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ABSTRACT 

A promising approach to unriddle the interrelation between amino acid sequence, tertiary structure, and protein 
stability is the comparison of homologous proteins. An excellent model system is provided by the ribonuclease A 
superfamily whose members can be found in all branches of the vertebrata subphylum. Though ribonuclease A 
has served as a model protein for decades, rather little is known about the folding of its homologues. It was only 
recently that the folding pathway of onconase, an unusually stable ribonuclease A homologue from the 
Northern leopard frog, was dissected [Schulenburg et al., Biochemistry. 2009; 48(35): 8449-8457]. As also other 
ribonuclease A homologues from amphibians were found to be more stable than ribonuclease A itself we 
analyzed the thermodynamic stability and thermal unfolding of ribonuclease 3 from bullfrog, which shares 55% 
sequence identity with onconase. Ribonuclease 3 was found to be more stable than ribonuclease A by ~ 15°C in 
both equilibrium and kinetics experiments. In contrast, the extent of the thermodynamic stabilization of 
onconase is much greater than its kinetic stabilization pointing to differences in the folding behavior of the two 
amphibian ribonucleases. Moreover, though being thermally less stable than onconase, ribonuclease 3 unfolds 
at significantly higher concentrations of guanidine hydrochloride than onconase. 

 

INTRODUCTION 

 Despite numerous known structural 
differences between homologous proteins from 
mesophilic and thermophilic sources [1], no 
general concept for stabilizing proteins could be 
established so far. Moreover, proteins with similar 
amino acid sequence can feature different folds 

[2, 3] and proteins with different sequences can 
feature a similar fold [4, 5]. The comparative 
analysis of proteins with their homologues or with 
genetically engineered variants thereof can 
provide insight into the structural features that 
govern the folding and stability and into the 
mechanisms and structural basis for existing 
differences [6]. Possibly, the knowledge can then 
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be exploited for a rational optimization of the 
proteins with respect to their biological function, 
especially their catalytic activity, and/or their 
stability. 

 The ribonuclease A (RNase A) superfamily 
comprises numerous proteins that “are present in 
the whole vertebrate subphylum. In fact, they 
comprise the only enzyme family unique to 
vertebrates” *7]. Despite their common tertiary 
(bilobal, kidney-shaped) structure (Figure 1) and 
numerous conserved amino acid residues (Figure 
2), these small proteins (MW range ~11–15 kDa) 
significantly differ in their stability, catalytic 
activity and biological function [8]. Contrary to the 
general protein stability differences between 
ectothermic and endothermic vertebrates the 
stability of the RNases ranges from ~27 kJ mol-1 for 
RNase 5 (human angiogenin) [9] to ~60 kJ mol-1 for 
onconase (ONC) from the Northern leopard frog 
Rana pipiens [10, 11]. RNase A (from bovine 
pancreas) is one of the best studied model 

proteins [12-14] and much general knowledge on 
folding and stability has been obtained from 
studies on this small protein. The molecule is 
tethered by four disulfide bonds and contains four 
proline residues with two of them being in cis 
configuration in their native state. Both the 
renaturation from its fully reduced form and the 
refolding from its unfolded form with intact 
disulfide bonds have been analyzed in great detail 
(reviewed in [15-18]). A large number of amino 
acid residues have been replaced or substituted 
with structural mimetics and the respective 
variants have been analyzed with respect to 
stability and folding (reviewed in [13, 14, 19]) or 
catalysis and/or cytotoxicity [20]. Moreover, the 
knowledge about RNase A homologues such as 
RNase 1 (from human pancreas), bovine seminal 
(BS ) RNase, ONC and amphinase from the 
Northern leopard frog (Rana pipiens), or the 
RNases from bullfrog (Rana catesbeiana) is 
increasing [11, 21-27]. 

 

Figure 1. Superimposed crystal structures of RNase A (blue, 7RSA), RC-RNase 3 (orange, 1Z5F), and ONC (green, 
1ONC). The structures were drawn with PyMol (The PyMOL Molecular Graphics System, Schrödinger, LLC; 
http://pymol.org/). 

 In particular ONC has gained much 
attention as it is more stable than RNase A by 
almost 30°C or 20 kJ mol-1 [10, 11, 28]. The 
relevance of several structural peculiarities of ONC 

has been analyzed for folding and stability [11]. 
The detailed analysis of the folding of ONC 
revealed comparable initial folding events with 
RNase A but numerous differences as well [25, 

http://pymol.org/
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29]. In addition to one RNase A homologue from 
bullfrog (Rana catesbeiana) liver, six RNases were 
isolated from bullfrog oocytes [30]. Initial studies 
on several of these Rana catesbeiana (RC-) RNases 
indicated a stability between RNase A and ONC 
[27, 31, 32]. As RC-RNase 3, which shares 55% 
sequence identity with ONC, revealed the highest 
transition temperature (Tm ) (~83°C in phosphate 
buffer, pH 3.5; [27]) it is an interesting candidate 
for the further elucidation of the folding processes 
and structural features that cause the stability 
difference between RNase A and ONC. 

 Both RC-RNase 3 (12 lysine, 4 arginine, 8 
aspartate, and 2 glutamate residues; net charge 
+6) and ONC (12 lysine, 3 arginine, 6 aspartate, 3 
glutamate; net charge +6) are slightly more basic 

proteins than RNase A (10 lysine, 4 arginine, 5 
aspartate, 5 glutamate; net charge +4). The 
importance of the positively charged amino acid 
residues for the stability and cytotoxicity of ONC 
has been extensively studied [33, 34]. The analysis 
of the distribution of the charged amino acid 
residues in ONC and RC-RNase 3 reveals a 
clustering of substitutions of positively charged 
amino acid residues in ONC by more neutral ones 
in RC-RNase 3 (from Arg73(ONC) to Lys85(ONC) 
(Figures 2 and 3) and three negative-to-positive 
charge reversals (Asp16(ONC)→Lys, 
Asp18(ONC)→Lys, and Asp32(ONC)→Lys) that are 
not complemented by positive-to-negative charge 
reversals (Figures 2 and 3). 

 

Figure 2. Sequence alignment of RNase A, RC-RNase 3, and ONC. 

 

Figure 3. Distribution of positively charged (blue) and negatively charged (red) amino acid residues in RC-RNase 3 (A, 
1Z5F) and ONC (B, 1ONC). N and C in the right figures indicate the N- and C terminus, respectively. The structures 
were drawn with PyMol (The PyMOL Molecular Graphics System, Schrödinger, LLC; http://pymol.org/).

 Despite enormous progress in molecular 
biology, proteins still are often isolated from their 
natural source for authentic posttranslational 
modifications. Alternatively, they are produced 

recombinantly in bacterial or other expression 
systems (heterologous expression). Whereas large 
amounts of the desired protein can be obtained in 
some cases, problems can occur concerning 

http://pymol.org/
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posttranslational modifications, correct folding, 
and/or codon usage differences between the 
source and the expression host organism, which 
can result in diminished expression yields or even 
in the termination of the biosynthesis of the 
growing polypeptide chain [35, 36]. The latter 
problem can be circumvented by use of synthetic 
genes with nucleotide sequences according to the 
codon usage of the expression host or by 
utilization of bacterial strains supplied with 
additional plasmids for the expression of rare 
tRNAs. 

 Here, we have developed a protocol for the 
efficient recombinant expression of RC-RNase 3 in 
Escherichia coli (E. coli) using its cDNA. 
Interestingly, despite a Tm value between the 
values determined for RNase A and ONC at pH 5.5, 
the transition midpoint of the denaturation 
induced by guanidine hydrochloride (GdnHCl) was 
found to be significantly higher than that of ONC 
by ~1.7 M. As the result of the shallower curve of 
the GdnHCl-induced unfolding for RC-RNase 3, 
however, the thermodynamic stability of this 
protein is apparently smaller than that of ONC. 

MATERIALS AND METHODOLOGY 

Materials  

 The plasmid for the expression of RC-RNase 
3 (rcr3 gene in pET 11d) was a gift from Dr Y.-D. 
Liao, University of Taiwan [27]. Oligonucleotides 
(forward: 5´-TAATACGACTCACTATAGGG-3´ for T7 
promotor region and reverse: 5´-
GGTGTCGGAAGTTGCCCATAGTAGTCGACAAGCTTG
CGGCC-3´, italics rc3 gene, underlined HindIII 
restriction site) and 6-
carboxyfluorescein−dArU(dA)2−6-carboxytetra-
methylrhodamine (FAM-AUAA-TAMRA) were from 
metabion international AG, Martinsried, Germany. 
Restriction enzymes NdeI and HindIII were from 
New England Biolabs, Frankfurt/Main, Germany, 
growth media were from Difco Laboratories, 
Detroit, MI, USA, and E. coli strains XL-1 Blue and 
BL21(DE3) were from Stratagene, Heidelberg, 
Germany, Rosetta(DE3) and 
RosettaBlue(DE3)pLysS were from Novagen, 
Darmstadt, Germany, and BL21(DE3)pUBS520 was 
a gift from Dr J. Mansfeld, University of Halle-
Wittenberg, Germany [37]. RNase A from Sigma 
(St Louis, MO) was purifed to homogeneity on a 
MONO S FPLC column (Pharmacia-Biotech, 

Uppsala, Sweden). ONC was prepared in house 
and purified as described previously [11]. B-Per 
was from Thermo Fisher Scientific, Bonn, 
Germany. All other chemicals were of the purest 
grade commercially available. 

Site-directed mutagenesis 

 The rcr3 gene was cloned from plasmid pET-
11d [27] into the vector pET-26b(+) by standard 
methods using the PCR and the restriction sites for 
NdeI and HindIII. The cloning was verified by DNA 
sequencing (MWG Biotech, Ebersberg, Germany). 

Expression, renaturation, and purification of 
RC-RNase 3 

 The experimental procedures were 
performed according to [11, 29]. Briefly, cultures 
of E. coli strains BL21(DE3), BL21(DE3)pUBS520, 
Rosetta(DE3), or RosettaBlue(DE3)pLysS that had 
been transformed with a plasmid pET-26b(+) 
directing the expression of RC-RNase 3 were 
grown in terrific broth containing 50 µg mL-1 
kanamycin (plus 34 µg mL-1 chloramphenicol for 
Rosetta and plus 12.5 µg mL-1 tetracyclin for 
RosettaBlue) at 37°C to an OD600 of 2. Four hours 
after induction with 1 mM isopropyl β-D-
thiogalactopyranoside cells were harvested. Cell 
lysis was performed by treatment with B-Per 
(small scale) or with lysozyme and 
homogenization with a Gaulin homogenizer (large 
scale). The inclusion bodies were isolated and 
resolubilized. After renaturation, RC-RNase 3 was 
purified on a SOURCE S column (Amersham 
Biosciences, 50 mM Tris-HCl, pH 7.5, with a linear 
gradient of 0–500 mM NaCl). Cyclization of the N-
terminal glutamine residue was achieved by 
dialysis of the purified proteins against 200 mM 
sodium phosphate buffer, pH 7.0, for 3 d at room 
temperature. The protein concentration was 
determined using an absorption coefficient of ε = 
8980 M-1 cm-1 at 280 nm according to the 
calculation method by Pace et al. [38]. Finally, 
buffer was exchanged to 100 mM sodium acetate 
buffer, pH 5.5. Determination of the molecular 
mass to verify cyclization of the N-terminal 
pyroglutamate was performed by electrospray 
ionization (Esquire) or matrix-assisted laser 
desorption ionization mass spectrometry (Reflex; 
Bruker-Franzen, Bremen, Germany) after desalting 
of the protein samples using ZipTip pipet tips 
(Millipore, Schwalbach, Germany). 
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Catalytic activity 

 Values of kcat/KM for the enzymatic cleavage 
of the fluorogenic substrate FAM-AUAA-TAMRA 
were determined as described previously [39]. 
Activity was measured at 20 °C in 100 mM 2-(N-
morpholino)ethanesulfonic acid–NaOH buffer (pH 
6.0) containing NaCl (100 mM). 

Circular dichroism (CD) spectroscopy 

 CD spectra of were recorded in 100 mM 
sodium acetate buffer, pH 5.5, containing 1 mg 
mL-1 of protein, on a CD spectrometer J 810 (Jasco, 
Groß-Umstadt, Germany) at 20 °C. Cuvettes of 1 
cm and 0.01 cm path length were used for CD 
spectroscopy in the near-UV region (250–340 nm) 
and in the far-UV region (192–260 nm), 
respectively. 

Thermally induced transition 

 Values of Tm were determined by CD 
spectroscopy (CD spectrometer J 810, Jasco) at 
278 nm for RNase A and 289 nm for ONC and RC-
RNase 3 using a heating rate of 1 K min-1. 
Measurements were carried out in 100 mM 
sodium acetate buffer, pH 5.5, containing 1 mg 
mL-1 of protein. The signal y was fitted as 
described by Pace et al. [40] to obtain Tm. 

Determination of the rate constant kU of 
thermal unfolding 

 Values of kU for RC-RNase 3 and ONC were 
determined by proteolysis with thermolysin as 
described previously [41, 42] at 52.5–72.5°C. In a 
typical experiment, 20 μL of thermolysin  (2 mg 
mL-1 in 50 mM Tris–HCl buffer, pH 8.0, containing 
10 mM CaCl2) were added to 160 μL of 50 mM 
Tris–HCl buffer (pH 8.0), which had been pre-
incubated in a thermostat (Lauda, Lauda-
Königshofen, Germany, accuracy ± 0.1 °C). The 
reaction was started by addition of RC-RNase 3 or 
ONC (20 μL of a 1.0 mg mL-1 solution). After 
distinct time intervals, 20 μL were taken and 
mixed rapidly with 7 μL of 50 mM EDTA. 
Evaluation of the intensity of the protein bands 
after SDS–PAGE was carried out using the program 
ADIA (Raytest GmbH, Straubenhardt, Germany). 
From the decrease in the peak area of the intact 
RNase A band, which followed a first-order 
reaction, the rate constant of proteolysis kp was 
determined. Under the conditions applied, these 
values correspond to the respective unfolding rate 

constants [43]. 

GdnHCl-induced transition 

 GdnHCl-induced transition curve of RC-
RNase 3 was obtained by fluorescence 
spectroscopy (Fluoro-Max-2 spectrometer, Jobin 
Yvon, Grasbrunn, Germany). Measurements were 
carried out at 25 °C in 100 mM sodium acetate 
buffer, pH 5.5, 20 µg mL-1 of protein and 0.0–7.82 
M GdnHCl. After equilibration for 3 d at 25°C, 
fluorescence emission spectra (305–380 nm) were 
recorded. The band width was 5 nm for excitation 
at 280 nm and 5 nm for emission. To calculate 
values of [D] 50%, the concentration of 
denaturant at which 50% of the protein is 
unfolded, the signals y (wavelength of the maxima 
of the emission spectra) were fitted by nonlinear 
regression according to Santoro and Bolen [44] as 
described previously [11]. GdnHCl-induced 
transition curve of RNase A was obtained by 
fluorescence spectroscopy according to [45] but 
using 100 mM sodium acetate buffer, pH 5.5. 

 

Figure 4. Expression of RC-RNase 3 using various E. coli 
strains. 

Cultures of E. coli strains BL21(DE3) (lanes 2–4), 
Rosetta(DE3) (lanes 5–7), RosettaBlue(DE3)pLysS (lanes 
8–10), or BL21(DE3)pUBS520 (lanes 11–13) that had 
been transformed with a plasmid (pET 26b(+)) directing 
the expression of RC-RNase 3 were grown in terrific 
broth. Lanes 2, 5, 8, and 11 show samples taken prior 
to induction with IPTG, lanes 3, 6, 9, and 12 show the 
pellet of lysed cells (harvest 4 h after induction), and 
lanes 4, 7, 10, and 13 show the supernatant of lysed 
cells (harvest 4 h after induction). Lane 1 shows 
molecular weight standard proteins. The arrow 
indicates the presence of RC-RNase 3. 

RESULTS AND OBSERVATIONS  

Cloning, expression, and purification of RC-
RNase 3  

 The gene directing the expression of RC-
RNase 3 was cloned from plasmid pET-11d [27] 
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into pET-26b(+) to ensure a more stable 
expression by the transition from ampicillin to 
kanamycin resistance. E. coli strains BL21(DE3), 
BL21(DE3)pUBS, Rosetta(DE3), and 
RosettaBlue(DE3)pLysS that had been transformed 
with this plasmid were tested for their ability to 
express the protein (Figure 4). Only Rosetta(DE3) 
cells were found to express a protein of the 
expected molecular weight as insoluble material 
(Figure 4) and, thus, were used for scaling up. The 
inclusion bodies were isolated and the protein 
was renatured and purified as described in 
Materials and Methodology. Interestingly, in 
contrast to RNase A or ONC, which were eluted at 
about ~80 mM or ~100 mM NaCl from the Mono S 
column at pH 7.5, RC-RNase 3 was eluted at ~180 
mM NaCl (not shown). The purified protein was 
found to be homogeneous by SDS-PAGE and re-
chromatography (not shown) and cyclization of 
the N-terminal Gln residue was confirmed by mass 
spectrometry (11,868 Da vs. 11,868 Da calculated 

from the sequence). By this means, ~20 mg RC-
RNase 3 could be obtained from 1 L of bacterial 
culture. The catalytic activity of RC-RNase 3 
towards FAM-AUAA-TAMRA was determined as 
described in Materials and Methodology. The 
value of kcat/KM was found to be (8.55±1.90)×102 
M-1 s-1, which is similar to the value determined 
for ONC ((7.7±0.9)×102 M-1 s-1; [46]) and ~1/50,000 
of that of RNase A [39, 46]. A similar activity 
difference was reported between RNase A and RC-
RNase 3 towards bakers’ yeast total RNA *30+. 

Biophysical characterization 

 Both the far-UV and near-UV CD spectra of 
RC-RNase 3 were determined and compared to 
those of RNase A and ONC and found to be more 
similar to that of ONC (Figure 5). RNase A does not 
contain Trp residues, which contribute to the 
near-UV CD spectra, and its α-helices, which 
contribute to the far-UV CD spectra signal at 
~210–220 nm, are more extended. 

 

Figure 5. Far- and near-UV CD spectra of RNase A, RC-RNase 3, and ONC. 

CD spectra of RNase A (Ƶ), RC-RNase 3 (Ƶ), and ONC (Ƶ) were recorded as described in Materials and Method. 

 The thermal stability of RNase A, RC-RNase 
3, and ONC was investigated by CD measurements 
at pH 5.5 (Figure 6) and Tm values of (62.6±0.1)°C, 
(77.9±0.1)°C, and (91.1±0.4)°C were determined. 
Thermal unfolding proved to be reversible and 
followed a two-state transition as judged from the 
fit of the data. The similar slopes in the 
corresponding van’t Hoff plots (not shown) 
indicate similar ΔHm values ((493±32) kJ mol-1). For 
RC-RNase 3, a Tm value of 84°C was estimated 
using 50 mM sodium phosphate buffer, pH 8.0, 
containing 25 mM NaCl, but the unfolding proved 
to be not fully reversible (data not shown).  

 The increase in the thermal stability of RC-
RNase 3 and ONC in comparison to RNase A may 
arise from a slower unfolding or a faster folding 
(or both). Limited proteolysis using thermolysin 
had proven to be an appropriate method to 
determine kU of RNase A and numerous variants 
thereof under a wide variety of experimental 
conditions [42, 43, 47, 48]. First, this method was 
tested for its applicability to determine kU of ONC 
and RC-RNase 3. The observed saturation 
behavior of the rate constant of proteolysis kp 
with increasing protease concentration proved the 
applicability for both proteins (data not shown). 
Thus, kinetics of thermal unfolding were assessed 
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by limited proteolysis with thermolysin under 
conditions where the observable rate constant of 
proteolysis corresponds to kU [43]. Figure 7 shows 
the obtained Arrhenius plots, which surprisingly 
reveal a nearly parallel shift of the curves 

reflecting the shift in ΔTm (Figure 6) between 
RNase A and RC-RNase 3 but no significant further 
shift of the kU values to higher temperatures for 
ONC [48]. 

 

Figure 6. Thermally induced transition of RNase A, RC-
RNase 3, and ONC. 

Transition curves (fraction of native protein fN as a 
function of temperature) of RNase A (●), RC-RNase 3 
(Ƹ), and ONC (ƴ) were recorded by CD spectroscopy as 
described in Materials and Methodology. 

 

 

Figure 7. Arrhenius plots of kU of RNase A, RC-RNase 3, 
and ONC. 

Values of kU of RC-RNase 3 (Ƹ) and ONC (ƴ) were 
determined by limited proteolysis with thermolysin as 
described in Materials and Methodology. Data for 
RNase A (●) were taken from [42, 48]. 

 

 

Figure 8. GdnHCl-induced transition of RNase A, RC-RNase 3, and ONC. 

Transition curves (A, fraction of native protein fN as a function of the concentration of GdnHCl) of RNase A (●) and RC-
RNase 3 (Ƹ) were recorded by fluorescence spectroscopy as described in Materials and Methodology. Data for ONC 

(ƴ) were taken from [11]. B: DG as a function of the concentration of GdnHCl, calculated from the data in A by the 
linear extrapolation method [40]. 

 To further compare the homologous 
proteins with respect to the thermodynamic 
stability, GdnHCl-induced transition curves of RC-
RNase 3 were recorded and compared to those of 
RNase A and ONC (Figure 8A). Whereas the 

analysis of the thermal stability had revealed a 
stability of RC-RNase 3 between RNase A and 
ONC, unfolding of RC-RNase 3 occurred at 
significantly higher concentrations of GdnHCl than 
for ONC. The midpoint of transition was 
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determined to 6.1 M compared to 4.4 M GdnHCl 
for ONC and 2.9 M for RNase A. The slope of the 
transition curve of RC-RNase 3 (9.1 kJ mol-1), 
however, is significantly smaller than those of 
RNase A and ONC (13.9 and 13.8 kJ mol-1, 
respectively; Figure 8B). With the parameters 
obtained a value of ΔG of (55.6±3.6) kJ mol-1 can 
be calculated for RC-RNase 3, which is close to 
that of ONC ((61.1±3.1) kJ mol-1) but significantly 
higher than that of RNase A ((40.3±2.7) kJ mol-1). 

DISCUSSION  

 The difference in ΔG between the 
renowned model protein RNase A from bovine 
pancreas and its amphibian homolog ONC (~20 kJ 
mol-1) is caused by both a slower unfolding and a 
faster folding reaction of ONC [11] and the 
comparison of the folding processes of RNase A 
and ONC had revealed numerous differences [25]. 
The initial contacts occurring within the 
polypeptide chain, however, were found to be 
conserved [25]. With a Tm value of ~83°C at pH 3.5 
[27], RC-RNase 3 is another stable RNase A 
homologue and the comparative analysis of its 
stability and folding is expected to contribute to 
the general understanding of the mechanisms of 
protein stability and stabilization. 

 In sodium phosphate buffer, pH 3.5, 
recombinantly expressed RC-RNase 3 had been 
found to be indistinguishable from the natural 
protein (Tm ~83°C, [GdnHCl]1/2 ~6.3 M, ΔG ~24 kJ 
mol-1) [27]. For ONC, values of Tm = 81.6°C and ΔG 
= 51.1 kJ mol-1 at pH 3.5 have been reported [10]. 
This exceptional behavior of RC-RNase 3—Tm 
comparable to that of ONC, [GdnHCl]1/2 
significantly higher than even that of ONC at pH 
5.5 [11] but ΔG as low as that of RNase A [49]—
and the recording in phosphate buffer, which 
might stabilize this RNA-binding protein, 
prompted us to re-evaluate the stability of RC-
RNase 3 in phosphate-free buffer and to follow 
thermal unfolding kinetics. 

 Here, we established a protocol for an 
efficient recombinant expression of RNase 3 from 
Rana catesbeiana and analyzed its stability and 
thermal unfolding in comparison to RNase A and 
ONC. Rosetta(DE3) cultures were found to 
efficiently express RC-RNase 3 as inclusion bodies 
and the protein could be renatured and purified to 
homogeneity and found to contain the cyclized N-

terminal pyroglutamate residue, which is essential 
for the catalytic activity and stability of the 
enzyme [27]. Interestingly, while the values of Tm 
increase for both RNase A and ONC upon 
transition from pH 3.5 (~51°C [50] and ~82°C [10], 
respectively) to 5.5 (~63°C and ~91°C, 
respectively), Tm of RC-RNase 3 apparently 
decreases from ~83°C [27] to ~78°C (Figure 6). The 
Tm value of RC-RNase 3 at pH 3.5, however, might 
be distorted by the use of phosphate buffer, 
which might stabilize this RNA binding protein. 

 The analysis of the kinetics of thermal 
unfolding revealed further differences between 
ONC and RC-RNase 3. Whereas the similar slopes 
in the Arrhenius plots (Figure 7) indicate similar 
activation energies, the temperature shift of the 
Arrhenius plots (Figure 7) does not strictly follow 
the differences in Tm (Figure 6). RC-RNase 3 is 
stabilized by ~15°C over RNase A both 
thermodynamically and kinetically. In contrast, 
ONC is stabilized kinetically by ~17°C over RNase A 
but thermodynamically by ~28°C. Thus, despite of 
a sequence identity of 55% and very similar 
tertiary structures, alterations in the folding and 
unfolding reactions contribute differently to the 
stabilization of RC-RNase 3 and ONC over RNase A. 

 The most startling result was provided by 
the GdnHCl-induced unfolding, where we 
obtained a value of [GdnHCl]1/2 of ~6.1 M for RC-
RNase 3 (Figure 8). This value exceeds even that of 
the unusually stable RNase A homologue ONC by 
almost 40%. Due to a shallower slope of unfolding 
curve in comparison to the curves of RNase A or 
ONC, however, a ΔG value of ~56 kJ mol-1 was 
calculated for RC-RNase 3, which is between the 
ΔG values of RNase A and ONC. Nevertheless, the 
course of the GdnHCl-induced transition curve of 
RC-RNase 3 is exceptional in comparison to both 
RNase A and ONC (Figure 8).  

CONCLUSION 

 With RC-RNase 3 another member of the 
RNase A superfamily is provided to study the 
structure–sequence–stability relationship of these 
homologues. Most striking is its exceptional 
behavior in GdnHCl-induced unfolding compared 
to RNase A and ONC, where the GdnHCl 
concentration at the transition midpoint exceeds 
even that of the unusually stable ONC by almost 
40%. A possible explanation may be provided by a 
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specific interaction of RC-RNase 3 with the 
guanidinum ion, which will be the subject of 
future studies. The investigation of the stability 
and folding of RC-RNase 3 thus affords more 
surprises than being just a homologue with a 
stability between RNase A and ONC. 

LIST OF ABBREVIATIONS 

CD – circular dichroism 

GdnHCl – guanidine hydrochloride 

ONC – onconase 

RC – Rana catesbeiana 

RNase – ribonuclease 
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