signal intensities were normalized to the range between 0 and 1 according to: (St –
Smin )/(Smax – Smin ) where Smax and Smin are the maximum and minimum
ellipticities respectively, and St is the ellipticity measured at time t. The
normalized data was then ﬁtted with a 1st order exponential decay equation of the form: St = Samp · exp(-t/ ) + Seq , where Samp and Seq describe
the amplitude and the ﬁnal ellipticity (at equilibrium) of the dissociation
curves, t is time and is the lifetime of the quadruplex. The dissociation
rate constant, kof f = 1/ .
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In vitro transcription. In vitro transcription assays were conducted at
37 C in the presence of diﬀerent concentrations of qRRM3 (0, 20, 60 and
70 M), 100 mM KCl, 40 mM NaCl, as well as 20 M dsDNA template, 40
M MgCl2, 5.8 mM of each NTP (guanine, adenine, cytosil and uracil) and
0.046 mg/ml T7 polymerase.
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RESULTS
Thermodynamic profile of qRRM3 binding to G-tract RNA
HnRNP F contains three qRRM domains each capable in itself of binding a G-tract RNA [69]. Because hnRNP F qRRM3 is highly soluble and
has the highest aﬃnity for G-tract RNA, we decided to perform a thermodynamic proﬁle of this RNA binding domain in complex with the G-tract
RNA AGGGAU. To investigate the binding equilibrium between qRRM3
and AGGGAU, we performed ITC titrations at diﬀerent temperatures in
10 mM NaH2 PO4 , 100 mM NaCl–NaOH pH 7.0 buﬀer. At each temperature, the heat of reaction was measured after each injection of an aliquot
of the RNA into the protein solution. At 40 C, successive injections of the
RNA into the protein caused a progressive saturation of the available RNA
binding sites described by a monophasic curve (Figure 2.0A, black). The
transition point of the curve occurred at a molar ratio of 0.8 that is close to
the one-to-one binding stoichiometry observed by NMR [69], assuming a 20
% error in concentration determination. Binding isotherms obtained at lower
temperatures showed two remarkable features: (1) there was a progressive
transition from a monophasic behavior at 40 C to a biphasic character at
lower temperatures, (2) the stoichiometry of binding deviated from the ex-
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pected value of one protein per RNA molecule. To better understand these
deviations from simple binding equilibriums, we took into account the fact
that one-to-one binding systems are symmetric and should give the same
results regardless of the order of the titration, and we therefore conducted
reversed titrations by adding the protein into the RNA (Figure 2.0B). In this
case, all the binding isotherms obtained were monophasic but the stoichiometry of the complex increased with temperature. Since the results obtained
in Figure 2.0A diﬀer from those in Figure 2.0B we conﬁrm that the binding behavior is asymmetric and other equilibriums must be involved in the
interaction. Three possible situations could explain this behavior: (1) the
conformations of the protein and/or the RNA are temperature-dependent,
(2) qRRM3 could also bind to the G-quadruplex because of the biphasic
character of the binding isotherm and (3) kinetic eﬀects could overlap with
the binding process. To eliminate the possibility of nonspeciﬁc eﬀects, blank
experiments were performed by injecting RNA into buﬀer and buﬀer into
protein. Only small heats due to mixing eﬀects were observed that were
insigniﬁcant in size relative to the binding signals (data not shown).
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Figure 2.0: ITC binding isotherms between qRRM3 and G-tract RNA.
(A) Forward ITC titrations. Binding isotherms were obtained after injecting 150
µM 5’-AGGGAU-3’ into 10 µM qRRM3 in 10 mM NaH2 PO4 , 100 mM NaCl–
NaOH pH 7.0 buﬀer at diﬀerent temperatures (as indicated on the ﬁgure). (B)
Reversed ITC titrations. The binding isotherms were obtained after injecting 150
µM qRRM3 into 10 µM 5’-AGGGAU-3’ in 10 mM NaH2 PO4 , 100 mM NaCl–NaOH
pH 7.0 buﬀer at diﬀerent temperatures as indicated on the ﬁgure.
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Effect of temperature on the conformations of G-tract RNA and
qRRM3
Next, we investigated the temperature-dependence of the conformations of
the free protein and RNA. From the temperature dependence of the heat capacity measured by diﬀerential scanning calorimetry (DSC), we concluded
that the free protein exists in its native state between 3 and 50 C (Figure S3A). The ITC studies fall within that temperature range thus excluding the existence of temperature-dependent major conformational transitions in the protein. Further heating of the protein led to unfolding with
a melting temperature (Tm ) of 71.3 C. Next, we studied the temperaturedependence of conformational transitions experienced by 100 M G-tract
RNA by circular dichroism (CD) spectroscopy in sodium-phosphate buﬀer
after incubating the G-tract at each temperature for several hours because
equilibration is slow [154]. The G-tract adopts a parallel four-stranded intermolecular G-quadruplex structure that is temperature dependent as revealed by a peak close to 265 nm and a trough around 240 nm [160] (Figure 2.1). The CD spectra at diﬀerent temperatures cross-over at a single
wavelength (isodichroic point), which is characteristic of the existence of
only two species [161], thus clearly demonstrating that only the ssRNA and
one type of G-quadruplex coexist in equilibrium. These results also imply
that there are no transitions experienced between diﬀerent G-quadruplex
conformations in contrast to other G-tracts [162, 163]. Furthermore, the
peak intensity at 265 nm increases with decreasing temperature indicating
that larger fractions of G-quadruplexes are populated at lower temperatures.
Because of this behavior and the occurrence of two saturation events (Figure 2.0A), we suspected that both ssRNA and the G-quadruplex might be
recognized by qRRM3.
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Interaction between qRRM3 and G-quadruplex RNA
To investigate whether qRRM3 can bind to G-quadruplexes, we performed
ITC and NMR experiments under salt conditions that variably stabilize the
G-quadruplex. Because the stability of G-quadruplexes is cation-dependent
and potassium ions have a much higher stabilizing eﬀect than sodium ions [164],
we replaced the 10 mM NaH2 PO4 , 100 mM NaCl–NaOH pH 7.0 buﬀer with
10 mM KH2 PO4 , 100 mM KCl–NaOH pH 7.0 buﬀer. The Tm values of the
G-quadruplexes obtained from thermal melting measurements by CD spectroscopy were 37.4 C and 73.0 C in the sodium- and potassium-phosphate
buﬀers respectively (Figure 2.2A). However, the G-quadruplex still adopts
the same conformation in both buﬀers below 20 C (Figure S3B). From ITC
binding isotherms obtained at 10 C in 10 mM NaH2 PO4 , 100 mM NaCl–
NaOH pH 7.0 buﬀer (Figure 2.0A red and Figure 2.2B, red squares), we
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Figure 2.1: Dependence of conformational equilibrium of G-tract RNA
on temperature. CD spectra of 100 µM 5’-AGGGAU-3’ in 10 mM NaH2 PO4 , 100
mM NaCl–NaOH pH 7.0 buﬀer at diﬀerent temperatures (indicated on the ﬁgure).

observed large enthalpy changes when titrating the RNA into the protein.
In contrast, only small signals exhibiting no saturation behavior were observed in potassium-phosphate buﬀer demonstrating that qRRM3 cannot
bind to the G-quadruplex (Figure 2.2B, blue crossed circles). This is contrasting with previous data that suggested a direct binding between hnRNP
F and an RNA G-quadruplex [158, 159]. To conﬁrm our ITC data, we measured a 1 H-15 N heteronuclear single quantum correlation (HSQC) spectrum
of the 1:1 mixture of qRRM3 and AGGGAU in potassium-phosphate buﬀer
and observed that the chemical shifts were similar to that of the free protein
in solution (Figure S4) indicating that the presence of the G-quadruplex
RNA did not perturb the molecular environment of the protein, and thus
providing further evidence for a lack of interaction between qRRM3 and a
stable G-quadruplex RNA. Therefore, we speculated that the presence of the
G-quadruplex species could slow down the formation of the protein-ssRNA
complex.

Kinetic effects of formation of the protein-ssRNA complex
To investigate the eﬀects of kinetics on the formation of the protein-ssRNA
complex, we performed ITC experiments at 20 C using diﬀerent equilibration times between the successive injections of RNA into the protein (Figure 2.3A). Increasing the equilibration time from 5 to 60 minutes caused the
binding isotherm to attain an almost monophasic character. Furthermore,
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Figure 2.2: Dependence of G-quadruplex stability on types of salt ions.
(A) Thermal denaturation of 100 µM 5’-AGGGAU-3’ RNA in 10 mM KH2 PO4 ,
100 mM KCl–NaOH pH 7.0 buﬀer (cyan) and in 10 mM NaH2 PO4 , 100 mM NaCl–
NaOH pH 7.0 buﬀer (red). The melting temperature of the G-quadruplex in the
presence of potassium ions (Tm = 73) is 35.6 higher than in the presence of
sodium ions (Tm = 37.4). (B) ITC binding curves at 10°C after injecting 150
µM 5’-AGGGAU-3’ into 10 µM qRRM3 in 10 mM KH2 PO4 , 100 mM KCl–NaOH
pH 7.0 buﬀer (cyan) and in 10 mM NaH2 PO4 , 100 mM NaCl–NaOH pH 7.0 buﬀer
(red).
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the stoichiometry approached the expected value of one protein per RNA
molecule conﬁrming that the formation of the qRRM3-ssRNA complex is
kinetically controlled. We speculated that the reason for slow complex formation is due to the presence of the G-quadruplex because dissociations
of G-quadruplexes have been reported to be very slow [154] (see also Figure 2.3B).

Formation of the protein-ssRNA complex in the absence of Gquadruplexes
To understand the eﬀect of the G-quadruplex on the formation of the proteinssRNA complex, we studied the binding equilibrium between the protein and
the ssRNA species in the absence of G-quadruplexes. In order to eliminate
the G-quadruplex population, we substituted the third and fourth guanines
of AGGGAU with 7-deazaguanine to form AGG*G*AU. The substitution
of the N7 by a carbon in 7-deazaguanine (Figure 2.4A, insert) suppresses
one hydrogen-bond of the hoogsteen base-pair and has been shown to prevent G-quadruplex formation [165, 166]. Accordingly, the CD spectrum of
AGG*G*AU lacks a peak at around 265 or trough at 240 nm indicating that
this oligomer does not populate G-quadruplexes compared to AGGGAU at
a similar concentration (Figure 2.4A). This substitution should not aﬀect
the protein-RNA contacts because the N7 atoms of guanines 3 and 4 are
not involved in hydrogen bonding with the protein [69]. To conﬁrm this, we
measured a 1 H-15 N HSQC spectrum of the complex formed between qRRM3
and AGG*G*AU and overlaid it with the one of the complex formed between
qRRM3 and AGGGAU in 10 mM NaH2 PO4 , 100 mM NaCl–NaOH pH 7.0
buﬀer (Figure 2.4B). The overlaying spectra indicate that the molecular
environments of the interacting residues in both complexes are conserved,
implying that the modiﬁcation of the RNA does not signiﬁcantly aﬀect the
binding to the protein. Next, we studied the binding equilibrium between
qRRM3 and the AGG*G*AU by ITC at diﬀerent temperatures in 10 mM
NaH2 PO4 , 100 mM NaCl–NaOH pH 7.0 buﬀer (Figure 2.5A). All binding curves are now monophasic, and the stoichiometry at all temperatures
corresponds to one protein per RNA which clearly indicate the absence of
kinetic eﬀects. Therefore, these experiments conﬁrm that the presence of the
G-quadruplex population slows down the formation of the protein-ssRNA
complex. We next conﬁrmed the binding model by reversing the order of
the titration scheme at 18 C and injecting AGG*G*AU into qRRM3 instead (Figure 2.5B). The binding isotherm obtained with the modiﬁed RNA
is monophasic in contrast to the one previously observed with the unmodiﬁed RNA that can form a G-quadruplex. At 18 C the averaged values for
both the forward and reversed titrations between qRRM3 and AGG*G*AU
were 0.98 ± 0.02 for the stoichiometry and 0.18 ± 0.02 M for the dissocia-
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Figure 2.3: Kinetics of qRRM3-ssRNA complex formation. (A) ITC binding isotherms after titrating 150 µM 5’-AGGGAU-3’ into 10 µM qRRM3 at 20°C
temperature in 10 mM NaH2 PO4 , 100 mM NaCl–NaOH pH 7.0 buﬀer with diﬀerent
equilibration time between successive injections amounting to 5 min (crosses) and
60 min (squares). (B) CD time-course measurements at 265 nm wavelength and
298 K temperature showing the dissociation of G-quadruplex in 10 mM NaH2 PO4 ,
100 mM NaCl–NaOH pH 7.0 buﬀer in the absence of qRRM3 (black), in a two-fold
excess of qRRM3 (40 µM; cyan) and in a 10-fold excess of qRRM3 (200 µM; green)
to RNA monomer (20 µM). Solid lines correspond to ﬁrst-order ﬁts. The half life
of G-quadruplex dissociation is 30.5, 35.8 and 27.4 minutes in the presence of 0, 40
and 200 µM qRRM3 respectively. The dead-time was ∼ 20 seconds.
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tion constants (Kd ). The two curves are superimposable and conform to a
simple one to one association reaction.
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Figure 2.4: Prevention of G-quadruplex formation by G-tract RNA
through chemical modification. (A) CD spectrum of 5’-AGGGAU-3’ (red) and
5’-AGG*G*AU-3’ (blue) in 10 mM NaH2 PO4 , 100 mM NaCl–NaOH pH 7.0. The
’*’ represents 7-deazaguanine (inserted molecule). (B) Overlay of 1 H-15 N HSQC
spectra of qRRM3 in complex with both 5’-AGGGAU-3’ (red) and 5’-AGG*G*AU3’ (blue) at 20°C in 10 mM NaH2 PO4 , 2 mM NaCl–NaOH pH 7. In the presence
of 2 mM Na+ ions, less quadruplex is populated in 5’-AGGGAU-3’.

Characterization of G-quadruplex dissociation
Having concluded that qRRM3 did not bind G-quadruplex RNA and that
the presence of the G-quadruplex slowed down the formation of the protein50
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Figure 2.5: qRRM3-ssRNA complex formation in the absence of Gquadruplexes. (A) ITC binding curves after injecting 150 µM qRRM3 into 10 µM
5’-AGG*G*AU-3’ in 10 mM NaH2 PO4 , 100 mM NaCl–NaOH pH 7.0 at diﬀerent
temperatures. (B) ITC binding curves after injecting 150 µM 5’-AGG*G*AU-3’
(squares) and 5’-AGGGAU-3’ (crossed-circles) into 10 µM qRRM3 at 18°C in 10
mM NaH2 PO4 , 100 mM NaCl–NaOH pH 7.0.
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ssRNA complex, we investigated the rate of quadruplex dissociation in absence or presence of qRRM3. We measured the rate of G-quadruplex dissociation by concentration jump by diluting the RNA 110 fold and immediately measuring changes in the CD intensity at 265 nm wavelength and
25 C temperature in the absence (Figure 2.3B), colored in black) and at
diﬀerent concentrations of qRRM3 (Figure 2.3B, colored in cyan and green)
in 10 mM NaH2 PO4 , 100 mM NaCl–NaOH pH 7.0 as a function of time.
The dissociation data were best described by a single exponential function
in agreement with the fact that G-quadruplex dissociation is a ﬁrst order
process [154, 157]. The half-life valuates obtained at 2:1 and 10:1 excess of
protein to G-tract RNA were 35.8 and 27.4 minutes respectively demonstrating that the process is very slow. The small diﬀerence (∼ 23 %) between the
half lives, which is less than two-fold, is insigniﬁcant because of large errors
in the determination of the baselines of these long time-scale experiments.
In fact, the half life of the dissociation of the free unbound quadruplex in
the absence of protein under the same conditions (Figure 2.3B, black curve)
was the same (30.5 minutes). Therefore, the presence of protein does not
lead to signiﬁcant dissociation of the G-quadruplex. In conclusion, these
results strongly demonstrate that the rate-limiting step for dissociation of
the G-quadruplex is intrinsic and the protein is not involved in that process.

°

Interaction between qRRM3 and a long telomeric G-quadruplex
To understand the binding of hnRNP F to longer natural RNA substrates,
we investigated the interaction between qRRM3 and a natural G-tract RNA
consisting of 27 nucleotides and the sequence GGA-(GGGUUA)4 (termed
TERRA). Except for the ’GGA’ overhang required by T7 polymerase for
eﬃcient activity, this sequence corresponds to that of telomeric RNA which
is bound by hnRNP F [44]. The CD spectrum of this sequence is shown in
Figure 2.6A. The RNA contains a peak around 265 nm and a trough around
240 nm indicating G-quadruplex formation. In contrast to the four-stranded
parallel quadruplex (tetramer) formed by AGGGAU RNA, TERRA forms
a parallel stranded unimolecular quadruplex through the action of a single
TERRA monomer folding back on itself. Additionally, the imino region
of the 1D proton spectrum of TERRA (Figure 2.6B) shows peaks within
10-12.5 ppm characteristic of G-quadruplexes [167–170]. However, other
peaks are present downﬁeld of the spectrum (12.8 - 13.2 ppm) that represent
Watson-Crick base-pairing indicating possible loop-loop interactions as suggested in previous studies [148, 150], or formation of higher order assemblies
of G-quadruplexes by TERRA through stacking interactions [148, 171, 172].
Formation of RNA hairpins or stem-loops is unlikely and unfavorable based
on predictions by Mfold.
From CD thermal melting experiments measured in 10 mM NaH2 PO4 ,
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Figure 2.6: Evidence of G-quadruplex formation by TERRA RNA. (A)
CD spectrum of 5 µM GGA-(GGGUUA)4 (TERRA) RNA obtained at 25  in
10 mM NaH2 PO4 , 100 mM NaCl–NaOH pH 7.0 buﬀer. (B) 1 H NMR spectrum
at 10  showing the imino region of 100 µM TERRA RNA. The experiment was
conducted in 10 mM NaH2 PO4 , 100 mM NaCl–NaOH pH 7.0 buﬀer.
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Figure 2.7: Thermal stability of GGA-(GGGUUA)4 (TERRA) RNA.
Thermal denaturation of 5 µM TERRA RNA determined by CD spectroscopy at
1/min scan rate in 10 mM NaH2 PO4 , 100 mM NaCl–NaOH pH 7.0 buﬀer.

100 mM NaCl–NaOH pH 7.0 buﬀer we observed that TERRA exhibits high
stability with a Tm greater than 80 (Figure 2.7). Interestingly, ITC
binding isotherms on the interaction between qRRM3 and TERRA RNA
measured at 40 exhibited partial stoichiometries indicating that the protein bound to only the available binding sites (Figure 2.8A), in agreement
with data obtained on AGGGAU at temperatures below 25 where the Gquadruplex is more stabilized. In the titration of TERRA into the protein,
the stoichiometry is much larger that 1:1, and in the titration of protein
into TERRA, the stoichiometry is much less that 1:1, similar to the results
obtained on AGGGAU RNA. Furthermore, the normalized heats between
the titration of TERRA into protein and vice versa are about three-fold
diﬀerent conﬁrming the presence of other equilibria (in this case incomplete
binding), as opposed to binding to the same species. To further control
that the G-quadruplex was not recognized, we measured CD spectra after
titrating increasing concentrations of qRRM3 into 10 M TERRA RNA at
40 temperature (Figure 2.8B). No shifts in the position or magnitude of
the peak around 265 nm were observed further conﬁrming that qRRM3 cannot bind G-quadruplexes. Small changes in the CD spectra observed below
245 nm are insigniﬁcant because the ellipticity of the protein is much dominant in this wavelength regime. In summary, these results reinforce that
qRRM3 does not bind to G-quadruplexes.
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qRRM3 acts co-transcriptionally
Because binding to ssRNA by qRRM3 cannot lead to signiﬁcant G-quadruplex
dissociation we speculated that in vivo hnRNP F might act by binding RNA
during transcription. Therefore, to explain the role of hnRNP F in vivo, we
investigated the eﬀect of qRRM3 on the formation of G-quadruplexes during
in vitro transcription in the presence of 100 mM KCl and 40 mM NaCl using
a T7 promoter (and T7 polymerase) and a double stranded DNA template
that codes for TERRA RNA. The transcription experiments were performed
at 37 . The relative changes in the amount of G-quadruplexes formed
were determined by CD spectroscopy (Figure 2.9A). We observed that the
peak around 265 nm decreased with increasing concentration of qRRM3
indicating the reduction in the amount of G-quadruplexes formed. Therefore, the presence of qRRM3 during transcription facilitated formation of
the protein-ssRNA complex with consequent suppression of G-quadruplex
formation. To conﬁrm that the binding of qRRM3 to the RNA occurred
co-transcriptionally we performed an in vitro transcription assay in the absence of the protein and then incubated the mixture for 5 to 10 min with
the protein Figure 2.9B). As expected, the measured ellipticity remained
the same conﬁrming that the concentration-dependent eﬀects of qRRM3 occurred during transcription of the RNA. To further conﬁrm the eﬀect of
qRRM3 on G-quadruplex formation during transcription, we conducted two
transcription assays, one in the presence of 70 M qRRM3 and another
in the absence of qRRM3 (0 M qRRM3). Next, we probed for the presence of G-quadruplexes in the two assays using 30 mM NaOH (Figure S5).
30 mM NaOH has been shown to disrupt G-quadruplexes [156, 173, 174].
Addition of 30 mM NaOH to the transcription mixture that contained no
qRRM3 caused a decrease in the CD intensity around 265 nm. No change
was observed in the mixture containing 70 M qRRM3. The decrease in
peak intensity in the absence of protein indicated that G-quadruplexes were
populated, in contrast to the sample containing qRRM3.
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DISCUSSION
Mechanism of hnRNP F G-quadruplex interaction
Despite numerous reports indicating the existence of an interaction between
hnRNP F/H family of proteins and G-tract RNAs, very little is known about
the mechanism of interaction. To our knowledge, this is the ﬁrst study investigating the equilibrium and kinetic eﬀects of G-quadruplexes on G-tract
RNA recognition by proteins. Firstly we investigated the interaction between qRRM3 and 5’-AGGGAU-3’ G-tract RNA by diﬀerent techniques.
The RNA sequence is part of the INS element bound by hnRNP F [67].
Solution NMR studies showed that the RNA is sequestered in its singlestranded form (ssRNA) by qRRM3 [69]. However, CD studies showed that
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Figure 2.8:
Interaction between qRRM3 and unimolecular Gquadruplexes formed by GGA-(GGGUUA)4 (TERRA) RNA. (A) ITC
titrations conducted at 40  conducted in 10 mM NaH2 PO4 , 100 mM NaCl–NaOH
pH 7.0 buﬀer. In one case, 623 µM qRRM3 was titrated into 30 µM TERRA RNA
(black). In the other case, 40 µM TERRA RNA was titrated into 5 µM qRRM3
(red). The upper panel shows raw diﬀerential heat signals while the lower shows
the integrated and normalized data. (B) CD titration results upon adding various concentrations of qRRM3 (0, 20, 40 and 60 µM) into 10 µM TERRA RNA
at 40  temperature in 10 mM NaH2 PO4 , 100 mM NaCl–NaOH pH 7.0 buﬀer.
The ratios are given in terms of the available binding sites (four sites per TERRA
monomer) and not monomer concentrations.
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Figure 2.9: Effect of qRRM3 on G-quadruplex formation. (A) Eﬀect of
diﬀerent concentrations of qRRM3 (indicated on ﬁgure in µM) on in vitro transcription of 5’-GGA-(GGGUUA)4 -3’ (TERRA) RNA. Shown are the CD spectra of the
end product of the transcription assays (transcribed RNA) after subtracting the
CD signal of other reaction components such as nucleotide triphosphates (blank)
and the CD signal of the corresponding concentration of qRRM3 present. The reaction mixture contained 100 mM KCl, 40 mM NaCl, 20 µM dsDNA template, 40
µM MgCl2 , 5.8 mM of each nucleotide triphosphate (guanine, adenine, cytosil and
uracil) and 0.046 mg/ml of T7 polymerase. (B) CD spectra of the transcription
reaction mixture after incubation at 37 for four hours. The spectra were collected
after termination of the transcription reaction with ethylenediaminetetraacetic acid
(EDTA) and incubation of the mixture with 70 µM qRRM3 (red) or an equal volume of buﬀer (black) for 5-10 minutes at room temperature. The CD spectra were
collected at 37°C temperature at scan rate of 20 nm/min. The conditions of the
transcription reaction are as in (A).
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free G-tract RNA also populates a G-quadruplex conformation in the presence of 100 mM Na+ or K+ ions. Because of the distinctive CD spectrum,
and the presence of the isodichroic point in the CD spectra obtained at different temperatures, we concluded that free AGGGAU populates only two
species consisting of a parallel G-quadruplex in equilibrium with ssRNA.
From various techniques we have shown that qRRM3 interacts signiﬁcantly
only with ssRNA. Precisely, ITC experiments between qRRM3 and G-tract
RNA showed no evidence of binding in the presence of potassium ions, in
which the G-quadruplex is more stable and ssRNA is hardly populated. In
the presence of sodium ions, there was interaction between the protein and
the available small fraction of ssRNA. The conclusion that qRRM3 does
not recognize the G-quadruplex is further reinforced by the fact that no
signiﬁcant chemical shift perturbations were observed by NMR upon overlaying the spectra of the free protein and that of 1:1 molar mixture of the
protein and G-tract RNA in the presence of potassium ions. Additionally,
the rates of G-quadruplex dissociation in the absence of protein, as well
as in the presence of 2:1 and 10:1 excess of protein to RNA are the same
(vary by less than two-fold) further proving the lack of signiﬁcant interaction between qRRM3 and G-quadruplex RNA. In the presence of sodium
ions, in which the stability of the quadruplex is weaker and a higher fraction
of ssRNA is populated, ITC binding isotherms showed progressive shifts
from monophasic to biphasic behavior with decrease in temperature. Similarly, the stoichiometries of binding were temperature-dependent. While at
ﬁrst glance this seems to suggest the existence of weak interactions between
qRRM3 and the G-quadruplex, further experiments proved that this is not
the case. In particular, by performing ITC experiments with longer equilibration time between successive injections the biphasic behavior became
more monophasic and the stochiometry came within reasonable agreement
with the expected 1:1 value obtained from structural studies [69]. Therefore,
the apparent biphasic behavior and partial stoichiometries reﬂect the slow
kinetics of complex formation (protein-ssRNA) as dictated by the slow rate
of G-quadruplex dissociation. If the protein indeed bound the G-quadruplex,
binding would have been observed upon performing the same experiments
in the presence of potassium ions. Partial stoichiometries were also observed
during the interaction between qRRM3 and the unimolecular G-quadruplex
formed by TERRA indicating that the protein cannot also bind the natural G-quadruplexes formed in vivo or lead to their signiﬁcant unfolding.
The experiments with TERRA were conducted in sodium buﬀer because
the G-quadruplex already has high stability (Tm > 80 ), which is greater
than that of AGGGAU in the presence of potassium ions (Tm = 73.4 ).
In this way, any speciﬁc role of Na+ ions was also excluded. CD titration
results of the interaction between qRRM3 and TERRA RNA showed no
evidence of shifts in the position of magnitude of the peak around 265 nm
conﬁrming that qRRM3 does not bind G-quaruplexes regardless of topol-
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ogy which is consistent with the fact that the G-triplet is completely buried
in the G-quadruplex fold. The CD titration results also suggest that any
higher order structures potentially formed by TERRA RNA bear no significant eﬀect on the function of qRRM3 since the protein does not recognize
the G-quadruplex units assembled into these higher order structures. However, the conclusion on the lack of interaction between qRRM3 and the
G-quadruplex is in contrast to previous arguments claiming the existence
of direct contacts between hnRNP F/H and a possible G-quadruplex structure located downstream of the p53 cleavage site based on crosslinking and
immunoprecipitation experiments [158]. Our data do not support this conclusion. Despite that, diﬀerences in experimental conditions particularly the
concentration of the protein or presence of other proteins could possibly play
a role. Nonetheless, the observed rates of dissociation obtained from CD experiments are comparable to those previously reported [154,157,175]. Diﬀerences in rates are likely a result of diﬀerences in the numbers of tetrads, the
types of nucleic acid and the types and concentrations of salt ions present.
Interestingly, to our knowledge, this is the ﬁrst time the dissociation kinetics of a G-quadruplex has been measured in the presence of a protein
that functions by sequestering available single-strands. The function of the
protein is similar to the roles played by peptide nucleic acids (PNA) [155]
and complementary strands [176]. In our study, the obtained kof f values
were zero order with respect to the protein concentration suggesting that
the rate-limiting step is the intrinsic opening and conformational rearrangement of the G-quadruplex, followed by a fast protein-ssRNA association. In
agreement with this, FRET studies in 100 mM NaCl showed that a similar
mechanism occurs in the unfolding transition of the intramolecular telomeric DNA quadruplex in the presence of PNA [155]. This further suggests
that the rate-limiting step of G-quadruplex dissociation may be independent
of the topology. Besides, by performing binding experiments by ITC using
a 7-deazaguanine modiﬁed oligonucleotide, we show that formation of the
protein-ssRNA complex in the absence of G-quadruplexes is characterized
by a simple one-to-one binding equilibrium at all temperatures. This further conﬁrms that existent populations of G-quadruplex RNA slow down
the formation of the protein-ssRNA complex. The destabilizing eﬀect of
7-deazaguanine substitution on tetramolecular G-quadruplex DNA formation has been previously reported [165]. Our results also suggest that the
equilibrium binding parameters (e.g. Kd ) determined between proteins and
unmodiﬁed G-tracts may contain inaccuracies due to the failure to consider
the concentration of only the binding-competent RNA species. Interestingly, our binding model is in agreement with the inability of hnRNP A1
to unfold tetramolecular G-quadruplexes [177]. However, hnRNP A1 was
also shown to play a role in the unfolding of telomeric DNA G-quadruplexes
consisting of uni- and bi-molecular topologies [162, 177]. From our results,
we suggest that the contrasting eﬀects of hnRNP A1 could be explained
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in part by the extreme conformational diversity of the free telomeric DNA
that consists of partially folded as well as short and long-lived states [163],
as well as by the exposure of nucleotides speciﬁcally recognized by hnRNP
A1 [27] located in the loops connecting the G-tetrads. Speciﬁc recognition
of exposed nucleotides may also explain the reported eﬀects of hnRNP D on
G-quadruplexes [178, 179]. This is a key diﬀerence with hnRNP F that recognizes exclusively G-triplets and therefore could not bind to the TERRA
RNA. In fact, it has also been shown that hPOT1 does not bind telomeric
DNA quadruplexes but may bind to partially folded states (in the presence
of 50 mM KCl, 1 mM MgCl2 and pH 8) [143]. Our data suggests that hnRNP
A1, hnRNP D and hPOT1 might act similarly to hnRNP F by sequestering
available ssRNA and slowly reducing the G-quadruplex population.
Function of hnRNP F in vivo
To better understand the function of hnRNP F in vivo we investigated the
interaction between qRRM3 and the natural telomeric G-tract RNA ligand
termed TERRA. TERRA RNA can form G-quadruplex structures as evidenced by the characteristic CD spectra with a peak around 265 nm and
trough around 240 nm, as well as by the presence of characteristic peaks
within 10-12.5 ppm in the imino region of the 1D NMR spectrum. This is
in agreement with results from other authors that show that telomeric sequences can form G-quadruplexes both in vitro and in vivo [148–150]. However, the presence of other peaks downﬁeld of the characteristic imino region,
between 12.8-13.2 ppm suggests the presence of other species possibly as a result of formation of higher order structures by TERRA or base-pairing of the
UUA nucleotides located in the loops as previously suggested [148,150,171].
Despite that, our data indicates that qRRM3 cannot bind to G-quadruplexes
formed by TERRA but only binds to the fraction of ssRNA available which is
in agreement to data obtained on AGGGAU RNA. Protein-ssRNA complex
formation does not lead to signiﬁcant G-quadruplex unfolding. To further
understand the mechanism of function of hnRNP F in vivo we performed in
vitro transcription experiments under conditions mimicking those found in
vivo in the presence of various concentrations of qRRM3. We showed that
the presence of increasing concentrations of qRRM3 during transcription
causes a reduction in the amount of G-quadruplex formed, but no reduction
is observed upon adding the protein at the end of the transcription assay.
Therefore, these results provide strong evidence that qRRM3 binds RNA cotranscriptionally to form the complex and thus suppressing G-quadruplex
formation. Consequently, we propose that any transcribed stretch of three
guanines can immediately be bound by qRRM3 without prior need for synthesis of the entire strand. This would also prevent possible formation of
intermolecular G-quadruplexes. This model is in agreement with the fact
that the formation of the protein-ssRNA complex is much faster than the
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association/dissociation kinetics of G-quadruplexes. The kinetics of quadruplex association/dissociation is likely to be slower when considering the rates
of RNA polymerase II (T7 polymerase). In support of this argument, other
authors have argued that the eﬀect of G-quadruplexes in the cell is most
likely kinetic rather than thermodynamic [145]. Furthermore, the suggestion
that hnRNP F (and H) is observed at discrete locations in the nucleoplasm
and act at sites of transcription [66] oﬀers support to our kinetic model that
hnRNP F would bind co-transcriptionally. Despite the fact that our results
are based on the interaction proﬁle of qRRM3, we emphasize that the conclusions are fully applicable to the function of full-length hnRNP F. Firstly,
we have shown in our previous NMR study that the qRRM domains tumble
independently in solution [69]. This is supported by evidence obtained from
the CD titration experiments that indicated the inability of qRRM1 and
qRRM2 to cooperate and induce signiﬁcant G-quadruplex unfolding (data
not shown). Secondly, we have shown that isolated qRRM1 and qRRM3 domains (less so for qRRM2) fully mimick the function of full-length hnRNP
F during alternative splicing of the Bcl-x RNA [69]. Thirdly, evidence of cotranscriptional binding observed by using qRRM3 can only be strengthened
by the use of full-length hnRNP F. The reason is that hnRNP F consists
of three qRRM domains each capable of binding a G-tract which results in
an increased local concentration [180] and improved aﬃnity at the binding
sites leading to enhanced complex formation. In short, signiﬁcantly lower
concentrations of hnRNP F are necessary to reproduce the eﬀects obtained
from the action of qRRM3 alone. A diﬀerent issue regards how the conditions found in vivo impact our conclusions. The presence of potassium ions
at higher concentrations than those used in our study further reduces the
likelihood of interaction between hnRNP F and G-quadruplex RNA. Furthermore, the presence of non-interacting biomass and crowding conditions
in vivo has been shown to enhance G-quadruplex stability because water
molecules are released during folding [154, 181]. Therefore, our proposed
model suﬃciently applies to the situation found in vivo.
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Figure S1: Illustration of hnRNP F and qRRM3–AGGGAU complex.
(A) Full-length hnRNP F contains three qRRMs — qRRM1, qRRM2 and qRRM3
— that are illustrated as boxes, and Gly-rich regions (as indicated) (B) NMR
solution structure of qRRM3 in complex with 5’-AGGGAU-3’ RNA. qRRM3 is
displayed in ribbon and the RNA is stick representation modes. The ﬁgure was
generated using the program MOLMOL and the pdb ﬁle (code: 2KG1).
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Figure S3: Dependence of the conformational equilibrium of free qRRM3
and free G-tract RNA on temperature and type of salt ions. (A) Direct
heat capacity measurements of free qRRM3 by diﬀerential scanning calorimetry as
function of temperature. 185 µM qRRM3, dissolved in 10 mM NaH2 PO4 , 100 mM
NaCl–NaOH pH 7.0 buﬀer, was heated repeatedly three times between 20 and 50°C
(red) followed by heating from 3 to 105°C (cyan). (B) CD spectra at 10 of 58
µM 5’-AGGGAU-3’ measured in 10 mM NaH2 PO4 , 100 mM NaCl–NaOH pH 7.0
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ABSTRACT
Protein-RNA interactions are important for regulating the proteomic diversity in the cell and are mainly mediated through the action of various
RNA binding domains (RBDs). The RNA recognition motif (RRM) is the
most abundant RBD consisting of approximately 70–90 amino acids, and
two -helices packed against four -strands. However, despite the growing wealth of information on the structural basis of interactions between
RRMs and RNA, the thermodynamic signatures that govern the association remain poorly understood. Here, we have studied the thermodynamics
of sequence-speciﬁc association between four RRMs from diﬀerent proteins
displaying diﬀerent modes of binding and cognate RNA oligoribonucleotides
by microcalorimetry and results from semi-empirical studies. All four complexes exhibited similar aﬃnity despite the use of diﬀerent RRM surfaces
to bind cognate RNAs, which seems in agreement with similar numbers of
hydrogen bonds present in the complexes. Accordingly, binding was predominantly driven by non-electrostatic eﬀects. A maximum of two ionic
bonds formed between positively charged side chains and RNA backbone
phosphates contributed 25 % of the binding free energy, or less. Two regions appear conserved for ionic bond formation, the 2/ 3 loop and the
N- (or C-) terminal segment. DSC thermograms indicated that the RRMs
are generally ﬂexible, and in three of the complexes binding proceeded with
signiﬁcant increase in thermal motions. Analysis of thermodynamic and
structural data demonstrated that the increase in ﬂuctuations seems to correlate with the expected structural ﬂexibility of the binding interfaces. From
determination of changes in water accessible surface areas, we concluded that
complex formation was accompanied by signiﬁcant conformational changes
in RRMs by readjustments of protein side chains, protein termini and/or
loops beyond the RRM core. Changes in thermal motions and roles of
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electrostatics observed in RRM-ssRNA binding contrast the signature of
protein-dsDNA binding and the reasons are discussed. The presented results strongly demonstrate that RRMs employ a deﬁned set of strategies to
bind the intrinsically ﬂexible ssRNA.

INTRODUCTION
Protein-RNA interactions are important for regulating the proteomic diversity in the cell and are mainly mediated through the action of various
RNA binding domains (RBDs). Of the various RBDs the RNA recognition
motif (RRM) is the most abundant. RRMs contain approximately 70–90
amino acids and two conserved consensus sequences consisting of mostly aromatic and aliphatic residues, termed RNP1 ([RK]-G-[FY]-GA-[FY]-[ILV]X-[FY]) and RNP2 ([ILV]-[FY]-[ILV]-X-N-L), where X can be any amino
acid residue [182]. Conserved aromatic residues have been argued to provide
general binding aﬃnity and speciﬁcity, with additional speciﬁcity mediated
by the structural versatility of the RRM [182]. Precisely, other structural
components of the RRM including loops [10], N- and C- terminal tails [10],
and -helices [64] are involved in RNA-binding besides the canonical -sheet
surface [27]. In other instances, RNA recognition involves selective stabilization of alternative side-chain conformations [183]. Besides the structural
versatility of the RRM, it has also been suggested that dynamics might play
an additional role in the formation of speciﬁc contacts [16, 17]. It has been
shown that in the sequence-speciﬁc formation of U1A RRM-hairpin RNA
complex, regions of the protein experiencing conformational exchanges in
the free state are quenched in the complex, but ﬂexibility is preserved in
other regions less critical for speciﬁcity [17]. Similar results were obtained
in the binding of the VTS1p-SAM domain to SRE RNA [18]. In contrast,
increased mobility of interfacial residues was observed in NMR relaxation
experiments during the binding of the N-terminal RRM of the 64-kDa human cleavage stimulation factor (CstF-64) to GU-rich RNA sequences [16].
It was therefore suggested that the increased ﬂuctuations were responsible for the discrimination of GU-rich from non GU-rich RNA sequences.
Further studies suggested a link between aﬃnity and dynamics observed
in the central -sheet region of the RRM1 of the Musashi1 protein [19],
as well as between slow conformational exchange and DNA/RNA recognition by induced ﬁt by hnRNP D0 RRM2 [20]. The role of electrostatic
eﬀects in RRM-ssRNA association has never been comprehensively investigated. It is essential to understand the role of ionic bonds because it has
been reported that RBDs generally contain higher-than-average numbers
of positively charged residues [184]. Furthermore, RNA generally binds to
positively charged patches in proteins such as hTra2 1 RRM (Tra2 1) [10].
The binding interface of Tra2 1 contains ﬁve positively charged residues that
could potentially contact RNA phosphates. However, despite the absence of
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data on electrostatic stabilization of RRM-ssRNA complexes, some studies
have been done on peptide and protein binding to RNA hairpins. For instance, binding of the 15mer tat peptide (containing six arginine residues)
to the major groove of the 27mer HIV-1 TAR RNA hairpin fragment at
pH 7.5 resulted in the release of a single Na+ ion into the bulk, and the
electrostatic component to the free energy of association ( Gele ) amounted
to ∼ 20 % [124]. An equivalent magnitude of Gele was also reported in the
formation of the R17 coat protein-21mer hairpin RNA complex, despite the
formation of 5 ionic contacts [119]. In the binding of the zinc ﬁnger protein
znf29 to the major groove of the stem-loop structure formed by the analog of
the HIV-1 Rev-responsive element (RREIIBTR) RNA, Gele was about 30
% [121]. In contrast, 60-70 % of the stability of both sequence-speciﬁc and
non sequence-speciﬁc protein-dsDNA complexes is driven by electrostatic
forces [81]. Thus, the role of electrostatic forces is still unclear.
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In this study we evaluated the thermodynamics parameters governing
the sequence-speciﬁc binding of short oligoribonucleotides to RNA binding domains (RRMs) by diﬀerential scanning calorimetry (DSC), isothermal
titration calorimetry (ITC) and results from semi-empirical calculations. We
selected four RRMs from four diﬀerent RNA binding proteins, each exhibiting a diﬀerent RNA-binding mode. All the domains exhibit the basic RRM
architecture composed of four -strands packed against two -helices. Yet
speciﬁc interactions with RNA are attained by the involvement of diﬀerent structural motifs of the four proteins (Figure 3.0). A1RRM1 recognizes
—TAGG— deoxyribonucleotides via residues positioned on the -sheet surface (Figure 3.0A) [27]. This mode of binding represents the canonical RRM
binding mode. Here, we investigate binding of A1RRM1 to 5’-UUAGGU-3’
RNA, since —UAGG— ribonucleotides are recognized in the same manner [27]. Tra2 1 speciﬁcally binds to —GAA— sequences also via residues
positioned on the -sheet surface but additional contacts are formed by the
N- and C-terminal segments of the protein (colored in blue and red in Fig.
Figure 3.0B, respectively) [10]. qRRM1 utilizes residues located on surface exposed loops to speciﬁcally bind a tract of three consecutive guanines
(—GGG—; G-tract; Figure 3.0C) [69]. Because G-tracts spontaneously
form G-quadruplexes under conditions of moderate salt concentration, the
RNA sequence used here was modiﬁed with 7-deazaguanine (AGG*G*AU)
to prevent quadruplex formation. We have recently demonstrated by NMR
and ITC that the modiﬁcation has no eﬀect on complex formation, both
structurally and energetically (manuscript submitted). Finally, SRSF1 uses
residues positioned on the -helix 1 to speciﬁcally recognize —GGA— (Figure 3.0D) (Cléry & Allain, manuscript in preparation). Our results show
that all RRMs bind cognate RNAs with similar aﬃnity despite the use of
diﬀerent surfaces. RRM-ssRNA association proceeds with signiﬁcant conformational changes, and a large increase in thermal ﬂuctuations upon complex
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formation (except in SRSF1). Despite the larger-than-average number of basic residues, only two ionic bonds are formed in three complexes, and none
in qRRM1.
(A)

(B)

hnRNP A1 RRM1 (A1RRM1) - ssDNA

(C)

Tra2β1 RRM (Tra2β1) - ssRNA

(D)

hnRNP F qRRM1 (qRRM1) - ssRNA

SRSF1 ψRRM (SRSF1) - ssRNA

Figure 3.0: RRM-ssRNA/ssDNA complexes showing different binding
modes. Cartoon representations illustrating the binding of: (A) 5’–TAGGG–3’
ssDNA to the β-sheet surface of hnRNP A1 RRM1 (pdb: 2UP1); recognition of
–UAGG— RNA sequence is the same. (B) 5’–AAGAAC–3’ RNA to the β-sheet
surface of Tra2β1 RRM with the involvement of the N- (blue) and C-terminal
segments (red) (pdb: 2KXN). (C) 5’–AGGGAU–3’ RNA to the loop region of
hnRNP F qRRM1 (pdb: 2KFY); the AGG*G*AU RNA sequence modiﬁed by
7-deazaguanine is recognized in the same manner. (D) 5’–AAGGAC–3’ RNA to αhelix-1 of SRSF1 RRM2 (Cléry & Allain, manuscript in preparation). All pictures
were created in PYMOL. The proteins and the ssRNA/ssDNA oligonucleotides are
colored in grey and yellow respectively. Nucleotides that are speciﬁcally recognized
are underlined.
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RESULTS
Thermodynamics of RRM-ssRNA association
To determine the thermodynamic parameters governing the interaction between RRMs and single-stranded cognate oligoribonucleotides (ssRNA), we
determined the molar enthalpies ( Hobs ), molar entropies (-T Sobs ) and free
energies of association ( Gobs ) by isothermal titration calorimetry (ITC)
in 20 mM CH3 COOH, 50 mM L-arginine, 50 mM L-glutamate, 0.05% mercaptoethanol–NaOH pH 5.5 buﬀer (Figure 3.1). Representative raw ITC
data is included at 18 temperature (Figures A1 to A2) These buﬀer conditions are identical to those used in the NMR studies for Tra2 1 and SRSF1.
The ITC experiments were conducted by titrating the proteins into the RNA
oligonucleotides within a temperature range extending from 7 C to 42 C. All
binding isotherms exhibited molar equivalence points in the range 1.0 - 1.1
protein:ssRNA, conﬁrming 1:1 binding as demonstrated by previous work on
similar systems and the available structural information on the complexes
studied here. Binding of ssRNA to RRM is driven by net favorable, negative
enthalpy changes and is opposed by likewise net negative entropy changes
in the 1 M standard state (Figure 3.1 and Table 3.0). The determined thermodynamic parameters do not contain contributions from changes of the
protonation state upon complex formation, as evidenced by ITC titrations
at pH 5.5 in diﬀerent buﬀer systems. Interestingly, at each temperature, the
strength of binding ( Gobs ) is very similar for all four complexes, despite
the pronounced structural diﬀerences of the binding interfaces (Figure 3.0).
Moreover, for all four RRM-ssRNA complexes the temperature dependencies of Hobs and -T Sobs are compensating and, as the consequence, the
free energy of association is almost constant in the considered temperature
range (Figure 3.1). The occurrence of enthalpy-entropy compensation is a
common phenomenon in biomolecular systems. However, the fact that the
magnitudes of Gobs across all complexes were similar despite the significant diﬀerences in the structural components used by the RRMs to bind
cognate RNAs (Figure 3.0) was particularly interesting. To explain why
similar magnitudes of Gobs were observed across all four complexes, we
analyzed the intermolecular contacts formed between the RRMs and the
sRNA. Our analysis focused on stacking interactions and hydrogen bonding
since these are the main sources of stability [10, 27, 69]. Diﬀerent numbers of stacking interactions are observed in the complexes. Tra2 1-ssRNA
and qRRM1-ssRNA exhibit more stacking interactions (eight and six respectively), while A1RRM1-ssRNA and SRSF1-ssRNA show a decreased
propensity for stacking interactions (containing four and three such interactions respectively). These results suggested that stacking interactions are
less likely to explain why these RRM-ssRNA complexes exhibit the same
Gobs . In contrast, the numbers of hydrogen bonds formed in all com-
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plexes were similar. Counting any bifurcated hydrogen bond as one, Tra2 1ssRNA, qRRM1-ssRNA, SRSF1-ssRNA and A1RRM1-ssRNA contain 6, 5,
5 and 5/6 hydrogen bonds, respectively. Therefore, these results suggest the
similar magnitudes of Gobs observed in all considered RRM-ssRNA complexes may be explained by the similar hydrogen bonding patterns. This
apparent dictation of the binding aﬃnity by extensive hydrogen-bond formation suggested a dominant role of non-electrostatic eﬀects in the binding
of unstructured RNAs by RRMs, with similar magnitudes expected across
all the four RRM-ssRNA complexes.

D

Tra2ß1

A1RRM1

SRSF1

qRRM1

20
-TΔSobs

kcal mol-1

10

0
ΔGobs

-10

-20
ΔHobs

-30
10

20
30
Temperature (oC)

40

Figure 3.1: Thermodynamic parameters of RRM-ssRNA association.
Plots of the observed molar enthalpy (ΔHobs ), molar free energy (ΔGobs ), and
molar entropy of association (-TΔSobs ) determined directly by ITC upon injecting
100 – 150 µM of RRMs into 5-15 µM cognate RNAs in 20 mM CH3 COOH, 50 mM
L-arginine, 50 mM L-glutamate, 0.05% β-mercaptoethanol–NaOH pH 5.5 buﬀer at
various temperatures.

Energetic partitioning of the stability of RRM-RNA complexes
To investigate the partitioning of the stability of RRM-ssRNA complexes between electrostatic and non-electrostatic forces, we employed the counterioncondensation theory. According to the counterion-condensation (CC) theory developed by Manning [112] and its thermodynamic formalism [113],
the equilibrium constant, Kobs , describing association between proteins and
nucleic acids decreases with increasing salt concentration. The reason is the
reduced gain of entropy of mixing experienced by cations bound to backbone
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phosphate groups upon release into the bulk at elevated salt concentrations.
The dependence can be formally expressed as:
log Kobs = −n · ψ · log[cation+ ] + log Kobs,1M

(33)

where [cation+ ] is the concentration of monovalent ions, n is the number
of ionic bonds made between fully positively charged amino acid side chains
and the phosphate oxygens of the nucleic acid, and ψ deﬁnes the thermodynamic fraction of a monovalent ions bound by a phosphate group. The slope
of logKobs vs log[cation+ ], z = nψ, quantitates the number of ions released
from the protein-RNA interface into the bulk upon complex formation. To
determine the gross energetic balance of contributions to the free energy of
binding ( Gobs ), we determined Kobs at 10 C by ITC at diﬀerent concentrations of NaCl (0.1 M to 0.8 M) (Figure 3.2 and Tables A1–A4). The
salt-independent, non-electrostatic free energy contribution to binding was
then determined: Gne = -2.303RTlogKobs at 1.0 M Na+ concentration.
The procedure has been debated and is not unambiguous, but recent analysis of several protein-DNA complexes revealed the operational merits of its
application [81]. The electrostatic contribution ( Gele ) was then calculated
at our standard buﬀer conditions as follows:
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D

∆Gele = ∆Gobs − ∆Gne

(34)

The results are shown in Figure 3.3. The percentage contribution of

DGele to DGobs for Tra2b1-ssRNA, SRSF1-ssRNA and A1RRM1-ssRNA is

close to 25% (23%, 23%, and 28%, respectively). For qRRM1-ssRNA it
is twice smaller (∼ 10%). These results show that non-electrostatic eﬀects
are the major driving force in RRM-ssRNA association, which is in agreement with the domination of the binding aﬃnity by extensive hydrogen
bond formation. With the exception of qRRM3, the magnitude of Gele in
the RRM-ssRNA complexes is similar. To our knowledge, this is the ﬁrst
time the extent of electrostatic stabilization involved in protein-binding to
unstructured ssRNA has been determined.

D

Estimation of the number of ionic bonds in the RRM-ssRNA complexes

D

To explain the source of electrostatic eﬀects ( Gel ), we examined the thermodynamic and structural data for evidence for the formation of ionic bonds.
To determine the number of ionic bonds we analyzed the magnitude of
the slope (z) of logKobs vs log[cation+ ] (Figure 3.2). Experiments with
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Figure 3.2: Dependence of the observed association constant (Kobs ) on
cation concentration. Variation of the logarithm of Kobs as function of concentration of Na+ ions (log[Na+ ]) upon formation of RRM-ssRNA complexes. The
data were collected by ITC by injecting 100 – 500 µM free RRMs into 5-25 µM
cognate RNAs at 10°C temperature, in 20 mM CH3 COOH, 50 mM L-arginine,
50 mM L-glutamate, 0.05% β-mercaptoethanol–NaOH pH 5.5 buﬀer, at various
concentrations of NaCl.
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Figure 3.3: Electrostatic component of RRM-ssRNA association. The
graph shows the percentage contribution of electrostatic (ΔGele ) and nonelectrostatic (ΔGne ) eﬀects to the free energy of association (ΔGobs ) for the formation of RRM-ssRNA complexes at 10°C temperature.
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Tra2 1-ssRNA, A1RRM1-ssRNA and SRSF1-ssRNA yielded z ∼ -1.41 ±
0.04 indicating the release of an equivalent number of Na+ ions into the
bulk solution from the binding interface. Since z = nψ, and taking ψ to be
similar for both ssDNA and ssRNA (ψ = 0.71; [185]), we determined that
Tra2 1, A1RRM1 and SRSF1 each make two ionic bonds with the cognate
RNAs. In contrast, qRRM1 apparently makes no such ionic bonds (z =
-0.30). To identify the protein residues participating in the contacts, we analyzed the structures of the complexes using the algorithm implemented in
the WHATIF protein-DNA/RNA analysis server, focusing on the contacts
formed between phosphate oxygens and fully charged atoms of arginine and
lysine side chains. The algorithm in WHATIF deﬁnes a contact as a distance of less than 1.0 Å separating the van der Waal surfaces of two atoms.
Thus, identiﬁed contacts between nitrogen and oxygen atoms were limited
to within 4.1 Å distance. In addition, in the analysis of NMR structures
as a valid contact was considered the one that occurred in at least 50 %
of the conformers. The analysis of structural data by this method identiﬁed no contacts in both SRSF1-ssRNA and qRRM1-ssRNA, one contact in
A1RRM1-ssRNA (Arg 55) and three contacts in Tra2 1-ssRNA (Arg 106,
Arg 111 and Arg 159). Therefore, in qRRM1-ssRNA there is agreement between thermodynamic and structural data. A diﬀerence amounting to one
contact was observed for A1RRM1-ssRNA and Tra2 1-ssRNA. Thermody-
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namic and structural data were not congruent in SRSF1 on the basis of this
analysis. However, it was most likely that the remaining charged residues
were positioned within 4.1 to 7 Å distance of phosphate oxygens, in agreement with results on the binding of the -helical arginine-rich Rev peptide to
RRE RNA that showed that arginine residues positioned within 3-4 Å distance from phosphate oxygens (Arg 41, Arg 42 and Arg 43; except Arg 46)
do not form electrostatic contacts, instead arginine residues located within
6-7 Å (Arg 48 and Arg 50) are important [4,7,8]. Similarly, Lys 14 identiﬁed
by mutagenesis experiments as providing electrostatic stability was located
within 6.4–7 Å distance from closest phosphate groups [4, 9]. With this in
mind, we identiﬁed the remaining contacts as Arg 92 in A1RRM1-ssRNA
as well as Arg 117 and Arg 154 in SRSF1-ssRNA. Mapping these contacts
in the complexes (Figure 3.4) showed that the 2/ 3 loop and one of the
terminal segments (N- or C-) participate in the formation of ionic bonds.
However, in the case of qRRM1-ssRNA, there are no charged residues in
the N-terminal segment. Additionally, the C-terminal segment forms an
-helix structure that packs against the 1, 2, and 3 strands to form a
hydrophobic core that shifts the 2/ 3 loop away from contacting the RNA
(Figure 3.4).
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Surface-based prediction of heat capacity changes
To further characterize the thermodynamic signature governing formation
of RRM-ssRNA complexes, we analyzed the associated heat capacity effects. Figure 3.1 and Table 3.0 shows that in all RRM-ssRNA complexes
Hobs decreases with temperature, hence indicating the presence of a nonzero negative heat capacity change upon binding ( Cp,obs ). The valuates
of Cp,obs calculated from the slopes of Kirchoﬀ plots of Hobs versus temperature are listed in Table A5 and shown in Figure 3.5. Cp,obs obtained
for SRSF1-ssRNA and Tra2 1-ssRNA amount to ∼ -300 cal K−1 mol−1 , the
diﬀerence of 25 cal K−1 mol−1 being within the experimental error according
to Jackknife tests (Table A6). However, the Cp,obs values observed for both
A1RRM1-ssRNA and qRRM1-ssRNA are approximately three-fold smaller
(less negative), ∼ −100 cal K−1 mol−1 . As far as it is widely believed that
the main contribution to negative Cp in protein-ligand association reactions arises from dehydration of the interacting surfaces, which implies that
the magnitude of Cp,obs is related to the size of the surface area buried
upon complex formation, this ﬁnding is intuitively surprising because the
RRMs recognize four RNA residues in total (except SRSF1 which recognizes only three), three of which speciﬁcally, and all these nucleotides are of
the same type (all purines with the exception of a single additional uracil in
the case of the A1RRM1-ssRNA complex) [10, 27, 69].
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D
D

A1RRM1-ssRNA

Tra2β1-ssRNA

qRRM1-ssRNA

SRSF1-ssRNA

Figure 3.4: Formation of ionic bonds in RRM-ssRNA complexes. The ﬁgure shows pictures of the complexes of (A) Tra2β1-ssRNA, (B) A1RRM1-ssRNA,
(C) SRSF1-ssRNA and (D) qRRM1-ssRNA. The protein (gray) and RNA (yellow) are represented as cartoons. Arginine residues capable to form ionic bonds are
shown as sticks (colored green). Regions in which these arginine residues are located are colored accordingly: β2/β3 loop (cyan), N-terminal segment (blue) and Cterminal segment (red). In qRRM1, residues forming the hydrophobic core formed
between the C-terminal α-helix and β-sheet residues are colored in magenta. Figures
were created in pymol.
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To obtain clues about the origin of the observed diﬀerences of Cp,obs ,
the expected heat capacity changes ( Cbp,ASA ) were calculated using semiempirically derived relationships between the type and amount of surface
area buried in a complex and the heat capacity change caused by dehydration [90,92,93] (Figure 3.5; Tables A5 and A8). The superscript b (for bound)
indicates that the calculations were done by extracting the hypothetical
structures of the free proteins and oligonucleotides from the known structures of the respective complexes. Here we report the results obtained with
the Makhatadze & Privalov model; other parameterization schemes yielded
similar results. With the exception of A1RRM1, the calculated Cbp,ASA
were signiﬁcantly smaller (less negative) than the experimental Cp,obs . In
the case of A1RRM1, Cbp,ASA and Cp,obs were equivalent within the experimental error. Especially intriguing are the discrepancies in the case of
SRSF1-ssRNA and qRRM1-ssRNA, where the predicted Cbp,ASA are close
to zero. These results demonstrate that Cp,obs cannot be accounted for
solely on the basis of the type and magnitude of surface area buried at the
interface of the complex. One possible explanation is that binding is associated with conformational changes of the proteins and oligonucleotides,
which lead to signiﬁcant contributions to Cp,obs . In an attempt to verify
the plausibility of this scenario, we calculated the expected heat capacity changes, Cfp,ASA , by considering the conformational rearrangements
accompanying the association of free RRMs with free ssRNA oligoribonucleotides. The structures of the free proteins are available [52, 57, 64, 71].
The structures of the free ssRNAs were modeled by MD simulations in explicit solvent starting from the bound conformations using Amber9 (Figures
A3 and A4). In all considered RRM-ssRNA complexes (except A1RRM1ssRNA) the calculated Cfp,ASA are in much better agreement with the
experimental Cp,obs than Cbp,ASA , thus demonstrating that conformational restructuring has indeed energetic consequences. In A1RRM1-ssRNA
the magnitudes of Cbp,ASA and Cfp,ASA are the same. However, while the
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agreement between DCp,obs and DCfp,ASA is good in Tra2b1-ssRNA, qRRM1ssRNA and A1RRM1-ssRNA, large discrepancies persist in SRSF1-ssRNA.

Evidence for altered thermal motions upon complex formation

Semi-empirical models correlating binding heat capacity changes to surface
burial implicitly assume that association is not linked to signiﬁcant structural rearrangements and signiﬁcant changes in the dynamics of the participating molecules. However, redistribution of dynamic modes are likely and
have been reported [21, 96, 97]. Furthermore, structural methods capture
the structure of a molecular entity at a given temperature and provide no
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Figure 3.5: Observed and calculated heat capacity changes (ΔCp ) and
effects of thermal motions. The experimental observed ΔCp,obs (= ΔHobs /ΔT)
and corrected ΔCp,corr (= ΔHapp /ΔT) are shown in black and red, respectively.
ΔCp was calculated by NACCESS based on the hypothetical bound conformations of the binding partners (ΔCbp,ASA ; blue) and structures of the free components (ΔCfp,ASA ; cyan). The structures used in semi-empirical calculations are:
qRRM1 (2HGL; 2KFY), Tra2β1 (2RRB; 2KXN), A1RRM1 (1L3K; 2UP1) and
SRSF1 (2O3D; Cléry & Allain, unpublished data). Missing terminal segments in
the free proteins were modeled using Amber9 accordingly.
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Figure 3.6: Representative DSC thermograms of free qRRM1, free
AGG*G*AU and qRRM1-AGG*G*AU complex. DSC data showing variation of speciﬁc heat capacity (Cp ) as function of temperature of 113.6 µM 5’AGG*G*AU-3’ RNA (red; a). 113.6 µM is the fraction of bound ssRNA (The
total concentration of RNA used to obtain the raw free RNA thermogram was 160
µM); 92 µM free hnRNP F qRRM1 (blue; b); Sum of the free components (black;
a+b); Complex (green) formed between 160 µM 5’-AGG*G*AU-3’ RNA and 92 µM
qRRM1 after subtraction of the fraction of free unbound RNA (21% of total RNA
concentration). The experiments were conducted in 20 mM CH3 COOH, 50 mM
L-arginine, 50 mM L-glutamate, 0.05% β-mercaptoethanol–NaOH pH 5.5 buﬀer.
The scan rate was 1/min.
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information about possible dynamic alterations of that structure at a different temperature. In other words, structure-based predictions neglect the
likely existence of diﬀerent macrostates exhibiting diﬀerent dynamics and
ﬂexibility. It is expected that such states exist in temperature-dependent
equilibrium. Because the binding interface in macromolecular complexes is
large and many weak bonds are formed, the presence of a binding partner
can lead to a signiﬁcant redistribution of thermal motion modi, even if no
major structural rearrangements take place (induced ﬁt or conformational
selection). To determine the contribution of thermal eﬀects to the heat
capacity changes diﬀerential scanning calorimetry (DSC) experiments were
performed. The heat capacities (Cp ) of the free species (RRMs and ssRNA)
and the respective complexes were measured. An example is shown in Figure 3.6 given for the most ﬂuctuating complex (qRRM1; see below). Data
for the remaining complexes is included in the Appendix (Figures A6–A8).
The thermograms were collected between 7 C and 40 C. In this temperature range the protein domains are in their native, binding-competent state
(Figure 3.1 and Table 3.0). Because the protein concentrations were 92100 M and the ssRNA-to-protein molar ratio was approximately 2:1, the
protein-ssRNA complexes were populated to > 98 % across the considered
temperature interval. The heat capacities of the free oligonucleotides exhibit
only negligible temperature dependence, with the exception of the slight effect seen in the case of AGG*G*AU RNA. In contrast, the heat capacity of
the free proteins increases with temperature, as expected. We note, however, that the temperature slopes of Tra2 1 and qRRM1 are signiﬁcantly
higher than 7±2x10−3 J K−2 g−1 , the characteristic value found for well
packed globular domains [91]. This is a clear indication of intrinsic ﬂexibility of the protein on a global scale or at least in some parts of it. In
Tra2 1 this behavior can be explained by the presence of the N- and C- terminal segments that are highly ﬂexible in solution as previously indicated
by the 15 N heteronuclear experiments [10] (Figure 3.7A). Analysis of the
ensembles of NMR structures of qRRM1 indicates that intrinsic ﬂexibility
may be mainly attributed to the motions experienced by the N-terminal
segment as well as by the 2/ 3 and 2/ 4 loops (Figure 3.7). SRSF1 had a
heat capacity slope reasonably close to the cited reference value (8.6±10−3 ).
The slight ﬂexibility of SRSF1 may be due to motions experienced by ﬁve
residues (Ser116-Glu120) located in the N-terminal segment (Figure 3.7C).
A1RRM1 had a heat capacity slope characteristic for well packed globular
domains (6.9±10−3 J K−2 g−1 ). This is in agreement with the fact that
the B-factors of all the residues in the crystal structure of free A1RRM1 are
low (less than 20) and no particular region shows evidence of signiﬁcantly
higher mobility (Figure A10). Altogether, it seems residues located both in
the loop regions of the core RRMs and the ﬂexible termini may contribute to
the intrinsic ﬂexibility of the RRMs. Interestingly, the heat capacity slopes
of three complexes (except SRSF1-ssRNA) were much steeper than the cal-
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°

culated sum of the heat capacities of free RNA and free RRM. This is a clear
indication for a net increase of thermal motions upon complex formation relative to free species. Figure 3.8 shows the normalized diﬀerence between the
heat capacity of complex, CC
p , and the summed heat capacities of the free
P
C
P
protein, Cp and free oligonucleotide, CN
p , calculated as Cp = Cp - (Cp
N
+ Cp ). These Cp functions are positive (above 27 C in SRSF1-ssRNA)
indicating net increase in ﬂuctuations upon complex formation. Interestingly, the temperature dependence of these Cp functions may be roughly
correlated with the expected structural ﬂexibility of binding interfaces of the
RRMs: qRRM1 (engages the ssRNA via the ﬂexible loops; [69]) > Tra2 1
(binding via -sheet surface with additional contribution from ﬂexible Cand N-terminal segments; [10]) > A1RRM1 (binding to the face of a sheet; [27]) >> SRSF1 (contacts from an intrinsically rigid -helix; [64]).
The lack of monotonous changes in Cp functions (particularly the decrease
experienced above 23 in qRRM1) suggests an interplay between steric effects and dynamics as explained later.
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Figure 3.7: Flexibility of free RRMs. The ﬁgure shows structures of free
RRMs of (A) Tra2β1 (2RRB; residues 106-201), (B) qRRM1 (2HGL; residues 1102) and (C) SRSF1 (2O3D; residues 116-196). The predicted mobile elements,
which are the N- and C- terminal segments as well as loop regions are colored in
blue, red and cyan respectively.
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To obtain evidence that the magnitude of Cp is related to the ﬂexibility of the binding interface in one way or another, we designed a mutant
of Tra2 1 ( NTra2 1) lacking the N-terminal segment (residues 106-115).
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Among the four proteins, this is the only deletion of a ﬂexible component
that could be done without signiﬁcant weakening of binding or complete loss
of binding aﬃnity. The raw ITC and DSC data obtained for this mutant
are shown in Table A9 as well as Figures A9 and A8. The Cp -function obtained for this mutant is completely diﬀerent in comparison to the wild type
protein (Figure 3.8). This ﬁnding points to the existence of some correlation between the magnitude of Cp and the presence of structural elements,
which are expected to be ﬂuctuating based on structural considerations. It
has been shown that the C-terminal segment in Tra2 1 becomes strongly stabilized in the complex while the N-terminal segment (deleted in NTra2 1)
is weakly involved in interactions with the oligonucleotide [10]. These facts
are further supported by the agreement between Cfp,ASA and Cp,obs in
NTra2 1 (Figure 3.5). In the case of qRRM1, molecular dynamics (MD)
simulations also provide strong clues that the 2/ 3 and 2/ 4 loops involved in binding RNA experience elevated motions in the complex (Figures
A11 and A12). Analysis of B-factors in the crystal structure of A1RRM1ssDNA also show that the 2/ 3 loop that contacts the DNA/RNA via Arg
55 could be highly dynamic (Figure A10). The 2/ 3 and 2/ 4 loops may
also retain some mobility in the Tra2 1-ssRNA complex (Figures A13 and
A14) even though the motions experienced by the N-terminus seem more
dominant based on the data on NTra2 1. Arg 159 of Tra2 1 which participates in an ionic bond is located in the 2/ 3 loop.
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Figure 3.8: Heat capacity difference between the free reactants and complex (δCp ) as function of temperature. Variation of δCp as function of temperature for qRRM1 (red), Tra2β1 (blue, continuous line), ΔNTra2β1 (blue, dashed
line), A1RRM1 (cyan) and SRSF1 (black). δCp indicates changes in thermal motions experienced upon complex formation.
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−9.11 ± 0.05
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—

−8.28 ± 0.16
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—

—
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—
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—

—
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—
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—

—
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—
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—

8.79 ± 0.66
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A1RRM1-UUAGGU

—

—

0.19 ± 0.06

0.45 ± 0.03

—
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—
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—

—

—
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—
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—

—

—
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—
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−8.91 ± 0.02
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mol−1
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—

—

—

8.52 ± 1.20

—
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mol−1

−T∆Sobs

qRRM1-AGG*G*AU

—

—

0.93 ± 0.02

—

2.51 ± 0.33

3.54 ± 0.22

6.15 ± 0.16

—

M−1

106 · Kobs

—

−9.47 ± 1.95

−24.21 ± 0.84
—

—

−9.64 ± 0.88

−10.18 ± 0.43

−10.14 ± 1.47

−10.06 ± 1.01

−9.58 ± 0.46

kcal

mol−1
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—
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—
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8.84 ± 0.32
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—
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kcal

mol−1
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—
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—

10.8 ± 0.50

14.7 ± 0.93

29.0 ± 35.70

42.0 ± 3.41

43.1 ± 2.63

M−1
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Table 3.0: Thermodynamic parameters of RRM-ssRNA association. The data was obtained by titrating RRMs into the RNA
at various temperatures in 20 mM CH3 COOH, 50 mM L-arginine, 50 mM L-glutamate, 0.05% β-mercaptoethanol–NaOH pH 5.5 buﬀer.
ΔHobs , ΔGobs and -TΔHobs are the molar enthalpy changes in enthalpy, free energy and entropy respectively. Kobs is the association
constant.

Evaluation of the contribution of thermal motion and flexibility to
heat capacity changes
To quantitatively account for the eﬀect of non-parallel temperature- dependencies of the heat capacities of the associated and dissociated states (nonzero Cp ) on Cp,obs , a correction term, λ(T ), was calculated by integrating
the Cp function (Figure 3.9A):

D
d

D

∫
λ(T ) =

∫

T

T

δCp dT =
7

[CpC − (CpP + CpN )] dT

(35)

7

The idea is that a redistribution of thermal motions experienced upon
complex formation contributes to the apparent molar enthalpy Hobs measured by ITC at diﬀerent temperatures. Therefore, to ”correct” for the contribution of net thermal motions (as well as of any other molecular process
leading to non-zero Cp ) the value of (T) at the corresponding temperature was subtracted from Hobs obtained by ITC: Hcorr = Hobs - (T)
(Figure 3.9B). It should be stressed that this ”correction” procedure yields
enthalpy values whose magnitudes are physically meaningless because the
reference temperature for integration of Cp is arbitrarily chosen here as
7 C; it is unknown at which temperature Cp = 0. We note that the linear
correlation of Hcorr with the temperature is signiﬁcantly stronger than
that of Hobs (Figure 3.1 and 3.9B). For instance, in the case of qRRM1,
which is the most ﬂuctuating complex accompanied by the largest nonmonotonous increase in Cp , the computed adjusted r-square value for the
variation of H with temperature is only 0.16 for Hobs but reaches 1.00
for Hcorr . Seemingly, the non-monotonous temperature variation of Cp
reﬂects ”real” temperature-dependent structural and/or dynamic variability of the binding partners. For three complexes Cp,obs <
Cp,corr =
d Hcorr /dT (Figure 3.5). For SRSF1-ssRNA and NTra2 1-ssRNA the
magnitudes of Cp,obs and Cp,corr are the same within error.
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In principle, the presented procedure is expected to yield the heat capacity change in the limit of the rigid-body type of binding, that is, to capture
the heat capacity diﬀerence caused exclusively by dehydration of the molecular interface. In all four cases (except the NTra2 1-ssRNA mutant) there
is no reasonable agreement between Cp,corr and Cfp,ASA . This, together
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with the fact that
and
diﬀer by much, points to the role of
diverse factors dictating the temperature variation of the binding enthalpy
and binding entropy. Notably, the presented results contrast the results obtained for protein-DNA association [74, 75]. In protein-DNA binding, the
correction for thermal motions results in Cp,corr smaller in magnitude (less
negative) than the experimental heat capacity eﬀect, Cp,obs , meaning that
binding causes ”stiﬀening” of the thermal motions of the binding partners.
It appears that the opposite is true for the herein investigated cases of short
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Figure 3.9: Correction for non-parallel heat capacity changes in the considered RRM-ssRNA complexes. (A) correction for non-parallel heat capacity
diﬀerence between free states (binding components) and complex (λ(T)). (B) Molar enthalpies (ΔHcorr ) corrected for non-parallel heat capacity changes. Solid lines
are linear ﬁts. The lines are colored as in Figure 3.8
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oligonucleotide recognition by RRMs, the anticipated ﬂexibility of the protein binding interface representing a dominant factor.

DISCUSSION
Thermodynamics of RRM-ssRNA association
Recent years have brought about a steady increase of the structural information on protein-RNA complexes. One intriguing observation made is that the
RRM is a versatile binding platform and provides structurally diﬀerent surfaces to recruit ssRNA and stem-loops, as well as ssDNA in some instances.
Regarding binding of unstructured ssRNA, the question appears as to what
kind of thermodynamic strategies have emerged in order to provide suﬃciently high aﬃnity for intrinsically ﬂexible ribonucleotide stretches. Here
we investigate the thermodynamics governing the interaction between four
RRMs from diﬀerent proteins exhibiting diﬀerent modes of binding to short
purine-rich oligoribonucleotides.
In the four considered complexes ssRNA association to RRM proceeds
with submicromolar aﬃnity. Binding is driven by negative enthalpy and
disfavored by negative entropy in the physiological temperature range. This
overall signature is in good agreement with previous reports on binding of
tandem RRMs from diﬀerent proteins to U-rich ssRNA oligonucleotides [129].
One intriguing observation is that binding aﬃnity is very similar for the
four complexes, although the proteins utilize diﬀerent structural elements in
recognition of the oligonucleotides. Analyses of the intermolecular contacts
formed between the RRMs and the cognate RNAs in the respective complexes revealed that this similar aﬃnity is most likely a consequence of the
relatively similar hydrogen bonding patterns observed across the four complexes. In contrast, the contribution of stacking interactions to the stability
of the complexes seems variable, extending from eight stacking interactions
in the case of Tra2 1 to three in the case of SRSF1. In light of the increase
in thermal motions experienced upon complex formation, it may seem that a
partial role of the protein aromatic residues involved in stacking interactions
may be to orient the RNA bases for eﬃcient hydrogen bonding.
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We have also observed that the small spread of Gobs values (1-2 kcal
mol−1 ) is a superposition of larger and compensating enthalpy and entropy
diﬀerences ( Hobs and T Sobs spread within 5-10 kcal mol−1 ). Available
mutagenesis studies substantiate the generally accepted view that the enthalpy gain from formation of H-bonds and van der Waals contacts is partly
(sometimes fully) compensated by the entropy loss upon ﬁxing the bond
partners, considering also the respective hydration changes. To illustrate,
the replacement of a tyrosine involved in a hydrogen bond (via the OH

D

D

87

b

group) by a phenylalanine (Y165F) in Tra2 1 led to a moderate 5.7-fold
loss in aﬃnity but with an unexpectedly large 24 % increase (rather than
decrease) in Hobs (more negative by 8 kcal/mol) [10]. Similarly, deletion of
the N-terminal segment (residues 1-10) of SRSF2 RRM-UCCAGGAU RNA
complex led to a small (2 fold) loss in aﬃnity but with a considerable 32
% increase in Hobs (more negative by 11 kcal/mol) [127]. The N-terminal
segment of the protein makes two contacts to a guanine base (G5); one is a
hydrogen bond to the main-chain carbonyl of Gly4 and another is a van der
Waals interaction with Pro6. These examples illustrate how compensating
changes of enthalpy and entropy can render the overall energetic contribution of many individual contacts insigniﬁcant. Yet, weak contacts could
be important determinants of speciﬁcity. At the same time, mutagenesis
identiﬁes contacts in the binding interface, the removal of which leads to
severe loss of binding aﬃnity due to non-compensating enthalpy and entropy. Examples are R61A and R42A mutants of SRSF2 RRM [127], the
W20A mutant of qRRM1 [69] and the K138A substitution in SRSF1 (Cléry
& Allain, unpublished data). Given the observed prominent role of hydrogen bond formation to complex stability, as well as the wide variation in
enthalpy and entropy as function of temperature, we also conclude that the
reported correlation between the magnitude of Hobs and level of speciﬁcity
in RRM-ssRNA complexes is inaccurate [129].
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Electrostatic effects
To our knowledge, this study is the ﬁrst which addresses the partitioning of the free energy of RRM-ssRNA binding into electrostatic and nonelectrostatic components. Because contributions to the free energy cannot
be assessed by experiment, such partitioning has an arbitrary character and
is used only as an operational tool to gain information about the nature of
forces dominating the binding aﬃnity. The formal application of equation 34
ascribes the total binding energy determined at 1 M salt to non-electrostatic
forces. The question is whether the assumption that the electrostatic contribution to binding vanishes at precisely 1M salt concentration is correct.
As pointed out previously, 1 M should be interpreted as standard condition
deﬁned as a reference point from which the electrostatic component of the
binding energy is being estimated [81]. High salt concentration attenuates
electrostatic interactions by screening the Coulombic attraction between opposite charges and by altering the desolvation contributions to the total electrostatic free energy. As far as these salt-dependent eﬀects are thought to
dominate the total electrostatic free energy, the binding free energy at high
salt can be attributed to the salt-independent ”non-electrostatic” eﬀects:
van der Waals interactions, hydrogen bonding, and dehydration eﬀects.
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Because only 1-2 ion pairs are formed in the investigated complexes it is
not surprising that the total electrostatic contribution comprises only about
25 % (or less) of the total free energy of binding. The dominance of nonelectrostatic eﬀects points to the speciﬁc character of the association process
as is in line with the presence of 5-6 hydrogen bonds (counting bifurcated
bonds once) and relatively large non-polar interaction areas (2360 to 3830
Å2 ). Similar magnitudes of the electrostatic component have been observed
in the binding of the tat peptide, R17 coat protein and znf29 protein to the
major grooves of various hairpin RNAs [119, 121, 124] despite diﬀerences in
the number of charges present in the proteins/peptide. The relatively small
contribution of the electrostatic term to the free energy of binding contrasts
the picture found in several protein-dsDNA complexes, where both speciﬁc
and non-speciﬁc binding is driven to at least 60-70 % by the electrostatic
term of Gobs [81]. If further analyses conﬁrm our observation of lower signiﬁcance of electrostatic forces in ssRNA binding, the principal structural
diﬀerence between dsDNA and ssRNA might be evoked as explanation. In
dsDNA the backbone phosphates are structurally constrained by the rigid
double helix structure. They could serve as a convenient scaﬀold to gain unspeciﬁc binding energy because the entropic cost for making ionic pairs with
charged side chains is kept low. In the ﬂexible ssRNA, however, formation
of ionic pairs with backbone phosphates is expected to pose a signiﬁcant
entropic penalty.

D

Furthermore, according to the counter-ion condensation (CC) concept,
the slope of the plots of logKobs versus log[cation+ ] is proportional to the
number of counter-ions (cations) condensed to backbone phosphates of the
nucleic acid and released upon binding of the protein. As far as such cations
are being displaced by positively charged groups of the protein, their number
is assumed proportional to the number of ionic protein-nucleic acid contacts
made. The presented results from binding experiments with variation of the
salt concentration identiﬁed two ionic bonds between three of the considered RRMs (A1RRM1, Tra2 1 and SRSF1) and the cognate RNAs. No ionic
bonds are formed by qRRM1 according to our binding studies. Distance–
based analysis of the structure of the qRRM1-ssRNA complex conﬁrms the
absence of ionic pairs bridging the protein and the oligonucleotide. For
the remaining complexes, contacts were identiﬁed within 7 Å distance. In
Tra2 1-ssRNA, Arg 106, Arg 111 and Arg 159 are positioned as to contact
the RNA (Figure 3.4). It appears, however, that Arg 106 and Arg 111 contribute very little, if at all, to binding. This conclusion comes from the fact
that the NTra2 1 mutant which is lacking the segment 106-115 (lacks Arg
106 and Arg 111) shows insigniﬁcant loss of aﬃnity for RNA (∼ 1.3 fold;
Table A9). However, this could simply be a reﬂection of the large degree of
enthalpy-entropy compensation experienced in the complex. In A1RRM1ssRNA, Arg 55 and Arg 92 were identiﬁed. Indeed, the mutation of Arg

b

b

D

b

89

55 to alanine is a hot spot in the binding interface because the Arg-to-Ala
replacement had the largest impact on the aﬃnity, reducing it to ∼ 10 M.
In SRSF1-ssRNA, Arg 117 and Arg 154 could also form ionic bonds. In fact,
Arg 154 contacts phosphate oxygens in 3 out of 20 conformers and the poor
statistics may simply be due to insuﬃcient NMR constraints imposed on the
residue. The fact that important ionic bonds form within 3–7 Å of phosphate oxygens has been shown in previous studies [4,4,7–9]. One should also
keep in mind that known are the structures of the protein-ssRNA complexes
at 40 C while the thermodynamic data capture the formation of ion pairs at
10 C. ITC measurements at 40 C were hindered by the combination of low
binding aﬃnity and low solubility of the RRMs at that high temperature.
Interestingly, residues identiﬁed to participate in ionic bond formation are
located in two regions. The ﬁrst is the 2/ 3 loop. The second is either
the N- or C- terminal segment. Therefore, we conclude that these two ﬂexible regions are conserved for the mediation of electrostatic stability in the
formation of RRM-ssRNA complexes. The fact that the residues located in
the loop and the termini are oriented almost directly opposite each other
across the RNA molecule strongly suggests these residues may also play
an important role in guiding the RNA into the binding site. The roles of
the 2/ 3 loop and N- or C- terminal segment are supported by the failure
of qRRM1-ssRNA to form ionic bonds. In the case of qRRM1-ssRNA the
2/ 3 loop is shifted away from the binding site because of the participation
of the 1, 2 and 3 residues in a hydrophobic core formed together with
residues of the C-terminal -helix. There are no charged residues in the Nterminal segment of qRRM1-ssRNA. Unfortunately, the kinetics of complex
formation could not be compared because complex formation was generally
too fast even under conditions of low temperature and high concentrations
of salt ions (5 in ∼ 400 M NaCl salt).
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Structural adaptation and dynamics in protein-ssRNA association
In the formation of the considered RRM-ssRNA complexes, the observed
enthalpy-entropy compensation is valid not only across the four complexes
at one temperature, but holds also for the temperature variation of binding parameters: Hobs and T Sobs compensate almost perfectly and Gobs
varies very little between 10 C and 40 C. This is indeed not unusual in
macromolecular recognition reactions [110, 186, 187]. More interesting is the
fact that it holds to the same extent in the four complexes, even if the temperature dependencies of the Hobs and T Sobs functions vary three-fold
( Cp,obs ∼ -300 cal K−1 mol−1 in SRSF1-ssRNA and Tra2 1-ssRNA, and
∼ -100 cal K−1 mol−1 in A1RRM1-ssRNA and qRRM1-ssRNA). As far as
dehydration of signiﬁcant amount of molecular surface is thought to be the
main source of large negative Cp in speciﬁc protein-ligand binding, it ap-
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pears, therefore, that other factors contribute to the energetic balance of
at least some of the considered complexes. Our results point to the role of
structural adaptation and ﬂexibility as potential modulators of the binding
energetics.
The temperature dependence of the partial molar heat capacity in the
native region provides strong evidence that two of the proteins (Tra2 1 and
qRRM1) are intrinsically ﬂexible and experience pronounced thermal ﬂuctuations upon heating. According to this criterion A1RRM1 and SRSF1 are
signiﬁcantly less ﬂexible. It is plausible to assume that this intrinsic ﬂexibility lowers the energetic costs of the transition from the free state ensemble to
the bound state ensemble. It should be noted that the two ensembles are not
markedly diﬀerent, as the superposition of the core RRMs backbone atoms
result in r.m.s.d values of ∼ 1.05 Å. Nonetheless, a signiﬁcant re-orientation
of side chains caused by the interactions with the oligonucleotide is evident
from calculations of the solvent accessible area of the free proteins and of the
hypothetical bound conformations when stripped from the oligonucleotide
(Table A8). We do not detect a clear trend in this respect. Generally,
the changes aﬀect mainly the exposure of polar and aromatic surface when
the protein adopts the binding-competent conformation. The surface area
decreases in bound SRSF1 and bound A1RRM1 indicating that binding
proceeds with partial burial of residues. Diﬀerently, in bound Tra2 1 (and
bound NTra2 1) the polar residues become exposed. Notably, in bound
qRRM1 also non-polar residues become on average more solvent accessible.
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The presented calculations of Cbp,ASA and Cfp,ASA attempt to capture the contribution of hydration to the experimentally measured Cp,obs .
Not surprisingly, in view of the discussed solvent accessibility diﬀerences between the free state and the bound state, Cfp,ASA better approximates the
experimental values for three complexes. For A1RRM1-ssRNA, however,
the magnitudes of Cbp,ASA and Cfp,ASA are the same. These calculations
reiterate the advantage of performing surface-based thermodynamic modelling with the structures of the components of a macromolecular complex
in their unbound state [76]. In all cases except A1RRM1-ssRNA, Cfp,ASA
is larger (more negative) than Cbp,ASA . The exception of A1RRM1-ssRNA
is explained by the fact that the conformational transitions of the free RNA
make signiﬁcant contribution to Cfp,ASA in contrast to the rest of the complexes. The reason is the modeled free RNA exhibits signiﬁcant stacking
in contrast to the extended conformation found in the complex. With the
exception of A1RRM1-ssRNA and SRSF1-ssRNA, Cfp,ASA is larger (more
negative) than Cp,obs . Excluding these two complexes, this observation can
be interpreted with the presence of an eﬀect which counteracts the overall
hydration contribution to the heat capacity change. Because the heat ca-
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pacity of the complex is lower than the summed heat capacities of the free
binding partners, the likely source of a positive contribution is the increase
in the thermal motion content of the complex. Indeed, by comparing the
temperature dependence of the heat capacities of the free species and complexes, we observed a general net increase of the thermal motions in the
four complexes. There is, however, no monotonous increase in Cp (T) with
temperature because of non-parallel changes in thermal motions in the complex relative to the free species, particularly in qRRM1 where a signiﬁcant
decrease was observed at temperatures above 23 C. The decrease in Cp (T)
experienced in qRRM1 could be explained by the fact that whereas interface residues in the free protein are free to ﬂuctuate with increasingly large
amplitude at high temperature, the magnitude of these motions reaches a
limit in the complex as a result of steric eﬀects due to side-chain contacts
with the RNA. This explanation does not apply across all RRMs because
the binding interfaces are most likely diﬀerently packed because they contain diﬀerent numbers of bulky aromatic residues. Using Cp (T) (or (T))
and Cp,corr as tools to quantify the extent of thermal motions (see Results
and Figure 3.8) the most ﬂuctuating complex is qRRM1-ssRNA followed by
Tra2 1-ssRNA and A1RRM1-ssRNA. Small ﬂuctuations were observed in
SRSF1-ssRNA at temperatures above 27 C.
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DCp,corr > DCfp,ASA, except in the DNTra2b1
mutant. The good agreement between DCp,corr and DCfp,ASA in DNTra2b1,
However, in all complexes,

in contrast to the large discrepancy observed in the wild-type domain, suggests that thermal motions, structural adaptation and/or hydration eﬀects
experienced in this complex could be coupled. Loss of the N-terminal segment results in loss of thermal motions in the complex as well as conformational changes upon binding RNA. At the same time, the interfaces of
protein-RNA complexes are known to be hydrated [130], with 41 water
molecules found located at the interface of the complex formed between two
tandem RRMs of HuD protein and 11 nucleotide AU-rich RNA. In the case
of A1RRM1-ssRNA the excess heat capacity could be explained entirely by
the presence of water molecules buried at the interface. Experimental and
theoretical studies have estimated the eﬀect of immobilized water molecules
on Cp as -10 to -20 cal/K/mol, depending on whether the water molecule
is in a nonpolar environment or participates in a hydrogen bonding network [188–190]. According to the same procedure [130], we identify 14 water molecules as part of the A1RRM1-ssRNA interface, contributing at least
-140 cal/K/mol to Cp and eﬀectively abolishing the discrepancy between
Cp,corr and Cfp,ASA . In the case of qRRM1-ssRNA, 75 water molecules
are part of the interface although several of these are solvent accessible [191].
In SRSF1-ssRNA signiﬁcant contribution from buried waters is also possible.
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Since DSC data has no resolution power on structural level the question arises whether there is circumstantial evidence of increased ﬂexibility/thermal motion in the considered complexes. In fact, the trend of
Cp,corr tallies with the ﬂexibility of the binding interfaces that can be inferred from simple structural considerations. In the case of Tra2 1-ssRNA, it
is clear that the N-terminal segment is mainly responsible for the increased
ﬂexibility observed in the complex. Because 15 N NMR relaxation experiments showed evidence of damping of fast motions of this N-terminal segment upon complex formation (in the subnanosecond timescale), our thermodynamic data therefore suggests that the N-terminal segment undergoes
slow motions at the NMR timescale upon complex formation (microsecond to
millisecond regime). This is in agreement with the fact that the N-terminal
segment is poorly stabilized in the complex and no signiﬁcant loss in aﬃnity
is observed upon its deletion. In qRRM1-ssRNA, we think that the ﬂexible
loops regions that bind RNA undergo redistribution of motions. In the case
of A1RRM1-ssRNA, ring-ﬂipping motions of the bases of conserved aromatics could be involved. This contribution is also expected to be involved in
Tra2 1. In SRSF1 and qRRM1 (except for a single phenyalanine) these aromatic residues are not conserved. Another factor that could contribute to
dynamics are the motions of arginine residues that contact RNA phosphate
oxygens at a distance beyond 4 Å. These residues are not associated with
speciﬁc atoms and most likely ﬂuctuate between a number of atoms. However, it is possible that the observed heat capacity signature could be due to
compensating motions of other residues at or near the binding interface as
previously observed in the formation of the U1A RRM-RNA complex [17]
and VTS1p-SAM–SRE RNA complex [18]. On the other hand, it cannot
be ruled out that enhanced mobility is not limited to protein segments outlining the binding site, but propagates throughout the protein [21, 97, 192].
The lack of changes in thermal motions in SRSF1 could be rationalized by
the fact that RNA binds to a rigid -helix interface with the involvement
of a single aromatic residue which does not undergo repeated ﬂipping motions (Cléry & Allain, unpublished data). Increased mobility of interfacial
residues has been previously observed for less speciﬁc interactions between
the N-terminal RRM of CstF-64 versus GU-rich RNAs [16]. RNA-binding
by U2AF65 selectively stabilizes pre-existing alternative conformations of
three side-chains located at the RNA interface, and of a ﬂexible loop in
the U2AF65 protein. Pre-existing alternative conformations separated by
low-energy barriers may be a mechanism towards achieving promiscuity in
recognition [183]. Our data suggest that speciﬁc binding can be linked to
increased ﬂuctuations as well. A recent NMR study of the SRSF2 RRM also
points to the role of ﬂexible structural elements in ssRNA binding [193].
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Notably, the presented results on increased thermal motions in the formation of RRM-ssRNA complexes contrasts those obtained for protein-DNA
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association [74,75]. There are two obvious diﬀerences between protein-DNA
and protein-ssRNA complexes. First, protein-dsDNA complexes are stabilized by hydrogen bonds, van der Waals contacts and ionic pairs, and lack
aromatic stacking interactions, while stacking with RNA bases is an important contributor to the stability of protein-ssRNA complexes (such as
in Trp 20 and Phe 120 of hnRNP F qRRM1 and qRRM2 respectively [69],
Trp 134 in SRSF1 (Cléry & Allain, unpublished data) and Tyr 44 of SRSF2
RRM [127]). Aromatic stacking is weaker than conventional hydrogen bonding and, therefore, subjected to weaker geometric and dynamic constraints.
Bulky aromatic groups are often sub-optimally packed. Not surprisingly,
the packing of protein-RNA complexes is poorer than of protein-DNA complexes, implying more dynamical interactions [132]. Second, dsDNA is a
rigid scaﬀold (nothwithstanding the fact that protein binding may induce
large bending), while ssRNA is a very ﬂexible entity. Thus, our results are
in line with the idea that the intrinsic ﬂexibility of RRMs might be a mechanism optimized to recruit ﬂexible RNA molecules without signiﬁcant loss
in conformational entropy.
In conclusion, we have studied the thermodynamics of sequence-speciﬁc
association between RRMs displaying diﬀerent modes of binding and cognate RNA oligonucleotides. Binding is driven by non-electrostatic eﬀects.
Mainly hydrogen bond formation render the binding enthalpy favorable.
Entropic factors oppose binding. Formation of ionic bonds between positively charged side chains and RNA backbone phosphates contributes 25 %
of the binding free energy, or less. The experiments detect the presence of
maximum of two ionic pairs in the considered complexes. The formation of
these ion pairs is conﬁned to two ﬂexible regions; the 2/ 3 loop, and the
N- or C- terminal segment. Signiﬁcant conformational changes in RRMs
occur upon binding by readjustments of protein side chains, protein termini
and/or loops beyond the RRM core. Three of the binary complexes exhibit
large amplitudes of thermal motions. These peculiarities are contrasting the
signature of protein-dsDNA binding. The presented results provide further
support to the idea that one main theme in protein-ssRNA binding is the
reduction of entropic loss upon recruitment of the very ﬂexible ssRNA.
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MATERIALS AND METHODS
Buffer. All the experiments were carried out in 20 mM CH3 COOH, 50 mM
L-arginine, 50 mM L-glutamate–NaOH pH 5.5 buﬀer containing 0.05% mercaptoethanol. The inclusion of arginine and glutamate was necessary to
increase the stability and solubility of the free proteins. They, however, do
not interfere association with the process [194].
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Protein constructs, expression and purification. qRRM1 of hnRNP F
and RRM of hTra2 1 protein constructs were expressed and puriﬁed as previously described [10, 69]. SRSF1 RRM2 (residues 107 to 203) and hnRNP
A1 RRM1 (residues 1 to 97), fused to N-terminal 6xHis-tags (plus a GB1
solubility tag in SRSF1 RRM2), were expressed at 37 oC in Escherichia
coli codon-plus DE3 cells (Stratagene). All the proteins were puriﬁed by
Ni-NTA aﬃnity chromatography.

b

Oligonucleotides. The RNA oligonucleotides were purchased from Metabion
(Germany) or Dhamarcon (USA). Oligonucleotides from Dharmacon were
deprotected and lyophilized according to manufacturer’s instructions. The
oligonucleotides were puriﬁed by reversed phase HPLC and the mass was
veriﬁed by mass spectrometry.
Differential scanning calorimetry. DSC experiments were conducted
on a VP-DSC microcalorimeter (GE Healthcare) equipped with twin-coinshapped cells of 0.52 mL volume. Details of the instrument’s performance
are given elsewhere [195]. The scan rate was 1 C/min. The proteins were extensively dialyzed against the same buﬀer used to determine the instrumental buﬀer-buﬀer baseline. Lyophilized RNA was re-suspended in the same
dialysis buﬀer (experiments with free RNA) or directly added in the dialyzed protein solution (experiments with protein-ssRNA complexes). RNA
was added in two-fold excess of protein to populate 98 - 100 % (95 % in
SRSF1) of the complex up to the highest temperature of the DSC experiments. Thermograms of the complex and summed-components (free RNA
+ free protein) were normalized per mole of complex after subtracting the
fraction of unbound RNA accordingly. Data analysis was done using Origin
7.

°

Isothermal titration calorimetry (ITC). ITC experiments were carried
out with a VP-ITC calorimeter (GE Healthcare). Protein samples were
thoroughly dialyzed before concentration determination. The sample cell
was ﬁlled with 5-15 M RNA; concentration in the injection syringe was
50-450 M. Typically, the injection volume was 8 L and the steering speed
was set to 300 rpm. The magnitudes of the nonspeciﬁc heat eﬀects were
determined by subtracting the integrated heats detected after complete saturation from the recorded isotherm. The 1:1 binding model was ﬁt to the
data to calculate Kobs and Hobs using the non-linear regression analysis
algorithm implemented in Origin.
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Semi-empirical determination of heat capacity. To determine the heat
capacity eﬀects upon binding ( Cbp,ASA and Cfp,ASA ), ﬁrstly, the change in
water accessible surface area ( ASA) was determined from the structures
of the free components and complex according to Equation 36 by using
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NACCESS software (http://www.c.bioinf.manchester.ac.uk/naccess/). In
the determination of ASA by NACCESS, a probe of radius 1.4 Å was rolled
on the surface of each molecule. Other parameters were default.
∆ASA = ASAcomplex − ASAprotein − ASARN A

(36)

where ASAcomplex , ASAprotein and ASARN A are the accessible surface
areas (ASA) of the complex, free protein and free RNA respectively [in Å2 ].
From the corresponding ASA, the expected Cbp,ASA and Cfp,ASA was
determined on the basis of the type and amount of ASA buried according
to Equation 37, based on the Makhatadze & Privalov model [90].
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∆Cp,ASA
= 2.14 · ∆ASAnp + 1.55 · ∆ASAaro − 1.27 · ∆ASApol
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(37)
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where Cxp,ASA is either Cbp,ASA or Cfp,ASA accordingly [in J K−1
mol−1 ]; ASAnp , ASAaro and ASApol are the apolar, aromatic and polar surface areas buried upon complex formation. In the determination of
Cbp,ASA , the structures of ”free” protein and ”free” RNA correspond to the
separate structures of these molecules obtained from the complex (bound
conformations). However, in the determination of Cfp,ASA , structures of
the free protein and free RNA used were those solved in their free unbound
form by either NMR spectroscopy or X-ray crystallography (free protein),
or modeled by MD simulations in Amber9 in explicit solvent starting from
the bound conformation (free RNA; Figures A3 and A4).
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4

Conclusion

Protein-RNA interactions are important for the regulation of several biological events in the cell. These events include alternative splicing, mRNA
export and polyadenylation. However, despite the growing clarity in the
structural basis of protein-RNA complex formation, mainly through solution NMR and crystallography studies, the thermodynamic and biophysical
details remain poorly understood. Moreso, the few reports available mostly
focus on protein or peptide binding to the major grooves of RNA hairpins.
Detailed thermodynamic data on the binding of proteins to unstructured
single-stranded RNA (ssRNA) sequences are hardly available. Therefore,
there is lack of understanding of why such interactions occur. The recognition of ssRNA by RNA recognition motifs (RRMs) serves as a good illustration of the necessity to conduct thermodynamic studies. RRMs exhibit
extensive structural versatility which facilitates RNA binding by diﬀerent
structural surfaces of the RRM, if the canonical RNP1 and RNP2 sequences
are not conserved. However, the energetic consequences of this structural
versatility on complex formation has to date not been comprehensively investigated.
The understanding of protein–ssRNA recognition is further complicated
by the population of RNA secondary structures. Various ssRNA sequences
tend to also adopt stem-loop or G-quadruplex conformations. The presence of these topologies has been implicated in the regulation of various
(pre-)mRNA processing events [140,146]. For instance, such structures have
been implicated in bringing into close proximity the 5’ and 3’ splice-sites
of pre-mRNA [151]. RRMs mostly bind to the single-stranded loop regions of RNA stem-loops in a manner largely resembling binding to ssRNA.
The eﬀect of G-quadruplex stability on the thermodynamics and kinetics of
protein-ssRNA complex formation is still not understood.
The qRRMs of hnRNP F speciﬁcally bind to RNA containing at least
three successive guanines (G-tracts). G-tracts can spontaneously assemble into higher order G-quadruplex folds, either intra- or intermolecularly.
Therefore, ﬁrstly, the results obtained on the thermodynamic and kinetic
eﬀects of G-quadruplex stability on the formation of the qRRM-ssRNA
complex are discussed. The investigations focus on the interaction between qRRM3 and two G-tract RNAs, namely, 5’-AGGGAU-3’ and 5’-GGA(GGGUUA)4 -3’. Next, the discussion centers on the results obtained on
the interaction between the four RRMs from four diﬀerent RNA binding
proteins exhibiting diﬀerent binding modes to ssRNA oligoribonucleotides
with particular focus on (1) the thermodynamic signature governing complex
formation, (2) the role of electrostatics in the stability of the RRM-ssRNA
complexes and (3) the dissection of the various contributions to the observed
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heat capacity change of association ( Cp,obs ). To dissect the various contributions of Cp,obs , the changes in hydration, conformation and dynamics of
the reaction components were analyzed. The results are based on the interaction between hnRNP A1 RRM1 (A1RRM1), hnRNP F qRRM1 (qRRM1),
SRSF1 pseudo-RRM (SRSF1) and hTra2 1 RRM (Tra2 1) with cognate
RNAs with sequences 5’-UUAGGU-3’, 5’-AGG*G*AU-3’, 5’-AAGGAC3’ and 5’-AAGAAC-3’ respectively. The sequences highlighted in bold text
are speciﬁcally recognized, where G* is 7-deazaguanine. While the binding
mode of the A1RRM1–ssRNA complex is canonical, the rest of the complexes display a variety of RNA binding modes.
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Effects of G-quadruplexes on function of RNA binding
proteins and on splicing activity

The eﬀect of G-quadruplex stability on the energetics and kinetics of qRRMssRNA association has been elucidated by means of various techniques.
The high activation energy barrier separating the G-quadruplex from singlestranded G-tract RNA drastically slows down the rate of formation of the
qRRM-ssRNA complex. This conclusion has implications on the mechanism of action of other G-quadruplex associated proteins (GAPs) such
as hnRNP A1/UP1 [162, 177] and hnRNP D [178, 179]. The extent to
which the G-quadruplex slows down the kinetics of complex formation for
these proteins remain to be determined. However, an important diﬀerence that distinguishes hnRNP F from other GAPs is the fact that hnRNP F speciﬁcally binds to three successive guanines that are completely
buried in the G-quadruplex fold upon its formation. Yet, other GAPs such
as hnRNP A1/UP1 or hnRNP D speciﬁcally recognize UAG and UAGG
sequences [27, 178, 179]. Only the guanine residues are buried upon Gquadruplex formation. The other nucleotides (–UA–) remain exposed in
the loop region intervening the stacks of guanine tetrads. Thus, speciﬁc
binding to the exposed sequences may still occur with reduced aﬃnity. This
weak binding could induce partial or complete dissociation of some types of
quadruplexes providing a mechanism of G-quadruplex dissociation that may
explain previous results with these types of G-quadruplexes [162, 177–179].
Another factor to consider is the diversity of the folded structures adopted
by the DNA/RNA. Particularly in DNA, a variety of G-quadruplex states
can be adopted [163]. Some states can be partially folded or short–lived.
More than one fully folded states may also persist. The presence of protein
may have signiﬁcant impact on the less stable partially folded and short
lived states. Therefore, without complete characterization of the diversity
of species adopted by the DNA/RNA, the eﬀect of the protein cannot be
conclusively attributed to dissociation of the ”native” G-quadruplex fold.
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Using in vitro transcription assays under conditions mimicking the cellular environment, it has been shown that qRRM3 binds to the telomeric
G-tract RNA (TERRA) co-transcriptionally while it is still single-stranded.
In this way, G-quadruplex formation is prevented. The suggestion that hnRNP F (and H) is observed at discrete locations in the nucleoplasm and act
at sites of transcription [66] oﬀers support to the kinetic model that hnRNP
F would bind co-transcriptionally. This raises the possibility that splicing
may indeed also occur co-transcriptionally (co-transcriptional splicing). It
is of keen interest to conduct splicing activity studies to investigate this possibility.

4.2

Comparative analysis of the thermodynamic RNA binding signatures of different types of RRMs

A comparative analysis of the thermodynamic RNA binding signatures of
diﬀerent RRMs to cognate RNAs was conducted. The cognate RNAs are
very similar. They are all purine rich and consist of three speciﬁcally
recognized nucleotides (except for four residues in UAGG recognized by
A1RRM1). The RRMs display a variety of binding modes in which the
RNAs are bound by completely diﬀerent surfaces which include the -sheet
surface, the termini, the loops and the -helix. Thus, the features of the
RRMs, and not of the ssRNA, are expected to predominantly determine
the energetics of the association reactions between the RRMs and cognate
RNAs. It is surprising that all the four diﬀerent binding modes considered share largely the same thermodynamic signature. The stability of the
complexes are the same. The change in stability ( Gobs ) of the complexes
with temperature is similar. The non-electrostatic component is the main
driving force in all the complexes. Except in qRRM1-ssRNA, the relative
magnitude of the non-electrostatic and electrostatic components are similar.
Ionic bonds formed between the positively charged arginine side chains of
the RRMs and the RNA backbone are also conﬁned to the same regions
( 2/ 3 loop and the N- or C- termini). On the basis of this observation, a
clear explanation of the diﬀerent non-electrostatic/electrostatic signature of
the qRRM1-ssRNA complex could be provided. Furthermore, with the exception of SRSF1-ssRNA, there is a general net increase in dynamics upon
complex formation in the considered RRM-ssRNA complexes. All these
results indicate that the energetic RNA binding signature of the RRM is
largely conserved across diﬀerent binding modes. The evolution of diﬀerent
binding modes, either independently or from the canonical one, has therefore not been associated with signiﬁcant energetic penalties.

b

a
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ssRNA binding by RRMs is non-electrostatically driven. The electrostatic component to the overall free energy of association ( Gele ) is ∼ 25%.
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Surprisingly, the electrostatic component appears conserved across diﬀerent
systems extending from the binding of zinc ﬁngers [121] and arginine-rich
peptides [124] to RNA hairpins, to the binding of RRMs to unstructured
ssRNA oligonucleotides. This is most likely an evolutionary consequence
aimed at maintaining high speciﬁcity by minimizing nonspeciﬁc interactions.
The molecular signature is unclear. In contrast, the formation of proteindsDNA complexes is dominated by electrostatic forces. Gele is about 60–
70% [81]. This applies to both the formation of speciﬁc and nonspeciﬁc
complexes. The diﬀerence between the electrostatic signatures between formation of protein-dsDNA and protein-RNA complexes is unclear. The lower
entropic cost of forming ionic contacts to the rigid double helix compared to
RNA most likely plays a signiﬁcant role. Interestingly, despite the common
attribution of the eﬀect of salt ions on the association constant to the entropy of mixing [81], preliminary analyses show this may not necessarily be
the case (Figures A15 and A16). Enthalpic eﬀects appear to predominantly
destabilize complex stability at higher salt concentrations. However, further
studies may be necessary to reinforce this observation.

D

It has also been shown that RRM-ssRNA association is accompanied by
increases in thermal motions in three of the four complexes. From analyses of structural data the changes in thermal motions seem correlated with
the structural ﬂexibility of the binding interfaces. Indeed, by comparing
the DSC data obtained on Tra2 1 and the N-terminal deletion mutant this
conclusion could be conﬁrmed. However, mutation of dynamic components
in the remaining RRMs without completely abolishing binding or complete
loss of aﬃnity was not possible. Therefore, molecular dynamic (MD) simulations of the bound protein conformation in the presence and absence of
the ssRNA may be necessary to provide further proof on the redistribution
of dynamics in these RRM-ssRNA complexes. This is important to further
understand the role of ﬂexibility in the energetics of binding, as well as on
the formation of speciﬁc contacts.

b

This study has shown the importance of a comprehensive analysis and
dissection of the observed heat capacity of binding ( Cp,obs ). The importance of using the free unbound structures of the reaction components as
opposed to the bound conformations to calculate the expected heat capacity
is highlighted by the good agreement between the former and the experimental heat capacity. The correction for thermal ﬂuctuations in the heat
capacity data resulted in a corrected heat capacity that is larger (more
negative) than the uncorrected Cp,obs . This contrasts with the picture in
protein-DNA complexes [74,75]. This might be because the binding partners
often rigidify upon protein-DNA complex formation, whereas the RRMs become more ﬂexible upon association with ssRNA. The correction for thermal
ﬂuctuations is supposed to lead to a corrected heat capacity that represents
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”true” rigid body binding. This corrected heat capacity is expected to be
in better agreement with the one semi-empirically determined from changes
is water accessible surface area. Data obtained in this study shows this is
not necessarily the case. Firstly, protein-RNA complexes are incompletely
hydrated upon formation, yet semi-empirical calculations assume that all
the water is released from the binding interface into the bulk. Secondly, the
presence of empty cavities in the RRM proteins may aﬀect the binding energetics. Thirdly, the parameterization of the semi-empirical calculations may
need to be revisited to consider peculiar features of RRMs. These features
include extensive hydrogen bonding and at times, polar or charged binding
interfaces.
In conclusion, the thermodynamic studies of protein-RNA complex formation promise to open a new window on this important biological event
allowing the driving forces for complex formation to be elucidated in greater
detail.
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[105] Lundbäck, T. and Härd, T. (1996) Proceedings of the National
Academy of Sciences, 93, 4754–4759.
[106] Spolar, R. and Record, M. (1994) Science, 263, 777 –784.
[107] Hyre, D. E. and Spicer, L. D. (1995) Biochemistry, 34, 3212–3221.
[108] Milev, S., Bjeli, S., Georgiev, O., and Jelesarov, I. (2007) Biochemistry, 46, 1064–1078.
[109] Ferrari, M. E. and Lohman, T. M. (1994) Biochemistry, 33, 12896–
12910.
[110] Cooper, A., Johnson, C. M., Lakey, J. H., and Nöllmann, M. (2001)
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[162] Krüger, A. C., Raarup, M. K., Nielsen, M. M., Kristensen, M., Besenbacher, F., Kjems, J., and Birkedal, V. (2010) European Biophysics
Journal: EBJ , 39, 1343–1350, PMID: 20213319.
111

[163] Lee, J. Y., Okumus, B., Kim, D. S., and Ha, T. (2005) Proceedings
of the National Academy of Sciences of the United States of America,
102, 18938 –18943.
[164] Hud, N. V., Smith, F. W., Anet, F. A. L., and Feigon, J. (1996)
Biochemistry, 35, 15383–15390.
[165] Gros, J., Rosu, F., Amrane, S., De Cian, A., Gabelica, V., Lacroix,
L., and Mergny, J.-L. (2007) Nucleic Acids Research, 35, 3064 –3075.
[166] Benimetskaya, L., Berton+, M., Kolbanovsky, A., Benimetsky, S., and
Stein, C. A. (1997) Nucleic Acids Research, 25, 2648 –2656.
[167] Feigon, J., Koshlap, K. M., Smith, F. W., and James, T. L. (1995)
[10]1H NMR spectroscopy of DNA triplexes and quadruplexes. Nuclear
Magnetic Resonance and Nucleic Acids, vol. Volume 261, pp. 225–255,
Academic Press.
[168] Lin, S., Gu, H., Xu, M., Cui, X., Zhang, Y., Gao, W., and Yuan, G.
(2012) PLoS ONE , 7, e31201.
[169] Webba da Silva, M. (2007) Methods, 43, 264–277.
[170] Hansel, R., Lohr, F., Foldynova-Trantirkova, S., Bamberg, E., Trantirek, L., and Dotsch, V. (2011) Nucleic Acids Research, 39, 5768–
5775.
[171] Collie, G. W., Parkinson, G. N., Neidle, S., Rosu, F., De Pauw, E.,
and Gabelica, V. (2010) J. Am. Chem. Soc., 132, 9328–9334.
[172] Qi, J. and Shafer, R. H. (2007) Biochemistry, 46, 7599–7606.
[173] Arimondo, P. B., Riou, J.-F., Mergny, J.-L., Tazi, J., Sun, J.-S.,
Garestier, T., and Hlne, C. (2000) Nucleic Acids Research, 28, 4832
–4838.
[174] Lyonnais, S., Hounsou, C., TeuladeFichou, M., Jeusset, J., Cam, E. L.,
and Mirambeau, G. (2002) Nucleic Acids Research, 30, 5276–5283.
[175] Petraccone, L., Erra, E., Randazzo, A., and Giancola, C. (2006)
Biopolymers, 83, 584–594.
[176] Raghuraman, M. and Cech, T. R. (1990) Nucleic Acids Research, 18,
4543 –4552.
[177] Fukuda, H., Katahira, M., Tsuchiya, N., Enokizono, Y., Sugimura,
T., Nagao, M., and Nakagama, H. (2002) Proceedings of the National
Academy of Sciences, 99, 12685 –12690.

112

[178] Nagata, T., Kurihara, Y., Matsuda, G., Saeki, J.-i., Kohno, T.,
Yanagida, Y., Ishikawa, F., Uesugi, S., and Katahira, M. (1999) Journal of Molecular Biology, 287, 221–237.
[179] Enokizono, Y., Konishi, Y., Nagata, K., Ouhashi, K., Uesugi, S.,
Ishikawa, F., and Katahira, M. (2005) Journal of Biological Chemistry, 280, 18862 –18870.
[180] Kuriyan, J. and Eisenberg, D. (2007) Nature, 450, 983–990.
[181] Miyoshi, D., Karimata, H., and Sugimoto, N. (2007) Nucleosides, Nucleotides and Nucleic Acids, 26, 589–595.
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Appendix

5.1

Raw ITC data upon RRM-ssRNA association
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Figure A1: ITC titration data for formation of qRRM1-AGG*G*AU
(left) and SRSF1-AAGGAC (right) complexes at 18
in 20 mM
CH3 COOH, 50 mM L-arginine, 50 mM L-glutamate, 0.05% βmercaptoethanol–NaOH pH 5.5 buffer. To obtain the qRRM1-AGG*G*AU
binding isotherm, 116.8 µM qRRM1 was titrated into 5 µM AGG*G*AU. The corresponding c-value is 18.5. In the case of SRSF1-AAGGAC, 173.8 µM SRSF1 was
titrated into 11.3 µM AAGGAC. The corresponding c-value is 282.5. The upper
panel show the diﬀerential power P as function of time. The lower panels show
the normalized heats plotted in diﬀerential mode against the molar ratio of the
concentration of the RRM to ssRNA. The solid line in the lower panel shows a
ﬁt of a 1:1 binding site model. The thermodynamic parameters for formation of
qRRM1-AGG*G*AU complex are: Kobs = 3.7e6 M−1 , ΔHobs = -14.4 kcal mol−1
and ΔSobs = -18.5 kcal mol−1 . For formation of SRSF1-AAGGAC complex the
thermodynamic parameters are: Kobs = 2.5e7 M−1 , ΔHobs = -15.8 kcal mol−1 and
ΔSobs = -20.4 kcal mol−1 . Data analysis was done using ORIGIN 7.0.
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Figure A2: ITC titration data for formation of A1RRM1-UUAGGU
(left) and Tra2β1-AAGAAC (right) complexes at 18
in 20 mM
CH3 COOH, 50 mM L-arginine, 50 mM L-glutamate, 0.05% βmercaptoethanol–NaOH pH 5.5 buffer. To obtain the A1RRM1-UUAGGU
binding isotherm, 106.7 µM A1RRM1 was titrated into 5 µM UUAGGU. The corresponding c-value is 7.6. In the case of Tra2β1-AAGAAC, 213.6 µM Tra2β1 was
titrated into 7.4 µM AAGAAC. The corresponding c-value is 52.8. The upper
panel show the diﬀerential power P as function of time. The lower panels show
the normalized heats plotted in diﬀerential mode against the molar ratio of the
concentration of the RRM to ssRNA. The solid line in the lower panel shows a
ﬁt of a 1:1 binding site model. The thermodynamic parameters for formation of
A1RRM1-UUAGGU complex are: Kobs = 1.5e6 M−1 , ΔHobs = -18.0 kcal mol−1
and ΔSobs = -33.4 kcal mol−1 . For formation of Tra2β1-AAGAAC complex the
thermodynamic parameters are: Kobs = 7.0e6 M−1 , ΔHobs = -19.4 kcal mol−1 and
ΔSobs = -35.2 kcal mol−1 . Data analysis was done using ORIGIN 7.0.
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5.2

Electrostatic effects in RRM-ssRNA association
[NaCl]
M
0.70
0.50
0.25
0.18
0.13

log[NaCl]
−0.15
−0.30
−0.60
−0.74
−0.90

106 · Kobs
M−1
0.44
0.68
1.70
2.81
4.78

log Kobs
5.64
5.83
6.23
6.45
6.68

D

Hobs
kcal mol−1
-13.10
-15.01
-14.07
-17.11
-16.72

Table A1: ITC data at 10 on Tra2β1–AAGAAC complex formation in 20 mM
CH3 COOH, 50 mM L-arginine, 50 mM L-glutamate, 0.05% β-mercaptoethanol–
NaOH pH 5.5 buﬀer, and diﬀerent concentrations of sodium ions.

[NaCl]
M
0.80
0.60
0.40
0.20

log[NaCl]
−0.10
−0.22
−0.40
−0.70

106 · Kobs
M−1
0.64
1.07
1.70
5.01

log Kobs
5.81
6.03
6.23
6.70

D

Hobs
kcal mol−1
-6.69
-8.20
-8.91
-10.14

Table A2: ITC data at 10 on SRSF1–AAGGAC complex formation in 20 mM
CH3 COOH, 50 mM L-arginine, 50 mM L-glutamate, 0.05% β-mercaptoethanol–
NaOH pH 5.5 buﬀer, and diﬀerent concentrations of sodium ions.

[NaCl]
M
0.80
0.60
0.40
0.20

log[NaCl]
−0.10
−0.22
−0.40
−0.70

106 · Kobs
M−1
0.075
0.11
0.19
0.50

log Kobs
4.88
5.02
5.28
5.70

D

Hobs
kcal mol−1
-9.52
-11.42
-14.04
-15.73

Table A3: ITC data at 10 on A1RRM1–UUAGGU complex formation in 20 mM
CH3 COOH, 50 mM L-arginine, 50 mM L-glutamate, 0.05% β-mercaptoethanol–
NaOH pH 5.5 buﬀer, and diﬀerent concentrations of sodium ions.

[NaCl]
M
0.60
0.40
0.30
0.20
0.10

log[NaCl]
−0.22
−0.40
−0.52
−0.70
−1.00

106 · Kobs
M−1
2.15
1.94
1.75
3.07
3.19

log Kobs
6.33
6.29
6.24
6.49
6.50

D

Hobs
kcal mol−1
-12.05
-12.77
-16.21
-15.58
-15.82

Table A4: ITC data at 10 on qRRM1–AGG*G*AU complex formation in 20 mM
CH3 COOH, 50 mM L-arginine, 50 mM L-glutamate, 0.05% β-mercaptoethanol–
NaOH pH 5.5 buﬀer, and diﬀerent concentrations of sodium ions. G* is 7deazaguanine).
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5.3
5.3.1

Experimental and calculated heat capacities of binding
Summary of experimental and calculated heat capacities
RRM

∆Cp,obs
cal K−1 mol−1
−322
−105
−115
−298
−202

SRSF1
A1RRM1
qRRM1
Tra2β1
∆NTra2β1

∆Cp,corr
cal K−1 mol−1
−322
−362
−752
−600
−169

∆Cbp,ASA
cal K−1 mol−1
−10
−84
−29
−131
−115

∆Cfp,ASA
cal K−1 mol−1
−90
−176
−164
−348
−263

Table A5: Summary of experimental and calculated heat capacities
(ΔCp ). ΔCp,obs is the determined directly by ITC. ΔCp,corr excludes the eﬀect
of temperature-dependent thermal motions. ΔCbp,ASA and ΔCfp,ASA are calculated
using bound and free conformations of binding partners, respectively.

5.3.2

Error estimation on

DC

p,obs

RRM
SRSF1
A1RRM1
Tra2 1
NTra2 1
qRRM1

D

b

b

by Jackknife tests

D

Cp,obs
−338 ± 17
−130 ± 27
−300 ± 23
−166 ± 40
−40 ± 30

Table A6: Estimation of the heat capacity change of association (ΔCp,obs ) from
the slope of ΔHobs with temperature using Jacknife tests for the binding of the
various RRM binding domains to cognate RNAs.

5.3.3

Effect of conformational variation
RRM
qRRM1
SRSF1
Tra2 1
NTra2 1
A1RRM1

D

b

b

SEMcomplex
58
22
64
64

SEMF reeRRM SEMcomplex+F reeRRM
56
81
82
85
45
78
45
78
crystal structure*

Table A7: Eﬀect of conformational variations in the ensemble of NMR structures
on ΔCfp,ASA . ΔCfp,ASA was calculated for each conformer of the free RRM using
the 1st conformer of the complex and vice versa. SEMcomplex , SEMF reeRRM and
SEMcomplex+F reeRRM are standard deviations of the mean for the conformational
variations in the complex, free RRM and both RRM and complex, respectively.

5.3.4

Solvent accessible surface areas
121

122

342

0

2227

488

221

−382

−249

Bound RNA

Free RNA

∆ASAbASA

∆ASAfASA

−10

−90

∆Cfp,ASA

−819

−611

1103

1175

2819

2540

3104

ASApol

∆Cbp,ASA

−570

86

393

2039

79

165

Free Protein

2199

ASAaro

Bound Protein

Complex

ASAnp

SRSF1

−1637

−993

1666

1749

5440

4712

5468

Total

−815

−366

203

279

3201

2751

2664

ASAnp

−66

−1020

−701

1009

1011

2978

26578

2968

ASApol

−84

−184

−295

358

551

184

295

551

ASAaro

A1RRM1

−2020

−1361

1570

1840

6362

5703

6182

Total

−746

−496

246

227

3173

2940

2671

ASAnp

−348

−532

−847

1000

1053

3435

3698

3904

ASApol

−131

−346

−364

329

383

370

334

353

ASAaro

Tra2β1

−1624

−1707

1575

1663

6976

6972

6928

Total

−517

−443

246

227

2512

2458

2241

ASAnp

−263

−443

−780

1000

1053

2856

3141

3414

ASApol

−115

−359

−337

329

383

410

334

380

ASAaro

∆NTra2β1

−1318

−1560

1575

1663

5777

5933

6034

Total

−166

−249

217

276

3108

3132

3159

ASAnp

−164

56

−793

978

1056

2301

3071

3335

ASApol

−29

−167

−384

283

302

559

757

675

ASAaro

qRRM1

−277

−1425

1477

1634

5968

6960

7169

Total

Table A8: Solvent-accessible surface areas. Summary of the accessible surface areas (ASA) of the free components and complex,
as well as the experimental and calculated heat capacity of binding. (Δ)ASA data are given in Å2 . ΔCbp,ASA and Cfp,ASA data are given
in cal K−1 mol−1 . In A1RRM1, ASA valuates of bound RNA and the corresponding ΔASAbASA and ΔCbp,ASA are calculated using the
bound conformation of ssDNA. ssRNA is recognized in the same manner.

5.4

Modeling of free RNA structures by molecular dynamics
(MD) simulations

The structures of free RNA used in the semi-empirical determination of
the heat capacity change upon association of the free unbound components
to form a complex ( Cfp,ASA ) were determined by MD simulations starting
from the bound conformation using Amber9. Electrostatics were maintained
by the Particle Mesh Ewald (PME) method. The non-bonded cut-oﬀ distance was 10.0Å. Extra charges on the RNA were neutralized by addition of
Na+ ions. The structure was solvated in explicit TIP3P solvent in a periodic
truncated octahedral box. The distance between the walls of the box and
the RNA was 10.0 Å. The solvent and ions were minimized by 500 steps of
steepest descent minimization followed by 500 steps of conjugate gradient
minimization, with the RNA position restrained by a force constant of 500
kcal mol−1 Å−2 . The entire system was minimized without restraints for ∼
3000 steps, split equally between steepest descent and conjugate gradient.
During the equilibration stage, the bonds involving hydrogens were constrained using SHAKE, allowing a time step of 2 fs. The temperature was
maintained by Langevin dynamics with a collision frequency of 1.0 ps−1 .
The system was slowly heated up from 0 to ∼ 313K over 20 ps at constant
volume with positional restraints on the RNA atoms (force constant of 10
kcal mol−1 Å−2 ). The system was equilibrated without restraints using periodic pressure boundary conditions for 1 ns at constant temperature. MD
simulations on the entire system were then run for a further 20 - 60 ns
without restraints. The MD trajectory was analyzed using PTRAJ. The
variation of the backbone r.m.s.d as a function of simulation time is shown
in Figure A3. Representative ﬁnal structures obtained from the trajectory
are also shown in Figure A4.
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Figure A3: Variation of backbone rmsd as function of simulation time.
Shown is the variation of the root mean square deviation (r.m.s.d) of the backbone
atoms as function of time for the RNA sequences: AAGAAC (black), AAGGAC
(red), AGGGAU (blue) and UUAGGU (magenta). The amber trajectories were
analyzed using PTRAJ.
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UUAGGU

TAGG

(A)

5’
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3’
37 ns

18 ns

5’

AGGGAU

5’

(B)
(B)
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AAGGAC
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48 ns

56 ns
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(D)
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3’
20 ns
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30 ns

Figure A4: Representative structures of free RNA obtained from MD
simulations. Shown are the structures of free RNA (green) obtained from MD
simulations in explicit solvent starting from the bound conformation (colored in
yellow). The time is shown in nanoseconds (ns). Two free RNA structures are
shown in cases where the trajectory ﬂuctuated between two conformations. The
illustrations were created using PYMOL.
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5.5

Direct heat capacity profiles of the free components and
complex as function of temperature
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Figure A5: DSC thermograms of free SRSF1, free AAGGAC and
qRRM1-AAGGAC complex. DSC data showing variation of speciﬁc heat capacity (Cp ) as function of temperature of 100 µM 5’-AAGGAC-3’ RNA (red; a).
100 µM is the concentration of ssRNA bound. The total concentration of RNA used
in the raw scan was 200 µM; 100 µM free SRSF1 (blue; b); Sum of the free components (black; a+b); Complex (green) formed between 200 µM 5’-AAGGAC-3’ RNA
and 100 µM SRSF1 after subtraction of the fraction of free unbound RNA (50% of
total RNA concentration). The experiments were conducted in 20 mM CH3 COOH,
50 mM L-arginine, 50 mM L-glutamate, 0.05% β-mercaptoethanol–NaOH pH 5.5
buﬀer. The scan rate was 1/min.
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Figure A6: DSC thermograms of free A1RRM1, free UUAGGU and
A1RRM1-UUAGGU complex. DSC data showing variation of speciﬁc heat
capacity (Cp ) as function of temperature of 100 µM 5’-UUAGGU-3’ RNA (red; a).
100 µM is the concentration of ssRNA bound. The total concentration of RNA
used in the raw scan was 200 µM; 100 µM free A1RRM1 (blue; b); Sum of the free
components (black; a+b); Complex (green) formed between 200 µM 5’-UUAGGU-3’
RNA and 100 µM A1RRM1 after subtraction of the fraction of free unbound RNA
(50% of total RNA concentration). The experiments were conducted in 20 mM
CH3 COOH, 50 mM L-arginine, 50 mM L-glutamate, 0.05% β-mercaptoethanol–
NaOH pH 5.5 buﬀer. The scan rate was 1/min.
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Figure A7: DSC thermograms of free Tra2β1, free AAGAAC and
Tra2β1-AAGAAC complex. DSC data showing variation of speciﬁc heat capacity (Cp ) as function of temperature of 100 µM 5’-AAGAAC-3’ RNA (red; a). 100
µM is the concentration of ssRNA bound. The total concentration of RNA used in
the raw scan was 200 µM; 100 µM free Tra2β1 (blue; b); Sum of the free components (black; a+b); Complex (green) formed between 200 µM 5’-AAGAAC-3’ RNA
and 100 µM Tra2β1 after subtraction of the fraction of free unbound RNA (50% of
total RNA concentration). The experiments were conducted in 20 mM CH3 COOH,
50 mM L-arginine, 50 mM L-glutamate, 0.05% β-mercaptoethanol–NaOH pH 5.5
buﬀer. The scan rate was 1/min.
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Figure A8: DSC thermograms of free ΔNTra2β1, free AAGAAC and
ΔNTra2β1-AAGAAC complex. DSC data showing variation of speciﬁc heat
capacity (Cp ) as function of temperature of 100 µM 5’-AAGAAC-3’ RNA (red; a).
100 µM is the concentration of ssRNA bound. The total concentration of RNA
used in the raw scan was 200 µM; 100 µM free ΔNTra2β1 (blue; b); Sum of the free
components (black; a+b); Complex (green) formed between 200 µM 5’-AAGAAC-3’
RNA and 100 µM ΔNTra2β1 after subtraction of the fraction of free unbound RNA
(46% of total RNA concentration). The experiments were conducted in 20 mM
CH3 COOH, 50 mM L-arginine, 50 mM L-glutamate, 0.05% β-mercaptoethanol–
NaOH pH 5.5 buﬀer. The scan rate was 1/min.
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5.6

D

b

Thermodynamic parameters of ssRNA binding by the
NTra2 1 N-terminal segment deletion-mutant
Time (min)
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Figure A9: ITC titration data for formation of ΔNTra2β1-AAGAAC
complex at 18 . 110.5 µM ΔNTra2β1 was titrated into 5 µM AAGAAC
in 20 mM CH3 COOH, 50 mM L-arginine, 50 mM L-glutamate, 0.05% βmercaptoethanol–NaOH pH 5.5 buﬀer (c-value = 10.9). The thermodynamic parameters describing 1:1 complex formation are: Kobs = 2.2e6 M−1 , ΔHobs = -13.5
kcal mol−1 and ΔSobs = –17.3 kcal mol−1 .



Temperature
K
285.2
291.2
298.2
308.2

D

Hobs
kcal mol−1
-15.21±0.28
-14.45±0.92
-20.50±0.07
-14.62±0.64

D

Gobs
kcal mol−1
-8.58±0.08
-8.44±0.11
-8.25±0.06
-8.28±0.06

D

-T Sobs
kcal mol−1
2.92±0.36
5.06±1.03
6.05±0.01
7.19±0.58

D

Hcorr
kcal mol−1
-11.75±0.28
-13.81±0.92
-14.16±0.07
-14.86±0.64

Table A9: ITC data on ΔNTra2β1–AAGAAC complex formation in 20 mM
CH3 COOH, 50 mM L-arginine, 50 mM L-glutamate, 0.05% β-mercaptoethanol–
NaOH pH 5.5 buﬀer at diﬀerent temperatures. Errors are standard deviations
calculated from repeated measurements.
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5.7

Analysis of the B-factors of A1RRM1 in the free and
bound conformations

80

3 loop
(loop 3)

70
60
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B-factor
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Figure A10: B-factors of A1RRM1 in the free and bound conformations.
Shown are the B-factors of each protein residue for hnRNP A1 RRM1 (A1RRM1)
extracted from the crystal structures of the free protein (black; pdb: 1L3K) and
the complex (red; pdb: 2UP1). The large magnitude of B-factors observed in the
complex in residues with numbers ∼ 43–46 may be explained by elevated dynamics
experienced in the β2/β3 loop (loop 3).
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5.8

b

Thermal fluctuations experienced by bound conformations of Tra2 1 and qRRM1 in complex with ssRNA

Figure A11: Results of the MD simulation of qRRM1 in complex with 5’AGGGAU-3’ RNA in explicit TIP3P solvent showing the root mean square deviation (RMSD) of backbone atoms of qRRM1 as function of simulation time. Simulations were conducted using the Amber9 software and the Cornell .FF03 force
ﬁeld. Figures were prepared using XMGRACE.
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Figure A12: Root mean square ﬂuctuations (RMSF) of residues of qRRM1 as
function of residue number. The residues located in loop 3 (β2 /β3 ) and loop 5
(α2 /β4 ) with residue numbers 48–54 and 74–83 respectively are highly dynamic.
Loop 5 adopts a β3’–β3” hairpin conformation. The simulation parameters are as
in Figure A11.
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Figure A13: Results of the MD simulation of Tra2β1 in complex with 5’AAGAAC-3’ RNA in explicit TIP3P solvent showing the variation of the root mean
square deviation (RMSD) of backbone atoms of Tra2β1 as function of simulation
time. Simulations were using the Amber9 software and the Cornell .FF03 force
ﬁeld. Figures were prepared using XMGRACE.
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Figure A14: Root mean square ﬂuctuations (RMSF) of residues of Tra2β1 as
function of residue number. The residues located in loop 3 (β2 /β3 ) and loop 5
(α2 /β4 ) with residue numbers 151–159 and 180–189 respectively are highly dynamic.
The simulation parameters are as in Figure A13.
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5.9

Determining the enthalpic and entropic effect of cations
on complex stability
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Figure A15: Variation of ΔHobs as function of Na+ ion concentration at
10 in 20 mM CH3 COOH, 50 mM L-arginine, 50 mM L-glutamate, 0.05% βmercaptoethanol–NaOH pH 5.5 buﬀer with diﬀerent concentration of NaCl.
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Figure A16: Partitioning of the thermodynamic parameters into their
non-electrostatic and electrostatic components. Thermodynamic parameters determined by ITC in 20 mM CH3 COOH, 50 mM L-arginine, 50 mM Lglutamate, 0.05% β-mercaptoethanol–NaOH pH 5.5 buﬀer. The data obtained in
the absence of sodium ions or extrapolated to 1.0 M concentration of sodium ions
(From Equation 33) are shown as bars with diagonal lines or clear bars, respectively. The subscripts, ”obs” and ”1M”, distinguish parameters at standard buﬀer
conditions (0 M sodium ions) or at 1.0 concentration of sodium ions, respectively.
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