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ABSTRACT. Onconase (ONC) frorRana pipienss the smallest member of the ribonuclease A (RNase A)
superfamily. Despite a tertiary structure similar to RNase A, ONC is distinguished by an extremely high
thermodynamic stability. In the present paper we have probed the significance of three structural regions,
which exhibit structural peculiarities in comparison to RNase A, for the stability of ONC to temperature
and guanidine hydrochloride induced denaturation: (i) the N-terminal pyroglutamate residue, (ii) the
hydrophobic cluster between helix | and the fifssheet, and (iii) the C-terminal disulfide bond. For this
purpose, the enzyme variatE€1E-, <E1P-, F28T-, F28A-, F36Y-, and C87A/C104A-ONC were produced

and studied in equilibrium and kinetic measurements. The destabilizing influence of the mutations strongly
depended on the modified structural region. The exchanges of the N-terminal pyroglutarBate @nd
<E1P-ONC) had the smallest impadiAGPlso» = 4.2 and 7.0 kJ mol), while interferences in the
hydrophobic cluster (F28T-, F28A-, and F36Y-ONC) had larger effest8GPlsox = 22.2, 20.9, and

19.5 kJ mot?). The removal of the C-terminal disulfide bond (C87A/C104A-ONC) showed the largest
influence on stability AAGIPlso» = 32.0 kJ mot?). As concluded from the comparison AAGIPlso» and
AAGE[D]SO%, all destabilization effects were exclusively caused by increased unfolding rate constants
except for C87A/C104A-ONC, where unfolding as well as folding was impacted. Of all amino acid residues
investigated, Phe28, which is unique for ONC among the ribonucleases, had the greatest importance for
rate of unfolding. Our data on the folding and unfolding kinetics indicate that the strong stabilization of
ONC in comparison to RNase A is caused by a dramatic deceleration of the unfolding reaction.

Onconase (ONCAlfacell Corp., Bloomfield, NJ), which
is also known as P-30 protein or ranpirnase, is a ribonuclease
from oocytes or early embryos of the Northern leopard frog
Rana pipiensThe discovery of the anticancer effects of this
protein () made ONC a promising antitumor therapeutic,
and it has reached phase lll clinical tria®y.(On the basis
of its three-dimensional structure (Figure 1), ONC belongs
to the ribonuclease A (RNase A) superfamily despite a
sequence identity of only 30% with RNase A. With a melting
temperature of 9CC (3), however, its thermal stability
exceeds that of most members by about 30 K. Even though
various “rules” for protein stabilization have been elucidated
(4, 5), it is not yet fully understood how the concur of the
forces finally stabilizes the natively folded protein structure
(6). The analysis of the differences of structurally highly L
homologous proteins provides insight into the structural Ficure 1: Tertiary structure of onconase. The model (LONC) was
determinants for increased protein stability. taken from the Brookhaven Protein Data Bank and drawn with

ONC and RNase A share a very similar overall topology Swiss pdb-Viewer v3.7. The structural regions for amino acid

. e hali substitutions are (A) the N-terminal pyroglutamate with hydrogen
(7). Particularly, the pOS.ItIOI'].Of thg three-helices, the . bonds to Lys9 and Val96, (B) the hydrophobic cluster formed by
p-sheet system, the active site residues, the hydrophobicyai17, 1le22, Met23, Leu27, Phe28, and Phe36, and (C) the

C-terminal-sheet with the disulfide bond Cys8Tys104.
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the N-terminus to the protein body, and a C-terminal disulfide Sanger et al. 18) using the SequiThermExcel LongRead

bond, both of which contribute to the stability of the ONC
molecule 9—11). Additionally, the hydrophobic cluster

which is formed by Vall7, lle22, Met23, Leu27, and Phe36
in ONC (corresponding to Tyr25, Met29, Met30, Leu35, and

DNA sequencing kit (Biozym, Hess. Oldendorf, Germany)

and a Li-COR 4000 DNA sequencer (MWG Biotech).
Expression, Renaturation, and Purification of the Enzyme

Variants. The experimental procedures were performed as

Phe46 in RNase A) is extended by replacing Thr36 in RNase described previouslyl@) except for the expression of the

A with Phe28 in ONC 12, 13). While the breakup of the

variant <E1P-ONC in pTXB1, which was performed ac-

N-terminal pyroglutamyl bond resulted in a decrease of the cording to ref20 (see below). Briefly, cultures oE. coli

catalytic activity (4, 15), the thermal stability was only
slightly affected 11, 16). In contrast, the deletion of the

strain BL21(DE3) that had been transformed with a plasmid
directing the expression of the corresponding ONC variant

C-terminal disulfide bond had been shown to dramatically were grown in terrific broth containing 50g mL™* kana-
decrease the thermodynamic stability without affecting the mycin [wt-ONC and the variantsE1E, <E1P, F28A, F28T,

catalytic activity to an equal exten®,(10).
While the thermodynamic stability of ONC and several

and F36Y in vector pET-26K{)] or 100ug mL~* ampicillin
[C87A/C104A-ONC in vector pET-22H()] at 37 °C to an

mutant enzymes thereof has been determined, there are néDsoonm Of 2. Gene expression was induced by 1 mM
data on the folding of ONC. The enormous increase in the iSOpropy!j-p-thiogalactopyranoside, and cells were grown
thermodynamic stability of the ONC molecule in comparison for an additiona4 h before being harvested. Cell lysis was
to the other members of the RNase A superfamily by about Performed by treatment with lysozyme and homogenization
20 kJ mof? (17) should be reflected in remarkable changes With @ Gaulin homogenizer. The inclusion bodies were
of the rate constants of the folding and/or unfolding reactions. isolated by centrifugation followed by resolubilization (20
In the present paper, we have analyzed the effect of aminomM Tris-HCI, 6 M GdnHCI, 250 mM dithiothreitol, 10 mM
acid substitutions in three different critical structural regions EDTA, pH 8.0) and dialysis of the protein solution against
on the thermodynamic stability as well as on the folding/ 20 MM acetic acid. Precipitates formed during dialysis were
unfolding kinetics of the ONC molecule. Our results disclose removed by centrifugation. After renaturation in 100 mM
that the stabilization of the ONC molecule in comparison to Tris-HCI, 100 mM NaCl, 10 mM EDTA, and 1 mM reduced

RNase A is caused by a pronounced deceleration of theand 0.2 mM oxidized glutathione, pH 8.0, at room temper-

unfolding reaction.

MATERIALS AND METHODS

Materials. Restriction enzymeslindlll, Ndd, and Sag
and the plasmid pTXB1 were from New England Biolabs,
Frankfurt/Main, Germany. Oligonucleotides were from MWG
Biotech, Ebersberg, Germany, and the plasmid pET-28b(
was from Novagen, Bad Soden, Germany. The pET-22b(
plasmids carrying the gene for wild-type (wt) ONG) (or
C87A/C104A-ONC 10) were a gift from Prof. R. T. Raines,
University of Wisconsir-Madison, WI. Growth media were
from Difco Laboratories, Detroit, MI. Yeast RNA was from
Sigma, Steinheim, Germanigscherichia col(E. coli) strains
XL-1 Blue and BL21(DE3) were from Stratagene, Heidel-
berg, Germany.E. coli strain ER2566 was from New
England Biolabs. All other chemicals were of the purest
grade commercially available.

Site-Directed Mutagenesisheoncgene was cloned from
the plasmid pET-22bf) into the plasmid pET-26Hf) by

ature for 36 h, the protein was purified on a SOURCE S
column (Amersham Biosciences, 50 mM Tris-HCI, pH 7.5,
with a linear gradient of 8500 mM NacCl). Cyclization of
the N-terminal glutamine residue (in wt-ONC and the
variants F28T, F28A, F36Y, and C87A/C104A) was achieved
by dialysis of the purified proteins against 200 mM sodium
phosphate buffer, pH 7.0, for 3 days at room temperature.
E. coli ER2566 cells that had been transformed with a
plasmid directing the expression sE1P-ONC fused to the
mxeintein (<E1P-oncin plasmid pTXB1) were cultivated
in Luria—Bertani medium containing ampicillin (1009
mL~1) with shaking at 37°C until ODsgonm = 0.5. Gene
expression was then induced by the addition of isopropyl
[-p-thiogalactopyranoside (0.5 mM), and the cultures were
grown for an additional 34 h at 25°C. Cell lysis by
sonication, affinity chromatography of the soluble material
on chitin beads, and cleavage by a buffer containing
dithiothreitol (50 mM) were carried out according to the
instructions of the manufacturer (New England Biolabs). For
the elution of the cleavage productE1P-ONC) 3 M

standard methods using the PCR and the restriction sites forGdnHCI had to be applied. Dialysis, renaturation, and

Ndd andHindlll. Subsequently, thencgene was modified

by use of the QuikChange site-directed mutagenesis kit

(Stratagene) to obtain the mutation€lE, <E1P, F28T,
F28A, and F36Y. For the expression eE1P-ONC, two

purification were performed as described above.

Determination of the Protein Concentratiofihe protein
concentration was determined using an absorption coefficient
of e = 0.87 mL mg?! cm™ at 280 nm 8) except for F36Y-

further constructs were created. First, by standard methodsONC where an absorption coefficient of= 1.0 mL mg*

of PCR, the<E1Poncgene lacking the pelB leader sequence

was amplified and cloned back into the plasmid pET-26b-

(+) by the use of the restriction sites fhidd and Hindlll.
Second, by use of the restriction sites fédd and Sap,

cmtat 280 nm calculated according to Pace et2i) (vas
used.

Mass Spectrometryprotein samples were desalted by use
of ZipTip pipet tips (Millipore, Schwalbach, Germany).

the <E1P-oncgene was cloned into the plasmid pTXB1. In Determination of molecular masses was performed by
contrast to the other constructs, these two constructs lackelectrospray ionization (Esquire) or matrix-assisted laser
the DNA sequence for the expression of the pelB signal desorption ionization mass spectrometry (Reflex; Bruker-
sequence but carry the trinucleotide AUG for the additional Franzen, Bremen, Germany).

start methionine in front of the<E1P-onc gene. The Activity. Ribonucleolytic activity of ONC and its variants
mutations were verified by DNA sequencing according to was determined with yeast RNA as substrate following the
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procedure by Corbishley et al22). All solutions were they vs [D] graph. The fraction of native proteifi\f was
prepared with diethyl pyrocarbonate-treated water. Yeast calculated from the fitted values using the equation
RNA was dissolved in 100 mM sodium acetate buffer, pH

5.5, followed by addition of 3 volumes of ice-cold ethanol fn=0p =V — W) 3)
and centrifugation (200@) 4 °C, 15 min) to remove soluble _

oligonucleotides. The dried RNA pellet was dissolved in 100 With

mM sodium acetate buffer, pH 5.5, and the concentration of

the RNA was determined spectrophotometricaliysh = 1 Yo =Yp + Mp[D]

corresponds to 4@g mL~* RNA (23)]. The concentration

of wt-ONC and its variants in the reaction mixtures of 250 and
uL was 0.74g mL™%, and the concentration of RNA was _ yo n D
2.8 mg mLL. After incubation at 37°C for 15 min the Yn = Y T my[D]
reaction was stopped by addition of 260 of 22 mM LaCk

in 1.2 M perchloric acid. After incubation on ice for 20 min
the samples were centrifuged (20@0@ °C, 20 min). The
supernatant was diluted four times with water, and the
concentration of soluble nucleotides was determined from
the absorbance at 260 nrpdonm= 10600 Mt cm™1 (24)]. D] _ A ~HO

One unit corresponds to the release ofirhol of soluble AGT=AG Mhc[D] )
ribonucleotides/h. Concentrations of enzymes and RNA were, o 1sed whereAGH© is the standard free energy of
\(I:Vr;%sienr:: :an:t\i,ll)iyt}?n gnsure a linear increase of the absorbanc%nfmding in the absence of denaturagfy

where yy and yp are the signals of the native and the
denatured protein as a function of the denaturant concentra-
tion. To calculate values of the standard free energy, the
linear function

. . X Folding Measurementll experiments were performed
Clrcular.chhrplsm (CD) SpectroscopfD spectra of wt- in 100 mM sodium acetate buffer, pH 5.5, at 20 on a
ONC and its variants were recorded in 50 mM sodium acetate £,oro-Max-2 spectrometer (Jobin Yvon). Protein samples

buffer, pH 5.5, containing 1 mg mt protein on a CD e preincubated in ' M GdnHCI at 20°C. Unfolding
spectrometer J-810 (Jasco, Gross-Umstadt, Germany) at 2Qnq refolding were initiated by manual addition of GAnHCI

°C. Cuvettes of 1 and 0.01 cm path length were used for g5 tion or buffer to yield the respective final GdnHCI
CD spectroscopy in the near-UV region (25840 nm) and 5 centration. The final protein concentration was /&0

in the far-UV region (196-260 nm), respectively. mL-L. The bandwidth was 5 nm for excitation at 295 nm
GdnHCI-Induced Transition Cues and Determination of and 5 nm for emission at 310, 320, and 358 nm. The

the Parameters of the Thermodynamic StabilBdnHCI- pcereq rate constants) which are the sum of the rate
induced transition curves of wt-ONC and its variants were . ociants of the respective unfolding reactida) (and

obtained by fluorescence spectroscopy on a Fluoro-Max-2 efo|ding reaction k) were calculated from the change of
spectrometer (Jobin Yvon, Bensheim, Germany) af@s5 e intensity of the emission signal as a function of time

using a cuvette of 1.0 cnx 0.4 cm. Protein concentration \hich followed first-order kinetics. The data in the resulting

was 20ug mL*in 100 mM sodium acetate buffer, pH 5.5, ¢ayron plot (Inkessvs [D]) were fitted according to Maxwell
containing 6-7.4 M GdnHCI. After equilibration, five et al. 08)

fluorescence spectra which were recorded from 305 to 380
nm were averaged. The bandwidth was 1 nm for excitation In k? +m[D] In kf’, + m,[D]
at 295 and 10 nm for emission. In k,ps= In|eXp RT + exp RT (5)
From the fluorescence spectra, the shift of the wavelength
of the emission maximuny) was determined as a function
of the GdnHCI concentration and evaluated by nonlinear
regression using the program Sigma Plot according to
Santoro and Boler26) with the modification by Clarke and
Fersht 26)

wherek? and k), are the rate constants of the folding and
unfolding reaction in the absence of denaturamtand my
are the slopes of the folding and unfolding limbs, dhds
the gas constant. On the basis of the Eyring equation

AG" = RTIn(K/h) — In(k/T)] (6)
AG® = m, ([D] 55 — [D)) 1) o
where AGH, K, h, andR are the free energy of activation,
with [D]sos the concentration of denaturant [D] at which Boltzmann’s, Planck’s, and the gas constants larecky or
50% of the protein is denaturetig, the measure of the ks at the respective concentration of denaturant, values of
dependence of the standard free energy on denaturanAG* were calculg’;ed for the folding or unfolding reaction.
concentration, andGP, the standard free energy ata given ~ Thermal Stability. Values of the temperature at the

concentration of denaturant, leading to the equation transition midpoint T, were determined by differential
scanning calorimetry (DSC). Calorimetric measurements
y={(y + my[D]) + (¥ + my[D]) were carried out on a VP-DSC microcalorimeter (MicroCal,
N r:;‘( m ([DD] mD_ [D])/RT}/ Northampton, MA) at a scan rate of 1.5 K min The
P MellPl 505 evaluation of the data and calculations were performed using

{1+ exp(~myg([Dlsee — [DI/RT} (2) the program Origin 7.0. Protein solutions were dialyzed
against 100 mM sodium acetate buffer, pH 5.5, &C4for
where y and y2 are the intercepts andy and mp the at least 12 h, and the protein concentration was determined
slopes in the pre- and posttransition region, respectively, in as described above. Before DSC measurements, the protein
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samples were degasseq for 5 min (ThermoVa<_:; MicroCal). Table 1: Activity, Molecular Mass, and Thermal Stability of

The excess heat capacity functioh®y) was obtained after  wt-Onconase and Its Variants

baseline correction for the respective buffer system. The

enthalpyAH was determined by direct integration of the peak _ _

area, and, corresponds to the maximum of the DSC curve. ;‘i';‘\t/'i\t’;a caled from debt;;rr]rgggd
SDS-PAGE.Electrophoresis was carried out on a Midget ONCvariant (%)  sequence spectrometry Tp (°C)

electrophoresis unit (Hoefer, San Francisco, CA) according " onc 100+ 4  11819.7 118196  8850.1

to Laemmli Q9) using 10% and 17.5% acrylamide for <g1E-ONC 41+ 4 11837.6 11836.8 8780.1

stacking and separating gels, respectively. The gels were <E1P-ONC 44+8  11805.6 11805.0 87F%0.2

molecular mass (Da)

; ; ; i ; ; F28T-ONC 60+ 4 117735 11772.0 77402
s;tamted with Coomassie Brilliant Blue R250 or with silver F28A ONG 61t 7 117438 117427 78102
nirate. F36Y-ONC 80+2 118357 11834.8  7920.3

C87A/C104A- 66+3 11757.5 11761.2 694 0.1
RESULTS ONC

Design of the ONC Variant©NC variants were designed ~ °Activity was determined with yeast RNA as substrate atGas

. =~ .. described in Materials and Methods. ValuesTaf at pH 5.5 were

to probe the influence of three structural elements discrimi- ¢ ermined by DSC as described in Materials and MethoBsoduct
nating ONC from RNase A. of the expression of Met{1)-<E1P-ONC in the plasmid pET-26b].

(i) The N-Terminus The N-terminal pyroglutamate in

native ONC (Figure 1A), which is formed by cyclization of = o gptained. In the second routeE1P-ONC was expressed

a glutamine residue, can also be considered as 5-oxoproline ;¢ Met(-1)-<E1P-ONC in the plasmid pET-26bj without
The oxo group forms a hydrogen bond to the side chain of y,o he|B signal sequence. The resulting inclusion bodies,
Lys9 which tethers the N-terminus to the protein body and however, exclusively containe¢ ELP-ONC without the

aligns the side chain for proper substrate bindirig (ve additional N-terminal Met residue (Table 1) and yieldee-20
replaced the glutamine residue by prolireE1P-ONC) to 30 mg mL* protein/L of culture.

eliminate the oxo group while maintaining the cy'clic structure  Eyen though differing in their tendency to form aggregates
or by glutamate £E1E-ONC) to disrupt the cyclic structure  qy,ing renaturation, all variants could be obtained in suf-
while maintaining the hydrogen bond to Lys9. ficient amounts (up to 30 mg ! of culture medium). The

(i) The Hydrophobic Cluster around Phe3Boncerning  pyrified proteins proved to be homogeneous by SPBGE
the hydrophobic Cluster (Figure 1B), we replaced the Unique and rechroma‘tography on a SOURCE S Co|umn_
Phe28 of ONC by alanine (F28A-ONC) or by threonine  Activity. The relative activity of the ONC variants,
(F28T-ONC), which is the residue present in most members getermined with yeast RNA as substrate, revealed that all
of the RNase A superfamily. Furthermore, we replaced the oNC variants were active (Table 1). As expected from the
highly conserved Phe36 by tyrosine (F36Y-ONC). This gisturbance of the hydrogen bond to Lys9 and, thus, of the
region which links helix I and the firss-sheet and which  gypstrate binding, the variants concerning the N-terminus
contains a hydrophobic cluster had been proposed as the firsghowed the lowest activity.
unfolding region in RNase A1@, 30) because mutations in CD SpectraAs deduced from the CD spectra in the near-
this region had affected the unfolding reaction only. and far-UV region, all ONC variants revealed a tertiary and

(iii) The C-TerminusThe C-terminus of ONC is anchored  secondary structure comparable to that of wt-ONC (Figure
to the protein body by a disulfide bond (Figure 1C) which 2). The slightly increased signal in the near-UV region of
occurs only in the amphibian RNases. Because the C-terminalF36Y-ONC (around 284 nm) can be explained by the
region of RNase A had been proposed as the folding nucleusintroduction of the additional tyrosine. For the C87A/C104A-
(31), the covalent attachment of the C-terminus to the protein ONC variant, a slight increase of the signal in both the-208
body of ONC was expected to mainly affect the folding 220 nm and the 256270 nm region was detected. The
reaction. We used an ONC variant in which both cysteines increase of the signal in the far-UV region had been reported
had been replaced by alanine residues (C87A/C104A-ONC) previously (0). The change in the near-UV region is
to evaluate the contribution of this disulfide bond to the attributed to changes of spectroscopic properties of this
stability and folding of the ONC molecule. variant due to the loss of the disulfide bond but not to

Expression, Renaturation, and Purificatiomt-ONC and changes of structural properties because the signals for the
all variants except E1P-ONC were expressed as inclusiontyrosines (around 284 nm) and the tryptophan (around 291
bodies 8), renatured, and purified as described in Materials nm) remain unchanged.
and Methods. Mass spectrometry proved that the pelB signal Temperature-Induced Denaturatiofhe thermal stability
sequence had completely been removed (Table 1). Inof wt-ONC and its variants was investigated by DSC
contrast, the expression of the varianRE1P-ONC by the measurements. Thermal unfolding proved to be reversible
same method failed. Mass spectrometry revealed a mixtureas judged by reheating experiments and follows a two-state
of products in the inclusion body material carrying the pelB transition model as judged from the fit of the data. In contrast
signal sequence, which had been proteolytically degradedto the activity measurements, replacement of Pyr1 by proline
to varying extents (not shown). Thus, two alternative or glutamate had the smallest effect hpat pH 5.5 (Table
approaches to yielet E1IP-ONC were examined. The expres- 1). The midpoint of the thermally induced transition de-
sion as a fusion protein with th@xeintein/chitin binding creased by about 10 K as a result of amino acid substitutions
domain (in plasmid pTXB1) resulted in large part in insoluble in the hydrophobic cluster. However, replacement of the
material. After thiol-induced cleavage of the soluble protein unique Phe28 by Thr or Ala led to a slightly larger decrease
and purification, about 0.5 mg of protein/L of culture could in T, than the substitution of Phe36 by Tyr. The elimination
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Ficure 2: Far-UV (A) and near-UV (B) CD spectra of wt-ONC and its variants. CD spectra of wt-ONC (black) and its variabEs
(red), <E1P (green), F28T (yellow), F28A (dark blue), F36Y (magenta), and C87A/C104A (light blue) were recorded in 50 mM sodium
acetate buffer, pH 5.5, at 2T using a protein concentration of 1 mg milas described in Materials and Methods.

- ::g
=
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Ficure 3: GdnHCl-induced transition curves. The transition curves FIGURe 4: Chevron plots for the unfolding and refolding of wt-
of wt-ONC (@) and its variants<E1E (a), <E1P @), F28T @), ONC and its variants. Values &f,sof wt-ONC (@) and its variants

F28A @), F36Y (#), and C87A/C104A ) were determined by <E1E (&), <E1P @), F28T @), F28A (0), F36Y (#), and C87A/

fluorescence spectroscopy in 100 mM sodium acetate buffer, pH C104A (+) were determined by fluorescence spectroscopy in 100

5.5, at 20°C as described in Materials and Methods. mM sodium acetate buffer, pH 5.5, at 20°G as described in
Materials and Methods.

Table 2: Parameters of Thermodynamic Stability and Unfolding of

wt-Onconase and Its Variafts temperature-induced unfolding. Modifications of the N-

AAGDlsos AAG!Dlson terminal pyroglutamaf[e had_the s_mallest _impact on the
ONC variant [Dhow  (kJ mold) K (sY) (kJ r#m—l) thermodynamic stability. Amino acid substitutions in the

5 hydrophobic cluster resulted in a strong destabilization of
wt-ONC 4.4+ 0.1 5.44x 10 .
<E1E-ONC 4.1+ 0.1 4.2 7.72x 1079 1.7 the ONC molecule by 141.6 M GdnHCI. Agaln, the
<E1P-ONC 3.9-0.2 7.0 3.17x 1077 6.1 substitution of the unique Phe28 by either Thr or Ala resulted
F28T-ONC 2.8+ 0.1 22.2 1.30x 10: 20.6 in a slightly more pronounced destabilization than the
F28A-ONC 2.9+ 0.1 20.9 5.0% 10~ 21.1 o : "
F36Y-ONG S0L01 Tos Lo 105 155 sqbstlt_utlon of the conserved Phe36 by Tyr. With a transition
ONC be the least stable variant.

aThermodynamic parameters were determined from GdnHCI- .!:Oldlng EXpe”me_ntSThe decrefised thermodynamic S_ta'
induced transition curves at pH 5.5 as described in Materials and Dility of the ONC variants could arise from a faster unfolding
Methods.AAGPlsox is the difference in free energy between wt-ONC  or slower refolding (or both). To dissect the effect of the
and an ONC variant at the transition midpoint of the respective variant. mutationS, rate constants of unfo|ding and refo|ding of wt-

Parameters of unfolding were calculated from the rate constants ; ; ; ;
presented in Figure 4 as described in Materials and Methads. doel\:lgtl?rg?]tlzfzigﬁ:laazt)s were determined with GdnHCI as

Gf,[D]S"% is the difference in free energy of activation between wt-ONC f1h foldi foldi .
and an ONC variant at the transition midpoint of the respective variant.  Rate constants of the unfolding and refolding reaction were

determined by fluorescence measurements 4C2®Because
of the C-terminal disulfide bond decreasegmost consider- ~ ONC possesses only one Trp residue but six Phe residues,
ably by 19 K. the kinetics were followed at three different wavelengths to
GdnHCI-Induced Denaturatior.o study the effect of the  disclose possible local differences in the processes. The
mutations on the thermodynamic stability of the ONC mole- progress curves followed first-order kinetics over the entire
cule, GdnHCl-induced transition curves were recorded (Fig- range of conditions, and the detection at all three wavelengths
ure 3). With aAG"° value of 61.14 3.1 kJ mot? wt-ONC yielded the same rate constants. Except for C87A/C104A-
was more stable than any of the variants investigated. TheONC, the refolding of the ONC variants is indistinguishable
values of [D}oy and the change in standard free energy at from that of wt-ONC. In contrast, the unfolding reaction of
the transition midpointAAGPls») are summarized in Table 2.  these variants is more or less strongly affected by the
The order of the degree of destabilization as the result of mutations. From the values kf at the respective transition
the amino acid substitutions was the same as for themidpoint (Table 2), values oﬁGE[D]“% and AAGE[D]“’%
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were calculated (Table 2). The correspondence of the valued_ys9, indicates that also glutamate in position 1 obviously
for AAGPIs* and AAGPlsex (Table 2) clearly indicates  is not able to form that hydrogen bond.
that the thermodynamic destabilization of the variants has  With a decrease ofy, by 1-2 K or of [GAnHCl}oy by
to be attributed to a destabilization of the native state. 0.3—0.5 M GdnHCI, the impact of mutations &fE1 on the
However, for C87A/C104A-ONC both the unfolding reaction  stability of the ONC molecule is rather small (Tables 1 and
and the refolding reaction are impaired by the deletion of 2). Notomista et al.g) have speculated that the loss of the
the disulfide bond. Consequentl@(AGﬁ[D]SO% and AAG[Plsos hydrogen bond and, thus, the tether of the N-terminus to the
clearly differ, but the difference is covered HyAG;™!s protein body might be counterbalanced by the extension of
(16.1 kJ mot?) as calculated from the values lgf(1.70 x helix I. Also, the solution structure ofE1S-ONC did not
1075 st for wt-ONC, 2.54x 107 s ! for C87A/C104A- show any increased flexibility of the N-terminus in com-
ONC) at the transition midpoint of C87A/C104A-ONC. parison to wt-ONC, indicating the maintenance of the native
structure 43). The present folding and unfolding experiments
DISCUSSION with <E1E- and<E1P-ONC clearly reveal that the ther-
modynamic destabilization of these variants has to be

Onconase is not only a potent antitumor therapel; ( attributed to a faster unfolding reaction (Figure 4, Table 2)

393), but it had been shown to be unusually stable although . °. . f th . id substituti
originating from a mesophilic sourcé,9—11, 16, 17). A pointing to an impact of these amino acid substitutions on
. . . .. the native state only.
comparison of the primary and tertiary structure of ONC with i ] o .
RNase A, which is the principal member of the RNase A  The deletion of the' (;-termmal disulfide bond dramatically
superfamily, does not divulge an obvious basis for the decreases the transition temperature by about 20 K (Table
increase off;, from 60.4°C (34) to 88.5°C, of the value of 1) and impairs the thermodynamic stability by more than
[GdnHCl]y, from 2.8 M (19) to 4.4 M, and of the value of 30 kJ mol?* (Table 2) whereas the catalytic activity decreases
AGH© from 38 kJ mot (19) to about 60 kJ moft. Despite or_lly moderately to 66% (Table 1). These data coin_ciqle well
these studies concerning the thermodynamic stability and theWith the values determined by Leland et dl0y, and similar
fact that RNase A has been an intensively studied model results were obtained for C87&/04- and C873(103-104-
protein of folding/unfolding processes for decad®@s)(the ~ ONC variants §). The corresponding C-terminal portion of
folding and unfolding of its homologue, ONC, and mutants RNase A had been shown to be crucial for the folding
thereof are described here for the first time. reaction 81, 44), and T, of the RNase A molecule was

An increased thermodynamic stability could be caused by increased by aba K by theintroduction of a new disulfide
a faster folding or a slower unfolding (or bot36). The bond that links the N- and C-terminus (A4C/V118C-RNase

comparison of the chevron plot for wt-ONC (Figure 4) with A) (45). A stabilizing effect of disulfide bonds is commonly
the corresponding data for RNase 27) clearly reveals an attributed to a restriction of the conformational freedom of
almost unchanged folding branch of the rate constantsthe unfolded state and, thus, to an increased folding rate,
whereas the unfolding branches dramatically differ as a Put €ffects on the native state of proteins have also been
consequence of an1000-fold slower unfolding reaction of ~ described46). The chevron plot (Figure 4) clearly shows a
ONC. These results could explain the high proteolytic decreased folding as well as an increased unfolding rate
stability of ONC (L7) because unfolding in vivo is followed ~ constant for C87A/C104A-ONC compared to wt-ONC. As
by irreversible processes such as proteolytic degradaR)n ( fqr thg decreased folding rate, it is feasible that the 874

The investigation of mutant variants of ONC was expected disulfide bond not only decreases the entropy of the
to shed light on the structural basis for the differences in PClyPeptide chain in the unfolded state but also facilitates

the thermodynamic and kinetic stability. Despite the lack of the formation of the native structure of the C-terminus in
regular interactions, loops can play an important role in W-ONC which isimpeded in the C87A/C104A-ONC variant.
folding or unfolding reactionsag) as had been shown for ~From the ratioAAGH™'#* to AAG{™*, however, half of
RNase A 40). In fact, the loops in ONC are shorter than in  the thermodynamic destabilization has to be attributed to a
RNase A ), which might be a reason for the increased faster unfolding of this variant; i.e., also the native state is
stiffness of ONC 41). Also, the primary structure of the affected by the deletion. The crystal structures of wt-ONC
two proteins differs most significantly in the loop regions. and C87SA103-104-ONC, on the other hand, are “ex-

The analysis of the number of interactions in the loops, tremely close” 1), which is supported by MD simulations
however, reveals no Significant increase for Oi\m ( at 300 K. In contrast, at 350 K the mutant protein shows
The contribution of the chain termini to the activity and Stronger overall fluctuations as does wt-ONA1)¢ Whether
stability of ONC has been widely investigated by site-directed the deletion of the covalent tether finally even alters the
mutagenesis. These results are here expanded by the analysfg!ding or unfolding pathways of the ONC molecule remains
of folding/unfolding kinetics. The decreased activity of unsolved with data presented here and will be shown by
variants lacking the cyclized pyroglutamate structure at the future studies.
N-terminus obviously results from a loss of a hydrogen bond  Special attention was paid to the contribution of the
between the 5-oxo group of pyroglutamate and Lys9. The hydrophobic cluster to the stability of the ONC molecule.
values determined forE1E- and<E1P-ONC in this paper  This cluster had been shown to be of exceeding importance
agree with those for & EL1E variant of the homologue from  for the stability of RNase AX3, 47) and was proposed as

Rana catesbeianavhich showed 28% residual activit¢2), the initiation site of unfolding in RNase A18, 30). The
and <E1A-ONC, which showed 57% residual activiti/1j. replacement of Met23 in the corresponding cluster in ONC
The coincidence of the values fetE1E- and<E1P-ONC, by leucine had been reported to decrease the thermodynamic

which cannot form a hydrogen bond to the side chain of stability by about 12 kJ mot (17). Replacement of the fully
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buried core residue Phe36 (corresponding to Phe46 in RNasesncoding for wild-type and C87A/C104A-ONC and Dr. A.
A) by tyrosine resulted in a dramatic decreasé& @by 9.3 Schierhorn (Martin-Luther University Halle-Wittenberg,

K and of AAGPlse by 19.5 kJ mot?, corresponding to a  Germany) for performing mass spectrometry measurements.
loss of 32% of the thermodynamic stability. The respective
amino acid substitution in RNase A resulted in&,, of 9.0

K and AAGPlsos of 10.8 kJ mot?, corresponding to 28% of
the thermodynamic stabilityl@). Interestingly, the replace-
ment of Phe28, which extends the hydrophobic cluster in
ONC but is Thr in most of the other members of the RNase
A superfamiliy, destabilizes the ONC molecule to an even REFERENCES
larger extent (Tables 1 and 2, Figures 3 and 4) regardless of
its substitution by Thr or Ala. The decreased thermodynamic
stability of all these variants can be attributed to a faster
unfolding reaction only in comparison to wt-ONC. The
removal of the covalent disulfide bond results in a stronger
thermodynamic destabilization of the ONC molecule than
the deletion of the additional hydrophobic interaction by
Phe28. However, the impact on the unfolding reaction is p27KIP and decreased pRb phosphorylati®ykemia 121241
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