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ABSTRACT. Onconase is a cytotoxic ribonuclease with antitumor properties. A semisynthetic gene encoding
the entire protein sequence was constructed by fusing oligonucleotides coding for the first 15 and the last
6 of the 104 amino acids to a genomic clone that encoded the remaining amino acid residues [Newton,
D. L., et al. (1997)Protein Eng. 10463—-470]. The resulting protein product expressedEstherichia

coli exhibited little enzymatic or cytotoxic activity due to the unprocessed N-terminal Met amino acid
residue. In this study, we demonstrate that modification of thedion of the gene to encode [Met-(

1)]Ser or [Met-(1)]Tyr instead of the native pyroglutamate results in recombinant onconase derivatives
with restored activities. [Met-{1)]JrOnc(E1S) was more active than [Met)JrOnc(E1Y) in all assays
tested. Consistent with the action of native onconase, [M&H{Onc(E1S) was a potent inhibitor of
protein synthesis in the cell-free rabbit reticulocyte lysate assay, degrading tRNA at concentrations that
correlated with inhibition of protein synthesis. An interesting difference between the recombinant onconase
derivatives and the native protein was their susceptibility to inhibition by the major intracellular RNase
inhibitor, PRI (onconase is refractory to PRI inhibition). [Met4)]rOnc(E1S) and [Met-{1)]rOnc-

(E1Y) inhibited protein synthesis in intact SF539 neuroblastoma cells widsl@ery similar to that of
onconase (I6 3.5, 10, and 1@&g/mL after 1 day and 0.16, 0.35, and 2&mL after 5 days for onconase,
[Met-(—=1)]rOnc(E1S), and [Met-t1)]rOnc(ELY), respectively). Similar to that of onconase, cytotoxic
activity of the recombinant derivatives was potentiated by monensigCNIdnd retinoic acid. Brefeldin

A completely blocked the enhancement of cytotoxicity caused by retinoic acid with all three proteins.
Thus, drug-induced alterations of the intracellular trafficking of the recombinant derivatives also resembles
that of onconase. Stability studies as assessed in serum-containing medium in the presence or absence of
cells at 37°C showed that the recombinant proteins were as stable to temperature and cell culture conditions
as the native protein. Therefore, exchanging the Glu amino acid residue at the amino terminus of onconase
with an amino acid residue containing a hydroxyl group produces recombinant proteins with ribonuclease
and cytotoxic properties similar to native onconase.

Onconase, isolated from extractsRéina pipien®ocytes primary 3) and tertiary amino acid structurd)( X-ray
by following cytotoxic effects toward tumor celld,(2), is crystallographic structure revealed that the N-terminal py-
homologous to pancreatic ribonuclease (RNaskeiipoth roglutamyl (Glul) residue forms part of the enzyme active
site. The role of théGlul was further confirmed by Boix
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nciferf.gov. onconase activities. Thus, the involvement of the N-terminus
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(E1S), recombinant onconase in whiehl() glutamic acid was changed  of these residues could help to form a hydrogen-bonding
to serine; [Met-¢-1)JrOnc(E1Y), recombinant onconase in whiek() pattern similar to that in the native enzyme. These deriva-

glutamic acid was changed to tyrosine; PCR, polymerase chain reaction;,. . -
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activities were reconstituted, albeit with some differences
compared with the native protein.

Newton et al.

20 mM Tris-HCI, pH 7.5, containing 25 mM NaCl; and
lyophilized.

Onconase is the first ribonuclease to be evaluated in Phase In Vitro Translation Assay and Analysis of RNAhe in

I and Phase I/l clinical trials as a single therapeutic agent
in patients with a variety of solid tumorg); Moreover,
conjugation of onconase to cell-type-specific ligands in-
creased its potency toward tumor cel. ( Taken together,

vitro translation assay was performed as described previously
(14). RNA from control or RNase-treated lysates was
prepared as described4). Electrophoresis was accom-
plished by using 10% TBE gels (Novex, San Diego, CA).

these results indicate that onconase has properties that may Ribonuclease AssayRibonuclease activity using high

be advantageous for the generation of potent selective cell-

molecular weight RNA and tRNA was determined at°&7

killing agents. The relevance of the results presented hereinby monitoring the formation of perchloric acid-soluble
to designing new targeted therapeutics for cancer treatmentucleotides following published protoco)( The buffers

will be discussed.

MATERIALS AND METHODS

Materials. Native onconase (nOnc) was purified from
Rana pipien®ocytes obtained from NASCO (Fort Atkinson,
WI) following the published protocol3). Antibodies to the

were either 10 mM Hepes, pH 6.0, containing 0.13 mg/mL
human serum albumin or 0.16 M Tris-HCI, pH 7.5, contain-
ing 1.6 mM EDTA and 0.2 mg/mL human serum albumin.
With poly(A,C), UpG, and poly(U), ribonuclease activity was
assayed according to refs5 and 16 by measuring the
increase in absorbance at 260 nm with time. Incubation
mixtures (1 mL of 10 mM imidazole and 0.1 M NacCl, pH

denatured proteins were prepared by Assay Research (Col8-5 0r 7.0) contained substrate and appropriate amounts of

lege Park, MD). Reagents for performing PCR and direct
cloning of PCR products were obtained from Perkin-Elmer
Corp. (Norwalk, CT) and from Invitrogen (San Diego, CA),
respectively. all-trans-Retinoic acid, brefeldin A, and mon-
ensin were from Sigma (St. Louis, MO). Placental ribonu-
clease inhibitor (PRI) was from Promega (Madison, WI).

enzyme solution at 28C. Final substrate concentrations in
the assays were 0.49 mM for UpG and 0.033, 0.029, and
0.33 mg/mL for poly(U), poly(A,C), and highly polymerized
yeast RNA, respectively. Each assay was repeatel 2
times, and the average value was used in data treatment.
Kinetic parameters were obtained with the aid of the data

Substrates for the ribonuclease assays were purchased frorgnalysis program of Cleland ).

Sigma and Boehringer Mannheim (Indianapolis, IN). The

Ribonuclease Inhibitor Interaction PRI inhibition of

materials (and their sources) used in the construction and[Met-(—1)rOnc(E1Y) and [Met-{1)JrOnc(E1S) was deter-

expression of the recombinant proteins, cell culture, and
rabbit reticulocyte lysate assays are as described i8.ref

Design of Mutants and Structural AnalysiBesign of the

mutants was based on the analysis of the three-dimensiona

structure of native onconasé) (sing the program TOMLQ).
Models for all of the recombinant proteins were based on
this structure. To analyze the interactions between the

different onconase mutants and PRI, the modeled recombi-

nant structures were superimposed on those of the RNas
moiety in the PR+RNase A complex]1) and subsequently
submitted to energy minimization using program X-PLOR
(12).

Plasmid Construction and Expression and Protein Puri-
fication. The N- and C-termini of the recombinant RNases
were reconstructed using the PCR technique of splicing by
overlap extension1d) with amino acid residues-115 of
onconase at the N-terminus (position 1 containing either
glutamic acid, serine, or tyrosine amino acid residues) and
amino acid residues 99104 of onconase at the C-terminus
(6). The assembled genes were inserted betweeixXlbae
andBanHl| sites of the pET-11d bacterial expression vector
(Novagen, Madison, WI). All procedures were accomplished
essentially as described in r&f. The plasmids were
expressed in BL21(DE3E. coli cells as recommended by
the supplier, Novagen. The recombinant proteins were

mined with tRNA as substrate. Substrate concentrations
were varied between 0.23 and 3.6 and between 0.35 and 5.7
mg/mL for [Met-(—1)]rOnc(E1Y) and [Met-(-1)JrOnc(E1S),
[espectively. Usually four different PRI concentrations were
used in studying the inhibition of [Met-(1)]rOnc(E1Y) and
[Met-(—=1)]rOnc(E1S). The reaction was performed for 2 h
at 37°C in a final volume of 0.3 mL containing 0.17 M
Tris-HCI, pH 7.5, 0.17 mM EDTA, 0.17 mg/mL human
erum albumin (Calbiochem, San Diego, CA), 1.5 mM DTT,
and the appropriate concentrations of PRI and tRNA. The
reaction was started by the addition of enzyme (0.32 and
0.1uM for [Met-(—1)JrOnc(E1Y) and [Met-¢1)]rOnc(E1S),
respectively). Assays were terminated with 7ZQ00of 3.4%
ice-cold perchloric acid, and the remaining steps were carried
out as described®]. Each assay was repeatedl times.
Since the condition of free PRI concentration approximat-
ing total concentrationl¢ee = l) Nno longer applies in tight-
binding situations, we first used the Henderson pl&) to
obtain the apparent inhibition constaki;,
V(v —v;) = By + K/'vly, (1)
wherev andv; are the activities in the absence and presence
of PRI, andk, is the total enzyme concentration. Depending
on the mechanism of inhibition, the valueldf may change

isolated from inclusion bodies, denatured, renatured, andWith respect to the substrate concentration and the magnitude

dialyzed as describe®) before being applied to a CM-

of K. However, knowledge df;’ permitted us to calculate

Sephadex C-50 column (Pharmacia Biotech Inc., Piscataway,the free PRI concentration according to the relationship

NJ). The proteins were eluted with a NaCl gradient (06

M) in 20 mM Tris-HCI, pH 7.5, containing 10% glycerol.
Final purification was achieved by size-exclusion chroma-
tography on Sephadex G-100 equilibrated and eluted with
5% formic acid. The proteins were pooled; dialyzed against

I =1 /(1 + Ep/K/v) )

Knowing It, we then determined; by the Dixon plot (1¥
vs Iy).
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FiGURE 1: Stereographic view of the active site of onconase showing the distances between selected atoms (A). The central phosphate is
shown in gray; the residues corresponding to native onconase, in black; and Tyrl [corresponding to the mutart)Matg(ELY)], in

gray. The coordinates for nOnc correspond to those reported #hirefvhich the conformation of Lys31 is not the one expected for an

active enzyme. Tyrl is modeled in the same position as pyroglutamate 1 without further refinement. Even though the ©ONZ{y%p)

distance is quite large in such a model, the N-terminal portion of the protein may rearrange its conformation to allow the formation of
H-bonds between OH(Tyrl) and the other residues in the active site region. A similar situation would occur for the INt€+(c(E1S)

mutant. The side chain of Ser in the (E1S) mutant, without further refinement, would overlap with the side chain of Tyr; therefore, it is not
displayed for clarity.

Reductie Methylation. nOnc and [Met-¢1)]rOnc(ELS) To measure degradation of tritiated protein, SF539 cells
were tritiated by using the reductive methylation procedure (1.8 x 1 cells) were plated into 30-mm tissue culture dishes
as described in ret9. Tritiated proteins were tested for 24 h prior to treatment. 3HJnOnc (1.7x 10* dpm/pmol) or
activity in the rabbit reticulocyte lysate assay and found to [3H][Met-(—1)]rOnc(E1S) (2.5« 10°* dpm/pmol) was added
express activities identical to those of the unlabeled proteins.at a final concentration of &g/mL, and the plates were

The specific activities of tritiated nOnc and [Met{)]rOnc- incubated at 37C for 48 or 72 h in the absence or presence

(E1S) were 16 800 and 2500 dpm/pmol, respectively. of serum, respectively. Aliquots (5Q0.) were removed at
Protein Synthesis Assays in Cultured Cell®rotein 0, 24, 48, and 72 h as appropriate, and the level of proteolysis

synthesis was measured as previously descrié@d Briefly, was determined by measuring acid-soluble radioactivity.

cells (0.1 mL, 2.5x 10* cells/mL) were plated into 96-well  Precipitation of acid-insoluble radioactivity was accom-
microtiter plates in Dulbecco’s minimum essential medium plished by using 3.25% phosphotungstate in 5% HCI as
supplemented with 10% heat-inactivated fetal bovine serum; previously describedl®).

additions were made in a total volume of 40, and the

plates were incubated at 3T for the times indicated. @ RESULTS

Phosphate-buffered saline (PBS) containing 0.1 mCi*ai{ __ . .
leucine was added for-24 h, and the cells were harvested  D€Signing and Modeling Nel rOnc Proteins. Models

onto glass fiber filters by using a PHD cell harvester, washed were buiIt_ of.recombinant onconase ([Met-x.)rOnc). and .
with water, dried with ethanol, and counted. To examine of two derivatives with changes in the N-terminal amino acid

; : . . : following the initiating methionine. Serine [Met-(1)]rOnc-
intracellular routing, retinoic acid (12 mM in DMSO), )

monensin (1.4 mM in ethanol), and brefeldin A (BFA, 10 (ElS)-and tyrosine [Met—{l)]ran(ElY) were bgse_d on the
mg/mL in ethanol) were diluted into cell culture medium to  coordinates of nOne} and subjected to regularization using
10 uM, 0.12 uM, and 4 ug/mL final concentrations, the program TOM 10). The models for the different

respectively, and the cells were treated as described in refStructures look very similar overall, but the mutations affect

21 The results are expressed as percentUg]feucine a region very close to the active site. The direct superposi-
incorporation in the mock-treated wells. tion of those residues in the position@lu shows that Tyrl

Stability Assays.The stabilities of nOnc vs [Met=<{1)]- would be close enough to hydrogen t_)ond.directly to Lys9
ronc(E1S) and [Met-(1)]rOnc(E1Y) were determined by and to t_he phosphate group in th? active site by means ofa
incubating them as prediluted concentration curves in 96- S”!a" d|spla(?ement of the N-terminal residues (F'lgure 1) or
well plates at 37°C in Dulbecco’s minimum essential to interact with Lys9 through a water molecule without any

medium supplemented with 10% heat-inactivated fetal bovine further displacemen_t. In _the case of Ser, a slightly larger
serum for 0, 2, and 4 days. The amount of active protein rearrangement of this region would be needed to allow such

remaining was determined by transferring the media contain- CONtacts to be formed.

ing the dilutions to 96-well plates containing untreated Models created for the complexes between PRI and the
adherent SF539 cells and determining cytotoxicity after 72 different onconase variants indicated that the N-terminal
additional hours in culture. The dilutions for the dose region of onconase, in addition to being close to the active
response curves were also incubated in 96-well platessite, is also in the interface with PRI (not shown).
containing adherent SF539 cells in the presence of complete Cloning and Expression of rOnc Desdtives. The gene
growth medium. For these experiments, the amount of active for [Met-(—1)]rOnc comprises &. pipiensgenomic DNA
protein remaining was determined by transferring those segment encoding native onconase (nOnc) from amino acid
dilutions to 96-well plates containing untreated adherent residues 1698 with amino acid residues—115 and 99
SF539 cells and determining cytotoxicity. 104 encoded by synthetic oligonucleotidés (Oligonucle-



5176 Biochemistry, Vol. 37, No. 15, 1998 Newton et al.

-t nOnc -

nOnc

{Met-(-1)JrOnc Onc Rana 9 Onc pETS8

1 a5 1698 99-104

(Met-(-1)IrOnc(E1S) Rana 9 pET111
1 2-15 16-98
[Met-(-l)]rOnc(ElY) Onc Rana 9 Onc [)ETIIO
1 2-15 16-98 99-104
Xpal BamHI

,.

T )

(AMP )
Ficure 2: Configuration of recombinant DNA constructs compared to nOnc. The PCR product obtaindRignanpipien®NA is identified
as Rana 9. The synthetically filled in N- and C-termini are identified as Onc in the constructs encoding-jle®ac. Corresponding

amino acid residues are indicated below each construct. [MEHONC(EL1S) and [Met-t1)]rOnc(E1Y) differ from rOnc at only the-1
position, as indicated.

otide primers were designed to modify the primary amino A
acid structure of [Met-{ 1)]rOnc by changing the N-terminal
amino acid residue following the initiating methionine 1 2 3 4
from glutamic acid to serine ([Met<{1)]rOnc(E1S)) or
tyrosine ([Met-1)]rOnc(EL1Y)). Thus, the recombinant
RNases obtained from the bacteria in this expression system
contain an extra methionine at the amino-terminal end ([Met-
(=1D.

The configuration of the DNA encoding recombinant
onconase and its derivatives is shown in Figure 2. Ampli- B
fication of these genes was carried out in a thermal cycler,
and the DNA was cloned into an expression vector using 1 2 3 4
methodology previously describefl)( The plasmids were
expressed in BL21(DE3E. coli, and the recombinant
proteins were isolated from inclusion bodies as described
(9) before being applied to a CM-Sephadex C-50 column.
Final purification to homogeneity as assessed by gel elec-
trophoresis was achieved by size-exclusion chromatography
(Figure 3). Ficure 3: SDS-polyacrylamide gel analysis ofidg each of nOnc

Inhibition of Translation in the Rabbit Reticulocyte Lysate (lane 1), (Met-¢-1)]rOnc (lane 2), [Met-t1)[rOnc(E1S) (lane 3),
by RNases Onconase is a potent inhibitor of the translational a?t‘:] [g'oect)}n(_ als)gg”l‘)?(g_l%) 022:' 4Eg- Ia? \[/JVaens?:aﬁ’ g;gt gaer:allls :it:'“gﬁ]
capacity of the rabbit retiC.:UIocyte lysate by a ”.‘eCh?”ism polyclonal rabbit a#ti-bncgnase a,ntibodies is shown. ysis g
that depends on degradation of tRN22|. As depicted in
Figure 4, the addition of nOnc to the lysate caused protein 7.2 and 60 ng/mL, respectively). Although both of these
synthesis inhibition as measured by the incorporatio*8i{ recombinant derivatives were less active than native onco-
methionine into acid-precipitable protein. Similar to previ- nase, they were more effective than [Meti()]JrOnc that
ously reported results, nOnc inhibited protein synthesis with contains glutamic acid instead of a Ser or Tyr amino acid
an IG of 0.36 ng/mL 6). [Met-(—1)]rOnc(E1S) and [Met- residue in thet1 position [IG, approximately 100 ng/mL
(—1)JrOnc(E1Y) also inhibited protein synthesis £ of (6)].
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FIGURE 4: Activity of [Met-(—1)]rOnc(E1S) and [Met-f1)]rOnc-
(E1Y) in the rabbit reticulocyte assay compared with nOnc. The
two recombinant proteins and nOnc were added to a lysate mixture
containing BMV mRNA and$S]methionine. Protein synthesis was
determined by measuring the incorporation of label into newly
synthesized proteins as described in Materials and Methods. DatatRNA —
from 4—9 experiments were pooled, averaged, and plaHS&M.
1 2 3 4 5 6 7 8

The results are expressed as a percentage of the control reaction.
noOnc, solid circles; [Met-t1)[rOnc(E1S), open circles; [Met=<(

DIronc(E1Y), solid squares. FiIGURE 5: Panel A: Inhibition of protein synthesis in reticulocyte

lysates by nOnc and [Met-(1)]rOnc(E1S). Lysates were treated as
described in the caption to Figure 4 and in Materials and Methods.
Lane 2, control lysate without RNase; laness3 0.17, 1.7, and
17.0 ng/mL nOnc, respectively; lanes 8, 1.7, 17.0, and 170 ng/

Since [Met-(1)]rOnc(E1S) was more potent than [Met-
(—D)]rOnc or [Met-(1)]rOnc(E1Y) in the lysate assay, its

RNA specificity was further compared to that of nOnc. mL [Met-(—1)]rOnc(E1S), respectively. Panel B: Electrophoresis
Reticulocyte lysates \_/vere treated with nOnc or [Mel‘kI]- . of FENA grorrz] nOn((:- an)d [Mgt-e1)]r(}3nc(ElS)-treated I)[/)sates.
rOnc(E1S), and an aliquot was removed to determine proteinReticulocyte RNA was isolated from the treated lysates shown in
synthesis before total RNA was isolated and analyzed by panel A, as described in Materials and Methods, and electrophoresed
gel electrophoresis on 10% TBE gels. As shown in Figure on a 10% TBE gel. The RNA samples were stained with ethidium
5B, lanes 3-5, nOnc degraded tRNA at concentrations bromide. Lane 1, standard tRNA; lanes-& are as described in
correlating with protein synthesis inhibition (Figure 5A, lanes panel A

3-5), conforming with previously published result22).
Similarly, [Met-(—1)]rOnc(E1S) degradation of tRNA cor-
related with protein synthesis inhibition (compare lane86

Table 1: Activity of RNases on Different Substrates

RNase activity (U/mg of protein)

in panels A and B of Figure 5). However, consistent with substrate ooy O [r'\él)entc((gig) [rMoeg;((*Ei)é-)

the results shown in Figure 4, approximately 10-fold more P

[Met-(—1)]rOnc(E1S) was required. Thus, [Met{)]rOnc- v ?'g 198 <1d06 . 1354

(ElS) r(_atains the tRNA substrate specificity of the native yeastrRnA 6.0 360 0.8 22

protein in the rabbit reticulocyte lysate assay. yeast RNA 75 28 0.5 14
Ribonuclease Actity of Recombinant RNasesThe Eﬂé(A‘C) o 09907 oo o

catalytic activity and substrate specificity of recombinant poly(u) 6.5 0.14 0.004 0.02

onconase and its derivatives Wefer' surveygd using varlou's aRNase activity was quantitated as described in Materials and
substrates. In general, nOnc exhibited the highest enzymaticvethods. Units (U) are defined as the changes in absorbance at 260
activity, followed by [Met-1)]rOnc(E1S) and [Met-(1)]-  nm/min calculated from the slopes of the linear part of the assays. Each
ronc(E1Y) (Table 1). Only with poly(A,C) as substrate were value _is the average of two assays of replicate determinations in separate
[Met-(—1)]rOnc(E1S) and [Met-£1)[rOnc(E1Y) more active ~ EXperiments.

than nOnc. In view of the extremely low activities observed

with this synthetic substrate, however, one must be cautiousin pH. To further characterize the recombinant onconase
in interpreting this finding. Consistent with previously derivatives, kinetic studies at pH 7.5 using tRNA as the
published results3), nOnc was 13- and 7-fold more active  substrate were performed. As can be seen in Table 2, the
at pH 6.0 than at pH 7.5 with yeast RNA and tRNA, affinity of the enzymes for tRNAKy) is [Met-(—1)]rOnc-
respectively. Yet, [Met-¢1)][rOnc(E1S) and [Met-{1)]- (EL1Y) > [Met-(—1)]rOnc(E1S)> nOnc, while the catalytic
ronc(E1Y) lost only 1.6 and 1.5 times the activity with yeast constantk.,;, increases in the opposite order. As a control,
RNA, respectively, and in the case of tRNA, [Met{)]- the kinetic parameters for [Met-(1)]IrOnc were also deter-
rOnc(E1S) actually increased in activity with the increase mined and are shown in Table 2. The enzymatic activity of




5178 Biochemistry, Vol. 37, No. 15, 1998 Newton et al.

Table 2: Kinetic Parameters of RNases with tRNA as Substrate

catalytic efficiency

RNase Km? (uM) keaf (U mg?) KealKm (U M~ mg™) % inhibition by PRI K¢ (M)
nOnc 47 1830 3.% 10 100 >1076d
[Met-(—1)]rOnc(E1S) 27 639 2.k 107 54 3.1x 1071
[Met-(—1)]rOnc(E1Y) 15 62 0.4 107 11 5.4x 1071
[Met-(—1)JrOnc 7100 a4 6.% 10° 0.02 N/Ae

a2 RNase activity with tRNA as substrate was assayed as described in Materials and Methods. A unit (U) is defined as the absorbance change at
260 nm/min.P Apparentk.,; and Ky, ¢ Calculated from the slope of the Henderson plot (see text and Materials and Methods for detail), using a
conversion factor of 1 PRI unit/mE 6.5 x 1071° M. 9(5). € N/A, not applicable.

0.5
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0.3 -

AAz60

0.2

0.1

10 100 1000
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FiGUrRe 6: Inhibition of RNase activity by PRI. Acid-soluble tRNA

fragments were measured as described in Materials and Methods

without affecting the activity of nOnc. Further inhibition
studies were performed by varying the tRNA substrate
concentrations at several levels of PRI. As shown in Table
2, both [Met-(-1)]rOnc(E1S) and [Met-(1)]JrOnc(E1Y)
were inhibited by PRI withK; values in the 10'* M range.

Cytotoxicity of rOnc Proteins Compared to nOnc in
Human Tumor Cell Lines.The cytotoxic effects of [Met-
(=1)JrOnc, [Met-~1)]rOnc(E1S), and [Met-{1)]rOnc-
(E1Y) on SF539 human glioma cells were compared to those
of nOnc by measuring the incorporation &Q]leucine into
newly synthesized proteins (Figure 7). Cytotoxicity as
assessed by protein synthesis inhibition increased with time
after the initial addition of nOnc (I6's of 3.5, 0.4, and 0.16
ug/mL after 1, 2, and 5 days, respectively). A similar time-
dependent increase in cytotoxicity was observed also with
[Met-(—1)]rOnc(E1S) (IGo's of 10, 3, and 0.3=xg/mL after
1, 2, and 5 days, respectively). As expected, [Met)]-
rOnc containing a methionine in thel position was much
less active than the native protein. Indeed, no inhibition of
protein synthesis by [Met={1)]rOnc was observed up to 2
days after the initial addition of the agent. However, protein

Assays were performed in the absence of PRI (open symbols) orSynthesis was inhibited in SF539 cells after 5 days in the

the presence of 325 U/mL of PRI (solid symbols). The data from
a representative experiment are plotted. Standard errors of the mea
are shown when they are greater than the symbol. nOnc, square
[Met-(—1)]rOnc(E1S), circles; [Met-£1)]rOnc(E1Y), triangles.

this species is negligible as evidenced by its lkw and
very largeK,. Thek./Kn ratio, an indication of catalytic
efficiency, confirms that nOnc is the most active. [Met-(
1)]rOnc(E1S) is nearly as efficient as nOnc (54%), and [Met-
(—D)]JrOnc(ELY) is only 11% as efficient as nOnc. Thus,
the introduction of different amino acid residues into the
N-terminal region of onconase can dramatically affect both
Km andKeat

Inhibition of rOnc Dervatives by the Placental RNase
Inhibitor. Human placental RNase inhibitor (PRI) is a
specific inhibitor of pancreatic RNase A type enzymes
present in cytoplasmic extracts of mammalian tiss2s (
25). PRI inhibits angiogenin and RNase A wikh values
in the 1016—1071% M range @6), although its interaction
with onconase is considerably weaker10% M) (5).
Although we previously determined that [Met-{)]rOnc,
like onconase, is not significantly inhibited by P),(both
[Met-(—1)]rOnc(E1S) and [Met-€1)][rOnc(EL1Y) were in-

presence of [Met-(1)]rOnc (1Gs,, 10xg/mL) but to a much
NResser extent when compared to the native proteig,([C16
Sug/mL) or [Met-(1)JrOnc(E1S)(IG, 0.35ug/mL). Inhibition

of protein synthesis by [Met<{1)]rOnc(E1Y) was greater
than that caused by [Met-(1)]rOnc but less than that of
the native protein or the serine-containing rOnc derivative
(ICso's of 10, 5, and 2.54g/mL after 1, 2, and 5 days,
respectively).

Retinoic acid has been shown to disrupt the Golgi
apparatus and potentiate the cytotoxicity of several RNases,
including that of nOnc in 9L rat47) and U251 human
glioma cells B). As shown in Table 3, retinoic acid
enhanced the cytotoxicity of both nOnc and [Met1{]rOnc-
(E1S) to U251 human glioma cells. Cytotoxicity was
increased 5-fold for nOnc (from 21.6 toiy/mL) and>2-
fold for [Met-(—1)]rOnc(E1S) (from>1440 to 70Qug/mL).
Brefeldin A inhibits vesicular transport from the endoplasmic
reticulum (ER) to the Golgi, resulting in a collapse of the
cis Golgi apparatus, thus blocking the retrograde vesicular
transport of vesicles from the Golgi to the EF8( 29. Table
3 shows that brefeldin A blocked the retinoic acid enhanced
activity of nOnc and [Met-¢1)]rOnc(E1S). Activity of

hibited by PRI in the rabbit reticulocyte lysate assay (data hOnc by itself was not blocked by brefeldin A, consistent

not shown). Since the lysate assay is a complex mixture
sensitivity to PRI inhibition was more extensively character-

,with previously reported result7). The lysosomotropic
amines monensin and NAI also enhanced the cytotoxicity

ized enzymatically using tRNA as the substrate. The dataof nOnc and [Met-{-1)][rOnc(E1S) (Table 3). Monensin

in Figure 6 demonstrate that PRI totally inhibited the RNase
activity of [Met-(—1)]rOnc(E1S) and [Met-(1)]rOnc(E1Y)

enhanced nOnc activity 5.8-fold (from 0.25 to 0.Q4fmL
in the absence and presence of monensin, respectively) and
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FIGURE 7: Cytotoxicity of nOnc, [Met-1)]rOnc, or modified rOnc proteins on SF539 human glioma cells. Cells were plated in individual

96-well microtiter culture plates and treated with varying concentrations of each agent for 1 (solid lines), 2 (dotted lines), or 5 days (dashed

lines). Cytotoxicity was determined by measuring the incorporatiof*@fleucine into newly synthesized proteins as described in Materials

and Methods. The data shown are representative of five experiments. Standard errors of the means of triplicate determinations are shown

when they are greater than the symbol. nOnc, open squares; tM@tnc, solid squares; [Met-{1)]JrOnc(E1S), open circles; [Met=(

1)]rOnc(E1Y), solid circles.

[Met-(—1)]rOnc(E1S) activity 9.4-fold (from 7.5 to 0,39/
mL in the absence and presence of monensin, respectively)presence of cultured tumor cells in serum-containing medium
NH4CI was less effective than monensin in increasing the to determine whether the recombinant derivatives were less

cytotoxicity of nOnc and [Met-¢1)JrOnc(E1S) (1.8- and 3.8-
fold for nOnc and [Met-C1)rJOnc(E1S), respectively).
Similar results were obtained with [Met-Q)]rOnc(E1Y)

(data not shown).

Stability of Recombinant RNaseSince stability in the

after 4 days. Additionally, the stability was assessed in the

stable under in vitro cell culture conditions (Figure 8, open
symbols). Even under these conditions, as seen in Figure
8, there was no significant change in theJ€ of native or
recombinant Oncs, irrespective of prior incubation with the
cultured cells.

presence of serum proteins and physiological temperature Tritiated RNase A is catabolized with a half-life of 75 h
is important in determining the therapeutic usefulness of a in cell culture, and the degradation is enhanced 2-fold in
drug, the stability of the rOnc derivatives was compared to response to serum deprivatidtgf. To directly examine the
that of the native protein. Serial dilutions of serine and proteolysis of native Onc in comparison to the serine-
tyrosine rOnc derivatives were incubated in serum-containing containing analogue, the proteins were tritiated and added
medium at 37C for 2 and 4 days and compared to freshly to cultured SF539 cells. The percentages of radioactive
prepared serial dilutions of the proteins (0 days, Figure 8, protein remaining (acid insoluble) after 24 and 72 h were
solid symbols). The native protein, as well as the two 99% for nOnc and 98% for [Met=(1)]rOnc(E1S) in the
recombinant derivatives, retained full cytotoxic activity even presence of serum and 99% and 98% after 24 and 48 h in
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derivatives were more active at pH 7.5 than at pH 6.0; the

Table 3: Enhancement of RNase in Vitro Cytotoxic Actigity h | i
opposite was true for nOnc. With yeast RNA, the loss in

RNase additions M'é:,f%’l_ inI:cr):adase activity that occurred when the pH was increased to 7.5 was
greater for nOnc than for [Met-(1)]rOnc(E1S) or [Met-{
nonc o sin %20?1 8 1)IrOnc(E1Y). In a more complex environment such as the
NH.CI 0.14 18 rabbit reticulocyte lysate assay, however, the ribonucleolytic
[Met-(—1)]rOnc(E1S) none 7.50 profile of [Met-(—1)]rOnc(E1S) was similar to that of nOnc.
monensin 0.80 9.4 Both RNases inhibited protein synthesis in the rabbit
nONG w;]‘f' 221'950 38 reticulocyte lysate concomitant with degradation of tRNA,
retinoic acid 4.00 54 an activity characteristic of native onconag®)( For this
retinoic acid+ BFA 22.80 1.0 reason the degradative activity observed in the lysate may
[Met-(—=1)]rOnc(E1S) none >1440 be more predictive of the proper RNA substrate profile for
g:ﬂg:g gg:g L BEA o1 47f00 >21'_% nOnc and its derivatives since it may represent a more natural

environment for the enzymes. Thus, we chose tRNA as the

a Cells were plated into 96-well microtiter plates and treated with
nOnc or [Met-(-1)]rOnc(E1S) as described in Materials and Methods.
b Either 0.12uM monensin, 10 mM NELCI, or buffer was included,

and the cells (SF539 human glioma cells) plus additions were incubated

for 3 days.c Either 10uM retinoic acid or 1QuM retinoic acid plus 4

preferred substrate when further characterizing and compar-
ing enzymatic activities.

Interestingly, substitution of a single amino acid residue
(either serine or tyrosine) at position 1 rendered both of those

ug/mL BFA was included, and the cells (U251 human glioma cells) analogues sensitive to inhibition by PRI. Superposition of

were incubated for 48 h in the absence of serum. Protein synthesis

was determined as described in Materials and Methods.

nOnc on the RNase A component of the PiRINase A
complex (1) shows interesting features. Onconase is a
smaller protein than RNase A, and some regions which are

and recombinant forms of Onc are more stable in cell culture jhteractions with PRI. In particular, the N-terminus of RNase

than RNqse A and virtually indistinguishable among them- A g extended, while in onconase it makes a turn, “closing”
selves with regard to the three methods used to detectihe structure of onconase on itself. Moreover, the N-terminal

stability.
DISCUSSION

Analysis of the structure of nOnc reported by Mosimann
et al. @) showed that the N-terminal region folds back over
the active site region, with the carbonyl group of the
N-terminal pyroglutamate being involved in a hydrogen bond

[Glu, which in fact does not possess a free N-terminal group,
is directly H-bonded to the phosphate in the active site, and
also to Lys9, through its carbonyl oxygen. In the complexes
with PRI, Lys9 of nOnc keeps its H-bond witlslu, while

in the recombinant enzymes it H-bonds to the C-terminal
Ser456 of PRI. The C-terminal group of PRI has also been
described to form contacts with the N-terminal region of

network together with several active site residues. In this RNase A (1), and the equivalent residue in PRI (hRI),
regard, the importance of these N-terminal interactions were C-terminal Ser460, is also involved in H-bonds with the
demonstrated in previous studies that showed that rOncN-terminal region of angiogenir8(). The presence of Met-
expressed as a [Met-(1)] fusion protein containing either  (—1) in the recombinant enzymes is yet another factor that
Glu (5,6) or GIn() in the +1 position had markedly less  should be taken into account. According to our model, the
enzymatic and cytotoxic activities. Taken together, these N-terminal group of Mett1) forms an H-bond with the
results suggested that the introduction of a hydroxyl- phosphate in the active site; yet other arrangements of the
containing amino acid could mimic the carbonyl group on residue would be possible, and it is difficult to speculate
[Glu. Of the three OH-containing natural amino acids (Thr, about its role without further structural data.
Ser, and Tyr), the smallest and most flexible (Ser) and the In our model, Lys31, which is part of the active site, is
bulkiest (Tyr) were chosen to be introduced at the N-terminal in all cases forming an H-bond with Asp431 of PRI. It
position following the initiating methionine. Although both  should be noted, however, that the X-ray structure of nOnc,
rOncs regained nOnc-like activities, the Serl-containing which served as the starting point for our modeling, presented
derivative with a catalytic efficiency approaching that of Lys31 pointing out of the active site in what would be a
nOnc was more potent than the tyrosine analogue in all of nonactive form of the enzyme, and therefore the contact
the assays. This is most likely due to the flexibility of the with PRI is favored in our model. However, the situation
small serine amino acid residue that would allow the in nOnc, with [Glul and Lys9 forming a H-bond, may
formation of multiple isoforms, some of which could form provide an opportunity for Lys31 to remain “nested” inside
optimal H-bonds with the active site residues. Conversely, the RNase molecule, while in the recombinant forms, Lys31
the bulkiness of the Tyrl amino acid residue would limit could bind to PRI more easily. The equivalent residue to
the number of possible isoforms. The resulting structure, Lys31 in angiogenin, Lys40, is H-bonded to PRI in the
according to our model, would present less than optimal structure of the complex3Q). Other residues from onconase
H-bonding for Tyrl which could explain the lower catalytic forming H-bonds with PRI in our model are Asp20, Asp32,
efficiency of this recombinant derivative. and Arg73. Thus, the introduction of a Met-{) residue
Although both of the recombinant onconase analoguesin the rOnc proteins could favor a much more open
were enzymatically active, the RNA substrate profile was arrangement of the N-terminal regions, allowing some
not identical to that of nOnc in assays in which the residues to interact with the inhibitor. In our model, Lys9
ribonucleolytic activity on single substrates was examined. (H-bonded to[Glu in nOnc) would easily H-bond to the
For at least one substrate, tRNA, the recombinant onconasenhibitor, while the amino acid present in position 1 would
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100~ basically be responsible for changes in catalytic activity.
nOnc In addition to exhibiting ribonuclease activity, both [Met-
(=1)]JrOnc(E1S) and [Met-{1)]rOnc(EL1Y) retained sub-
stantial cytotoxic activity, but not the full cytotoxic activity
of native onconase. After 24 h, both of the onconase

50+ analogues were about 3-fold less active than the native
protein on cultured SF539 human glioma cells. However,
25+ after an additional 4 days in the presence of these agents,

the relative activity of [Met-(-1)]rOnc(E1Y) decreased (16-
fold less active than the native protein), while [Metd()]-
rOnc(E1S) slightly increased its relative activity (about 2-fold
less active than the native protein). Since onconase cyto-
25 t T = toxicity correlates with its ribonuclease activity)( a likely
125 explanation for these results is the diminished enzymatic
activity of the two recombinant derivatives. To test this
assumption, other possibilities were considered, such as PRI
sensitivity and differences in intracellular routing or stability.
The relative insensitivity of onconase to PRI has been
postulated to contribute to its cytotoxicity. Yet [Met{)]-
ronc(E1S) and [Met-1)[rOnc(EL1Y) were only about
2—20-fold less cytotoxic than nOnc, while their sensitivity
to PRI increased> 10 fold. Similar findings have been
reported for chimeras between ED6) br human pancreatic
RNase (rhRNase)5f and rOnc. Though the EDNONC
hybrid protein was inhibited by PRI, it was at least as
cytotoxic as the PRI-insensitive nOnc in certain cell lines
125 (6). Also, two hybrid rhRNase proteins were equally
cytotoxic to cells, even though one of the hybrids was
100 000 times more sensitive to inhibition by PR).( Taken
together, these findings raise questions about the role and
importance of PRI inhibition in RNase cytotoxicity.
Internalization and routing have been reported to be
instrumental in the mechanism of onconase cytotoxi@®). (
Monensin and NECI raise endosomal pH in cells and

1004

754

50

25+

Protein Synthesis ( % control )

[Met-(-1)]rOnc(E1S)

T
1
100 4 T
o
é\
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07 markedly influence the cytotoxicity of diphtheria toxin and
ricin immunotoxins as reviewed in re&§1 and 32. Both
25 monensin and NECI block diphtheria toxin activity but

markedly enhance the activity of ricin. Consistent with
previously published result2), monensin potentiation of
onconase activity is greater than the potentiation elicited by
NH4CIl. The same pattern of enhancement was observed with
[Met-(—1)]rOnc(ELS), suggesting that a common route of
internalization is used by both proteins. Moreover, the two
N -~ o proteins appear to be similarly routed into the cytosol. In
Ficure 8: Stability of nOnc and modified rOnc proteins in the the presence of retinoic acid, the Golgi apparatus is disrupted

presence of serum without and with the presence of cells. d totoxicity is i This indicat
Concentration curves of nOnc (top panel), [Met})JrOnc(E1Y) and onconase cytotoxicity is increas@f) This indicates

(middle panel), and [Met-{1)]rOnc(E1S) (bottom panel) were that onconase can reach the cytosol more efficiently through
made in the presence of media containing 10% fetal bovine seruma disrupted Golgi apparatus. When retinoic acid is combined
and incubated at 37C for 1, 2, and 4 days such that all solutions \ith BFA, potentiation of onconase activity is blockea¥y.

could be tested at the same time. SF539 human glioma cells were ; ; it
plated out into 96-well microtiter plates and treated with the BFA causes a collapse of tists Golgi apparatus, inhibiting

preincubated solutions for 3 days before being pulsed WHB]{ vesicular transport from theis Golgi to the endoplasmic
leucine and harvested as described in Materials and Methods. The'eticulum @8, 29. Yet BFA does not block onconase
data shown are representative of two experiments (solid lines andcytotoxicity in the absence of retinoic acid, indicating that
solid symbols: squares, 1 day; circles, 2 days; triangles, 4 days).the normal intracellular routing of onconase is different from

In the second type of experiment, SF539 cells were treated with . o .
the indicated concentrations of nOnc or one of the modified rOncs. .that induced by retinoic acid{). In all of these respects,

Medium containing the diluted samples was then removed and N the presence of retinoic acid and retinoic acid combined
applied to another plate of fresh cells. After 3 days, plates were with BFA, the activity of [Met-(-1)]rOnc(E1S) qualitatively
then pulsed withf'C]leucine for 2-4 h, harvested and counted as  mimics that of the native protein, indicating that both proteins
described in Materials and Methods (open symbols and dashedy|gqg route to the cytosol via the same pathway.

lines: squares, fresh dilution curve; circles, media containing . 0
dilutions of nOnc and recombinant proteins previously incubated We have also examined whether the substitution of Serl

with cells). Standard errors of the means of triplicate determinations Of Tyrl for [Glul might have affected the stability of the
are shown when they are greater than the symbol. recombinant onconase analogues. Moreover, since stability

Concentration (ug/ml)
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is an important characteristic for any drug, this parameter Frederick Biomedical Supercomputer Center for the use of
was examined by using three different methods. Stability its facilities. The contents of this publication do not neces-
at 37°C was tested by preincubating dilutions of nOnc and sarily reflect the views or policies of the Department of

the two recombinant proteins in the absence and presencédealth and Human Services, nor does mention of trade
of cultured SF539 human glioma cells followed by the names, commercial products, or organizations imply en-
application of the preincubated dilution curve media to new dorsement by the U.S. Government.
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