R&ER
Open Journal of Biology and Biochemistry R%S

Science Publishers

Research Article M’EN ACCESS ‘

Comparative characterization of the ribonuclease A
homologue Rana catesbeiana ribonuclease 3

Nadine Heimer, Ulrich Arnold
Martin-Luther University Halle-Wittenberg, Institute of Biochemistry and Biotechnology, Kurt-Mothes Str. 3, 06120
Halle, Germany

Corresponding Author & Address:

Ulrich Arnold

Martin-Luther University Halle-Wittenberg, Institute of Biochemistry and Biotechnology, Kurt-Mothes Str.
3, 06120 Halle, Germany; Phone: +49 345 5524864; Fax: +49 345 5527303;

Email: ulrich.arnold@biochemtech.uni-halle.de; URL: www.biochemtech.uni-halle.de/biotech

Published: 22" September, 2012 Accepted: 22" September, 2012
Received: 12" July, 2012

Open Journal of Biology and Biochemistry, 2012, 1-3

© Arnold et al.; licensee Ross Science Publishers

ROSS Open Access articles will be distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, and reproduction in any
medium, provided that the original work will always be cited properly.

Keywords: ribonuclease, homologous proteins, stability, unfolding

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.

[2, 3] and proteins with different sequences can

INTRODUCTION feature a similar fold [4, 5]. The comparative

Despite  numerous known  structural analysis of proteins with their homologues or with
differences between homologous proteins from genetically engineered variants thereof can
mesophilic and thermophilic sources [1], no provide insight into the structural features that
general concept for stabilizing proteins could be govern the folding and stability and into the
established so far. Moreover, proteins with similar mechanisms and structural basis for existing

amino acid sequence can feature different folds 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™ for
RNase 5 (human angiogenin) [9] to ~60 kJ mol™ 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,
10NC). The structures were drawn with PyMol (The PyMOL Molecular Graphics System, Schrodinger, 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™ [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,

Page 2 of 11
(Page number not for citation purposes)


http://pymol.org/

Open Journal of Biology and Biochemistry, 2012, 1-3

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 (T, ) (~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).
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RNase A KETAAAKFERQHMDSSTSAASSSNYCNOMMKSRNLT--KDRCKPVNTEVHE S LADVQAVCSQKNVACKNG
ONC ——QDWLTFQKKHI-TNTRDVD--—--CDNIMST-NLF----HCKDKNTFIYSRPEPVKAICKG-TIIASKN-
RC3-RNase --QDWETFQKKHL-TDTKKVK-—--CDVEMAK-ALF-—--DCKKTNTFIYALPGRVKALCKN-IRDNTD-
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RNase A QTNCYQSYSTMSITDCRETGSSKYPNCAYKTTOANKHI IVACEGNPYVEVHFDASV———
ONC ———-VLTTSEFYLSDCN---VTSRP-CKYKLKKS TNKFCVTCE-N-QAPVHFVGVGSE-
RC3-RNase -—--VLSRDAFLLPQCD---RIKLP-CHYKLSSSTNTICITCV-N-QLPIHFAGVGSCP

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

180°

Figure 3. Distribution of positively charged (blue) and negatively charged (red) amino acid residues in RC-RNase 3 (A,
1Z5F) and ONC (B, 10NC). N and C in the right figures indicate the N- and C terminus, respectively. The structures

were drawn with PyMol

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

(The PyMOL Molecular

Graphics System, Schrodinger,

LLC; http://pymol.org/).

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
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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 T, value between the
values determined for RNase A and ONC at pH 5.5,
the transition midpoint of the denaturation
induced by guanidine hydrochloride (GdnHCI) 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 Hindill
restriction site) and 6-
carboxyfluorescein—-dArU(dA)2-6-carboxytetra-
methylrhodamine (FAM-AUAA-TAMRA) were from
metabion international AG, Martinsried, Germany.
Restriction enzymes Ndel and Hindlll 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
Ndel and Hindlll. 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 pg mL™
kanamycin (plus 34 pg mL" chloramphenicol for
Rosetta and plus 12.5 pg mL" tetracyclin for
RosettaBlue) at 37°C to an ODgy of 2. Four hours
after induction with 1 mM isopropyl PB-D-
thiogalactopyranoside cells were harvested. Cell
lysis was performed by treatment with B-Per
(small  scale) or with Ilysozyme 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 NacCl). 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 € =
8980 M™ cm™ 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).

Page 4 of 11
(Page number not for citation purposes)



Open Journal of Biology and Biochemistry, 2012, 1-3

Catalytic activity

Values of k.../Ky 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"* of protein, on a CD spectrometer J 810 (Jasco,
GroR-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 T, 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™
Measurements were carried out in 100 mM
sodium acetate buffer, pH 5.5, containing 1 mg
mL" of protein. The signal y was fitted as
described by Pace et al. [40] to obtain Ty,

Determination of the rate constant ky of
thermal unfolding

Values of k; 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 pL of thermolysin (2 mg
mL™ in 50 mM Tris—HCI buffer, pH 8.0, containing
10 mM CaCl,) were added to 160 pL of 50 mM
Tris—HCI buffer (pH 8.0), which had been pre-
incubated in a thermostat (Lauda, Lauda-
Kénigshofen, Germany, accuracy £ 0.1 °C). The
reaction was started by addition of RC-RNase 3 or
ONC (20 pL of a 1.0 mg mL™ solution). After
distinct time intervals, 20 puL were taken and
mixed rapidly with 7 pyL 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 k, 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 ug mL™ of protein and 0.0-7.82
M GdnHCI. 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.

i1 2 3 4 5 6 7 8 9 10 11 12 13

—

97 kDa
66 kDa

45 kDa

i
1

30 kDa

20.1 kDa

Vv

14.4 kDa

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 GIn 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 K./Km was found to be (8.55+1.90)x10?
M™ s, which is similar to the value determined
for ONC ((7.7+0.9)x10> M™ s™"; [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 a-helices, which
contribute to the far-UV CD spectra signal at
~210-220 nm, are more extended.

- - 100 .
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Figure 5. Far- and near-UV CD spectra of RNase A, RC-RNase 3, and ONC.

CD spectra of RNase A (Z ), RC-RNase 3 (Z ), and ONC (

The thermal stability of RNase A, RC-RNase
3, and ONC was investigated by CD measurements
at pH 5.5 (Figure 6) and T, 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 AH,, values ((493+32) kJ mol™). For
RC-RNase 3, a T,, 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).

) were recorded as described in Materials and Method.

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 k, 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 ky of ONC
and RC-RNase 3. The observed saturation
behavior of the rate constant of proteolysis k,
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 ky [43]. Figure 7 shows
the obtained Arrhenius plots, which surprisingly
reveal a nearly parallel shift of the curves

1.00 - S,
0.75
Z  0.50 A
0.25
0.00 -
20 4 60 8 100
91°C

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

Transition curves (fraction of native protein fy as a
function of temperature) of RNase A (e), RC-RNase 3
(¢ ), and ONC (V) were recorded by CD spectroscopy as
described in Materials and Methodology.

1.00

1

0.75

= 0.50 1

0.25

0.00 4

[GdnHCI] / M

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

-4
-5

-6

In(ky)
3

290 295 3.00 3.05 3.10 3.15

1000/7/ K

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

Values of k; of RC-RNase 3 (& ) and ONC (Y) were
determined by limited proteolysis with thermolysin as
described in Materials and Methodology. Data for
RNase A (®) were taken from [42, 48].

50 N\

AG / kJ mol”
™

[GdnHCI]/ M

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

Transition curves (A, fraction of native protein fy as a function of the concentration of GdnHCI) of RNase A (®) and RC-
RNase 3 (¢ ) were recorded by fluorescence spectroscopy as described in Materials and Methodology. Data for ONC
(V) were taken from [11]. B: DG as a function of the concentration of GdnHClI, 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 GdnHCI
for ONC and 2.9 M for RNase A. The slope of the
transition curve of RC-RNase 3 (9.1 kJ mol™),
however, is significantly smaller than those of
RNase A and ONC (13.9 and 13.8 kI mol?,
respectively; Figure 8B). With the parameters
obtained a value of AG of (55.6+3.6) kJ mol™ can
be calculated for RC-RNase 3, which is close to
that of ONC ((61.1%3.1) kJ mol™) but significantly
higher than that of RNase A ((40.3+2.7) kJ mol™).

DISCUSSION

The difference in AG between the
renowned model protein RNase A from bovine
pancreas and its amphibian homolog ONC (~20 kJ
mol™) 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 T, 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 (T, ~83°C, [GdnHCl],;, ~6.3 M, AG ~24 kI
mol™) [27]. For ONC, values of T, = 81.6°C and AG
= 51.1 kJ mol™ at pH 3.5 have been reported [10].
This exceptional behavior of RC-RNase 3—T,,
comparable to that of ONC, [GdnHCl]y),
significantly higher than even that of ONC at pH
5.5 [11] but AG 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 T,
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), T, 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 T,, (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],/, 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 AG value of ~56 kJ mol™ was
calculated for RC-RNase 3, which is between the
AG 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 GdnHCI
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

GdnHCI — guanidine hydrochloride
ONC - onconase

RC — Rana catesbeiana

RNase — ribonuclease

REFERENCES

[1] Vieille C, Zeikus GJ. Hyperthermophilic enzymes:
sources, uses, and molecular mechanisms for
thermostability. Microbiol Mol Biol Rev. 2001; 65:
1-43.

[2] Dalal S, Regan L. Understanding the sequence
determinants of conformational switching using
protein design. Protein Sci. 2000; 9: 1651-9.

[3] He Y, Chen Y, Alexander P, Bryan PN, Orban J.
NMR structures of two designed proteins with
high sequence identity but different fold and
function. Proc Natl Acad Sci U S A. 2008; 105:
14412-7.

[4] Chiti F, Taddei N, White PM, Bucciantini M,
Magherini F, Stefani M, Dobson CM. Mutational
analysis of acylphosphatase suggests the
importance of topology and contact order in
protein folding. Nat Struct Biol. 1999; 6: 1005-9.

[5] Friel CT, Capaldi AP, Radford SE. Structural
analysis of the rate-limiting transition states in the
folding of Im7 and Im9: similarities and
differences in the folding of homologous proteins.
J Mol Biol. 2003; 326: 293-305.

[6] Jaenicke R, Schurig H, Beaucamp N, Ostendorp R.
Structure and stability of hyperstable proteins:
glycolytic enzymes from hyperthermophilic
bacterium Thermotoga maritima. Adv Protein
Chem. 1996; 48: 181-2609.

[7] Pizzo E, Merlino A, Turano M, Russo Krauss |,
Coscia F, Zanfardino A, Varcamonti M, Furia A.,
Giancola C, Mazzarella L, Sica F, D'Alessio G. A
new RNase sheds light on the RNase/angiogenin
subfamily from zebrafish. Biochem J. 2011; 433:
345-55.

[8] Ardelt W, Ardelt B,
Ribonucleases as

Darzynkiewicz  Z.
potential modalities in

CONFLICTS OF INTEREST

The authors certify that there is no financial
relationship to any company whose products are
considered in this study. Furthermore, there is no
financial relationship to any company that might
provide any competing products.

ACKNOWLEDGMENTS

The authors thank Dr. C. Schulenburg (ETH
Honggerberg, Zurich, Switzerland) for the GdnHCI-
induced transition curve of RC-RNase 3 and Isabell
Lassig, Britta Miihleck, and Heike Bocker (Martin-
Luther University Halle-Wittenberg, Germany) for
technical assistance. Dr. A. Schierhorn (Martin-
Luther University Halle-Wittenberg, Germany) is
acknowledged for performing mass spectrometry
measurements.

anticancer therapy. Eur J Pharmacol. 2009; 625:
181-9.

[9] Maeda T, Mahara K, Kitazoe M, Futami J, Takidani
A, Kosaka M, Tada H, Seno M, Yamada H. RNase 3
(ECP) is an extraordinarily stable protein among
human pancreatic-type RNases. J Biochem. 2002;
132:737-42.

[10] Notomista E, Catanzano F, Graziano G, Dal Piaz F,
Barone G, D'Alessio G, Di Donato A. Onconase: an
unusually stable protein. Biochemistry. 2000; 39:
8711-8.

[11] Arnold U, Schulenburg C, Schmidt D, Ulbrich-
Hofmann R.  Contribution of  structural
peculiarities of onconase to its high stability and
folding kinetics. Biochemistry. 2006; 45: 3580-7.

[12] Raines RT. Ribonuclease A. Chem Rev. 1998; 98:
1045-66.

[13] Marshall GR, Feng JA, Kuster DJ. Back to the
future: ribonuclease A. Biopolymers. 2008; 90:
259-77.

[14] Arnold U. Stability and stabilization of proteins:
The ribonuclease A example. In: Walters EC,
editor. Protein folding. New York: Nova Science
Publishers, Inc., 2011; 83-118.

[15] Creighton TE. Toward a better understanding of
protein folding pathways. Proc Natl Acad Sci U S A.
1988; 85: 5082-6.

[16] Wedemeyer W), Welker E, Narayan M, Scheraga
HA. Disulfide bonds and protein folding.
Biochemistry. 2000; 39: 4207-16.

[17] Neira JL, Rico M. Folding studies on ribonuclease
A, a model protein. Fold Des. 1997; 2: R1-11.

[18] Baldwin RL. The search for folding intermediates
and the mechanism of protein folding. Annu Rev
Biophys. 2008; 37: 1-21.

Page 9 of 11
(Page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/pubmed/11238984
http://www.ncbi.nlm.nih.gov/pubmed/11238984
http://www.ncbi.nlm.nih.gov/pubmed/11238984
http://www.ncbi.nlm.nih.gov/pubmed/11238984
http://www.ncbi.nlm.nih.gov/pubmed/11045612
http://www.ncbi.nlm.nih.gov/pubmed/11045612
http://www.ncbi.nlm.nih.gov/pubmed/11045612
http://www.ncbi.nlm.nih.gov/pubmed/18796611
http://www.ncbi.nlm.nih.gov/pubmed/18796611
http://www.ncbi.nlm.nih.gov/pubmed/18796611
http://www.ncbi.nlm.nih.gov/pubmed/18796611
http://www.ncbi.nlm.nih.gov/pubmed/18796611
http://www.ncbi.nlm.nih.gov/pubmed/10542090
http://www.ncbi.nlm.nih.gov/pubmed/10542090
http://www.ncbi.nlm.nih.gov/pubmed/10542090
http://www.ncbi.nlm.nih.gov/pubmed/10542090
http://www.ncbi.nlm.nih.gov/pubmed/10542090
http://www.ncbi.nlm.nih.gov/pubmed/12547210
http://www.ncbi.nlm.nih.gov/pubmed/12547210
http://www.ncbi.nlm.nih.gov/pubmed/12547210
http://www.ncbi.nlm.nih.gov/pubmed/12547210
http://www.ncbi.nlm.nih.gov/pubmed/12547210
http://www.ncbi.nlm.nih.gov/pubmed/8791626
http://www.ncbi.nlm.nih.gov/pubmed/8791626
http://www.ncbi.nlm.nih.gov/pubmed/8791626
http://www.ncbi.nlm.nih.gov/pubmed/8791626
http://www.ncbi.nlm.nih.gov/pubmed/8791626
http://www.ncbi.nlm.nih.gov/pubmed/21050179
http://www.ncbi.nlm.nih.gov/pubmed/21050179
http://www.ncbi.nlm.nih.gov/pubmed/21050179
http://www.ncbi.nlm.nih.gov/pubmed/21050179
http://www.ncbi.nlm.nih.gov/pubmed/21050179
http://www.ncbi.nlm.nih.gov/pubmed/21050179
http://www.ncbi.nlm.nih.gov/pubmed/19825371
http://www.ncbi.nlm.nih.gov/pubmed/19825371
http://www.ncbi.nlm.nih.gov/pubmed/19825371
http://www.ncbi.nlm.nih.gov/pubmed/19825371
http://www.ncbi.nlm.nih.gov/pubmed/12417023
http://www.ncbi.nlm.nih.gov/pubmed/12417023
http://www.ncbi.nlm.nih.gov/pubmed/12417023
http://www.ncbi.nlm.nih.gov/pubmed/12417023
http://www.ncbi.nlm.nih.gov/pubmed/12417023
http://www.ncbi.nlm.nih.gov/pubmed/10913282
http://www.ncbi.nlm.nih.gov/pubmed/10913282
http://www.ncbi.nlm.nih.gov/pubmed/10913282
http://www.ncbi.nlm.nih.gov/pubmed/10913282
http://www.ncbi.nlm.nih.gov/pubmed/16533040
http://www.ncbi.nlm.nih.gov/pubmed/16533040
http://www.ncbi.nlm.nih.gov/pubmed/16533040
http://www.ncbi.nlm.nih.gov/pubmed/16533040
http://www.ncbi.nlm.nih.gov/pubmed/11848924
http://www.ncbi.nlm.nih.gov/pubmed/11848924
http://www.ncbi.nlm.nih.gov/pubmed/17868092
http://www.ncbi.nlm.nih.gov/pubmed/17868092
http://www.ncbi.nlm.nih.gov/pubmed/17868092
http://www.ncbi.nlm.nih.gov/pubmed/2455892
http://www.ncbi.nlm.nih.gov/pubmed/2455892
http://www.ncbi.nlm.nih.gov/pubmed/2455892
http://www.ncbi.nlm.nih.gov/pubmed/10757967
http://www.ncbi.nlm.nih.gov/pubmed/10757967
http://www.ncbi.nlm.nih.gov/pubmed/10757967
http://www.ncbi.nlm.nih.gov/pubmed/9080194
http://www.ncbi.nlm.nih.gov/pubmed/9080194
http://www.ncbi.nlm.nih.gov/pubmed/18573070
http://www.ncbi.nlm.nih.gov/pubmed/18573070
http://www.ncbi.nlm.nih.gov/pubmed/18573070

Open Journal of Biology and Biochemistry, 2012, 1-3

[19] Arnold U. Incorporation of non-natural modules
into proteins: structural features beyond the
genetic code. Biotechnol Lett. 2009; 31: 1129-39.

[20] Rutkoski TJ, Raines RT. Evasion of ribonuclease
inhibitor as a determinant of ribonuclease
cytotoxicity. Curr Pharm Biotechnol. 2008; 9: 185-
9.

[21] Pradeep L, Shin HC, Scheraga HA. Correlation of
folding  kinetics with the number and
isomerization states of prolines in three
homologous proteins of the RNase family. FEBS
Lett. 2006; 580: 5029-32.

[22] Dey P, Islam A, Ahmad F, Batra JK. Role of unique
basic residues of human pancreatic ribonuclease
in its catalysis and structural stability. Biochem
Biophys Res Commun. 2007; 360: 809-14.

[23] Merlino A, Ercole C, Picone D, Pizzo E, Mazzarella
L, Sica F. The buried diversity of bovine seminal
ribonuclease: shape and cytotoxicity of the
swapped non-covalent form of the enzyme. J Mol
Biol. 2008; 376: 427-37.

[24] Ardelt W, Shogen K, Darzynkiewicz Z. Onconase
and amphinase, the antitumor ribonucleases from
Rana pipiens oocytes. Curr Pharm Biotechnol.
2008; 9: 215-25.

[25] Schulenburg C, Low C, Weininger U, Mrestani-
Klaus C, Hofmann H, Balbach J, Ulbrich-Hofmann
R, Arnold U. The folding pathway of onconase is
directed by a conserved intermediate.
Biochemistry. 2009; 48: 8449-57.

[26] Schulenburg C, Weininger U, Neumann P,
Meiselbach H, Stubbs MT, Sticht H, Balbach J,
Ulbrich-Hofmann R, Arnold U. Impact of the C-
terminal disulfide bond on the folding and stability
of onconase. Chembiochem. 2010; 11: 978-86.

[27] Lou YC, Huang YC, Pan YR, Chen C, Liao YD. Roles
of N-terminal pyroglutamate in maintaining
structural integrity and pKa values of catalytic
histidine residues in bullfrog ribonuclease 3. ] Mol
Biol. 2006; 355: 409-21.

[28] Leland PA, Schultz LW, Kim BM, Raines RT.
Ribonuclease A variants with potent cytotoxic
activity. Proc Natl Acad Sci U S A. 1998; 95: 10407-
12.

[29] Schulenburg C, Martinez-Senac MM, Léw C,
Golbik R, Ulbrich-Hofmann R, Arnold U.
Identification of three phases in Onconase
refolding. FEBS J. 2007; 274: 5826-33.

[30] Liao YD, Huang HC, Leu YJ, Wei CW, Tang PC,
Wang SC. Purification and cloning of cytotoxic
ribonucleases from Rana catesbeiana (bullfrog).
Nucleic Acids Res. 2000; 28: 4097-104.

[31] Okabe Y, Katayama N, lwama M, Watanabe H,
Ohgi K, Irie M, Nitta, K, Kawauchi, H, Takayanagi,
Y, Oyama, F, Titani, K, Abe, Y, Okazaki, T, Inokuchi,
N, Koyama, T. Comparative base specificity,
stability, and lectin activity of two lectins from

eggs of Rana catesbeiana and R. japonica and liver
ribonuclease from R. catesbeiana. J Biochem.
1991; 109: 786-90.

[32] Hsu CH, Pan YR, Liao YD, Wu SH, Chen C. NMR and
biophysical elucidation of structural effects on
extra  N-terminal methionine residue of
recombinant amphibian RNases from Rana
catesbeiana. J Biochem. 2010; 148: 209-15.

[33] Turcotte RF, Lavis LD, Raines RT. Onconase
cytotoxicity relies on the distribution of its
positive charge. FEBS J. 2009; 276: 3846-57.

[34] Sundlass NK, Raines RT. Arginine residues are
more effective than lysine residues in eliciting the
cellular uptake of onconase. Biochemistry. 2011;
50: 10293-9.

[35] Angov E. Codon usage: nature's roadmap to
expression and folding of proteins. Biotechnol J.
2011; 6: 650-9.

[36] Norkiene M, Gedvilaite A. Influence of codon bias
on heterologous production of human
papillomavirus type 16 major structural protein 11
in yeast. ScientificWorldJournal. 2012; 979218.

[37] Lerchner A, Mansfeld J, Kuppe K, Ulbrich-Hofmann
R. Probing conserved amino acids in
phospholipase D (Brassica oleracea var. capitata)
for their importance in hydrolysis and
transphosphatidylation activity. Protein Eng Des
Sel. 2006; 19: 443-52.

[38] Pace CN, Vajdos F, Fee L, Grimsley G, Gray T. How
to measure and predict the molar absorption
coefficient of a protein. Protein Sci. 1995; 4: 2411-
23.

[39] Tam A, Arnold U, Soellner MB, Raines RT. Protein
prosthesis: 1,5-disubstituted[1,2,3]triazoles as cis-
peptide bond surrogates. ] Am Chem Soc. 2007;
129:12670-1.

[40] Pace CN, Hebert EJ, Shaw KL, Schell D, Both V,
Krajcikova D, Sevcik J., Wilson KS, Dauter Z,
Hartley RW, Grimsley GR. Conformational stability
and thermodynamics of folding of ribonucleases
Sa, Sa2 and Sa3. J Mol Biol. 1998; 279: 271-86.

[41] Arnold U, Ulbrich-Hofmann R. Proteolytic
degradation of ribonuclease A in the pretransition
region of thermally and urea-induced unfolding.
Eur J Biochem. 2001; 268: 93-7.

[42] Pecher P, Arnold U. The effect of additional
disulfide bonds on the stability and folding of
ribonuclease A. Biophys Chem. 2009; 141: 21-8.

[43] Arnold U, Ulbrich-Hofmann R. Kinetic and
thermodynamic thermal stabilities of ribonuclease
A and ribonuclease B. Biochemistry. 1997; 36:
2166-72.

[44] Santoro MM, Bolen DW. Unfolding free energy
changes determined by the linear extrapolation
method. 1. Unfolding of phenylmethanesulfonyl
alpha-chymotrypsin using different denaturants.
Biochemistry. 1988; 27: 8063-8.

Page 10 of 11
(Page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/pubmed/19404746
http://www.ncbi.nlm.nih.gov/pubmed/19404746
http://www.ncbi.nlm.nih.gov/pubmed/19404746
http://www.ncbi.nlm.nih.gov/pubmed/18673284
http://www.ncbi.nlm.nih.gov/pubmed/18673284
http://www.ncbi.nlm.nih.gov/pubmed/18673284
http://www.ncbi.nlm.nih.gov/pubmed/18673284
http://www.ncbi.nlm.nih.gov/pubmed/16949585
http://www.ncbi.nlm.nih.gov/pubmed/16949585
http://www.ncbi.nlm.nih.gov/pubmed/16949585
http://www.ncbi.nlm.nih.gov/pubmed/16949585
http://www.ncbi.nlm.nih.gov/pubmed/16949585
http://www.ncbi.nlm.nih.gov/pubmed/17631275
http://www.ncbi.nlm.nih.gov/pubmed/17631275
http://www.ncbi.nlm.nih.gov/pubmed/17631275
http://www.ncbi.nlm.nih.gov/pubmed/17631275
http://www.ncbi.nlm.nih.gov/pubmed/18164315
http://www.ncbi.nlm.nih.gov/pubmed/18164315
http://www.ncbi.nlm.nih.gov/pubmed/18164315
http://www.ncbi.nlm.nih.gov/pubmed/18164315
http://www.ncbi.nlm.nih.gov/pubmed/18164315
http://www.ncbi.nlm.nih.gov/pubmed/18673287
http://www.ncbi.nlm.nih.gov/pubmed/18673287
http://www.ncbi.nlm.nih.gov/pubmed/18673287
http://www.ncbi.nlm.nih.gov/pubmed/18673287
http://www.ncbi.nlm.nih.gov/pubmed/19655705
http://www.ncbi.nlm.nih.gov/pubmed/19655705
http://www.ncbi.nlm.nih.gov/pubmed/19655705
http://www.ncbi.nlm.nih.gov/pubmed/19655705
http://www.ncbi.nlm.nih.gov/pubmed/19655705
http://www.ncbi.nlm.nih.gov/pubmed/20349493
http://www.ncbi.nlm.nih.gov/pubmed/20349493
http://www.ncbi.nlm.nih.gov/pubmed/20349493
http://www.ncbi.nlm.nih.gov/pubmed/20349493
http://www.ncbi.nlm.nih.gov/pubmed/20349493
http://www.ncbi.nlm.nih.gov/pubmed/16309702
http://www.ncbi.nlm.nih.gov/pubmed/16309702
http://www.ncbi.nlm.nih.gov/pubmed/16309702
http://www.ncbi.nlm.nih.gov/pubmed/16309702
http://www.ncbi.nlm.nih.gov/pubmed/16309702
http://www.ncbi.nlm.nih.gov/pubmed/9724716
http://www.ncbi.nlm.nih.gov/pubmed/9724716
http://www.ncbi.nlm.nih.gov/pubmed/9724716
http://www.ncbi.nlm.nih.gov/pubmed/9724716
http://www.ncbi.nlm.nih.gov/pubmed/17944937
http://www.ncbi.nlm.nih.gov/pubmed/17944937
http://www.ncbi.nlm.nih.gov/pubmed/17944937
http://www.ncbi.nlm.nih.gov/pubmed/17944937
http://www.ncbi.nlm.nih.gov/pubmed/11058105
http://www.ncbi.nlm.nih.gov/pubmed/11058105
http://www.ncbi.nlm.nih.gov/pubmed/11058105
http://www.ncbi.nlm.nih.gov/pubmed/11058105
http://www.ncbi.nlm.nih.gov/pubmed/1917903
http://www.ncbi.nlm.nih.gov/pubmed/1917903
http://www.ncbi.nlm.nih.gov/pubmed/1917903
http://www.ncbi.nlm.nih.gov/pubmed/1917903
http://www.ncbi.nlm.nih.gov/pubmed/1917903
http://www.ncbi.nlm.nih.gov/pubmed/1917903
http://www.ncbi.nlm.nih.gov/pubmed/1917903
http://www.ncbi.nlm.nih.gov/pubmed/1917903
http://www.ncbi.nlm.nih.gov/pubmed/20522487
http://www.ncbi.nlm.nih.gov/pubmed/20522487
http://www.ncbi.nlm.nih.gov/pubmed/20522487
http://www.ncbi.nlm.nih.gov/pubmed/20522487
http://www.ncbi.nlm.nih.gov/pubmed/20522487
http://www.ncbi.nlm.nih.gov/pubmed/19523116
http://www.ncbi.nlm.nih.gov/pubmed/19523116
http://www.ncbi.nlm.nih.gov/pubmed/19523116
http://www.ncbi.nlm.nih.gov/pubmed/21980976
http://www.ncbi.nlm.nih.gov/pubmed/21980976
http://www.ncbi.nlm.nih.gov/pubmed/21980976
http://www.ncbi.nlm.nih.gov/pubmed/21980976
http://www.ncbi.nlm.nih.gov/pubmed/21567958
http://www.ncbi.nlm.nih.gov/pubmed/21567958
http://www.ncbi.nlm.nih.gov/pubmed/21567958
http://www.ncbi.nlm.nih.gov/pubmed/22645496
http://www.ncbi.nlm.nih.gov/pubmed/22645496
http://www.ncbi.nlm.nih.gov/pubmed/22645496
http://www.ncbi.nlm.nih.gov/pubmed/22645496
http://www.ncbi.nlm.nih.gov/pubmed/16845127
http://www.ncbi.nlm.nih.gov/pubmed/16845127
http://www.ncbi.nlm.nih.gov/pubmed/16845127
http://www.ncbi.nlm.nih.gov/pubmed/16845127
http://www.ncbi.nlm.nih.gov/pubmed/16845127
http://www.ncbi.nlm.nih.gov/pubmed/16845127
http://www.ncbi.nlm.nih.gov/pubmed/8563639
http://www.ncbi.nlm.nih.gov/pubmed/8563639
http://www.ncbi.nlm.nih.gov/pubmed/8563639
http://www.ncbi.nlm.nih.gov/pubmed/8563639
http://www.ncbi.nlm.nih.gov/pubmed/17914828
http://www.ncbi.nlm.nih.gov/pubmed/17914828
http://www.ncbi.nlm.nih.gov/pubmed/17914828
http://www.ncbi.nlm.nih.gov/pubmed/17914828
http://www.ncbi.nlm.nih.gov/pubmed/9636716
http://www.ncbi.nlm.nih.gov/pubmed/9636716
http://www.ncbi.nlm.nih.gov/pubmed/9636716
http://www.ncbi.nlm.nih.gov/pubmed/9636716
http://www.ncbi.nlm.nih.gov/pubmed/9636716
http://www.ncbi.nlm.nih.gov/pubmed/11121107
http://www.ncbi.nlm.nih.gov/pubmed/11121107
http://www.ncbi.nlm.nih.gov/pubmed/11121107
http://www.ncbi.nlm.nih.gov/pubmed/11121107
http://www.ncbi.nlm.nih.gov/pubmed/19155118
http://www.ncbi.nlm.nih.gov/pubmed/19155118
http://www.ncbi.nlm.nih.gov/pubmed/19155118
http://www.ncbi.nlm.nih.gov/pubmed/9047316
http://www.ncbi.nlm.nih.gov/pubmed/9047316
http://www.ncbi.nlm.nih.gov/pubmed/9047316
http://www.ncbi.nlm.nih.gov/pubmed/9047316
http://www.ncbi.nlm.nih.gov/pubmed/3233195
http://www.ncbi.nlm.nih.gov/pubmed/3233195
http://www.ncbi.nlm.nih.gov/pubmed/3233195
http://www.ncbi.nlm.nih.gov/pubmed/3233195
http://www.ncbi.nlm.nih.gov/pubmed/3233195

Open Journal of Biology and Biochemistry, 2012, 1-3

[45] Arnold U, Hinderaker MP, Koditz J, Golbik R,
Ulbrich-Hofmann R, Raines RT. Protein prosthesis:
a nonnatural residue accelerates folding and
increases stability. J Am Chem Soc. 2003; 125:
7500-1.

[46] Bretscher LE, Abel RL, Raines RT. A ribonuclease A
variant with low catalytic activity but high
cytotoxicity. J Biol Chem. 2000; 275: 9893-986.

[47]1 Koditz J, Ulbrich-Hofmann R, Arnold U. Probing
the unfolding region of ribonuclease A by site-
directed mutagenesis. Eur J Biochem. 2004; 271:
4147-56.

g2 @ Publish with ROSS Science Publishers
R@SS and every scientist can easily read your
Science Publishers  \work for free!
Your research papers will be:
9 available for free to the entire scientific community
I  peer reviewed and published immediately after
acceptance
I cited in renowned open repositories upon
indexation of the journal
owned by yourself — author keeps the copyright

[48] Arnold U, Schopfel M. Significant stabilization of
ribonuclease A by additive effects. FEBS J. 2012;
279: 2508-19.

[49] Pace CN, Laurents DV, Thomson JA. pH
dependence of the wurea and guanidine
hydrochloride denaturation of ribonuclease A and
ribonuclease T1. Biochemistry. 1990; 29: 2564-72.

[50] Quirk DJ, Park C, Thompson JE, Raines RT.
His...Asp catalytic dyad of ribonuclease A:
conformational stability of the wild-type, D121N,
D121A, and H119A enzymes. Biochemistry. 1998;
37:17958-64.

Page 11 of 11
(Page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/pubmed/12812474
http://www.ncbi.nlm.nih.gov/pubmed/12812474
http://www.ncbi.nlm.nih.gov/pubmed/12812474
http://www.ncbi.nlm.nih.gov/pubmed/12812474
http://www.ncbi.nlm.nih.gov/pubmed/12812474
http://www.ncbi.nlm.nih.gov/pubmed/10744660
http://www.ncbi.nlm.nih.gov/pubmed/10744660
http://www.ncbi.nlm.nih.gov/pubmed/10744660
http://www.ncbi.nlm.nih.gov/pubmed/15479244
http://www.ncbi.nlm.nih.gov/pubmed/15479244
http://www.ncbi.nlm.nih.gov/pubmed/15479244
http://www.ncbi.nlm.nih.gov/pubmed/15479244
http://www.ncbi.nlm.nih.gov/pubmed/22594773
http://www.ncbi.nlm.nih.gov/pubmed/22594773
http://www.ncbi.nlm.nih.gov/pubmed/22594773
http://www.ncbi.nlm.nih.gov/pubmed/2110472
http://www.ncbi.nlm.nih.gov/pubmed/2110472
http://www.ncbi.nlm.nih.gov/pubmed/2110472
http://www.ncbi.nlm.nih.gov/pubmed/2110472
http://www.ncbi.nlm.nih.gov/pubmed/9922164
http://www.ncbi.nlm.nih.gov/pubmed/9922164
http://www.ncbi.nlm.nih.gov/pubmed/9922164
http://www.ncbi.nlm.nih.gov/pubmed/9922164
http://www.ncbi.nlm.nih.gov/pubmed/9922164

