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ABSTRACT. Onconase (ONC), a homologue of ribonuclease A (RNase A), is in clinical trials for the
treatment of cancer. ONC possesses a conserved active-site catalytic triad, which is composed of His10,
Lys31, and His97. The three-dimensional structure of ONC suggests that two additional residues, Lys9
and an N-terminal lactam formed from a glutamine residue (Pcal), could also contribute to catalysis. To
determine the role of Pcal, Lys9, and Lys31 in the function of ONC, site-directed mutagenesis was used
to replace each with alanine. Valueskgf/Ky for the variants were determined with a novel fluorogenic
substrate, which was designed to match the nucleobase specificity of ONC and gives the highest known
keafKnm value for the enzyme. The K9A and K31A variants display-fidd lower keofKy values than the
wild-type enzyme, and a K9A/K31A double variant suffers #0*fold decrease in catalytic activity. In
addition, replacing Lys9 or Lys31 eliminates the antitumoral activity of ONC. The side chains of Pcal
and Lys9 form a hydrogen bond in crystalline ONC. Replacing Pcal with an alanine residue lowers the
catalytic activity of ONC by 20-fold. Yet, replacing Pcal in the K9A variant enzyme does not further
reduce catalytic activity, revealing that the function of the N-terminal pyroglutamate residue is to secure
Lys9. The thermodynamic cycle derived froke/Kyv values indicates that the Pealys9 hydrogen

bond contributes 2.0 kcal/mol to the stabilization of the rate-limiting transition state during catalysis.
Finally, binding isotherms with a substrate analogue indicate that Lys9 and Lys31 contribute little to
substrate binding and that the low intrinsic catalytic activity of ONC originates largely from the low
affinity of the enzyme for its substrate. These findings could assist the further development of ONC as a
cancer chemotherapeutic.

Ribonuclease A (RNase A; EC 3.1.27.5) was perhaps the ONC is an 11.8-kDa protein from the oocytes and early
most studied enzyme of the 20th centully 2). Although embryos of the Northern leopard froBana pipieng10).
RNase A is still a popular model system for enzymologists Although ONC and RNase A have 30% amino acid sequence
and protein chemists, much interest in RNase A has shiftedidentity and a similar three-dimensional structui®, (11),

to its variants and homologues that have remarkable biologi- the ribonucleolytic activity of ONC with known substrates
cal activities 8—6). For example, several frog homologues is 10 to 1(-fold lower than that of RNase A. This low
of RNase A are endowed with potent antitumoral and ribonucleolytic activity appears to be paradoxical, as the
antiviral activity. The ability of these ribonucleases to enter ribonucleolytic activity of ONC is essential for its cytotox-
cells and cleave cellular RNA leads to apoptogis8). One icCity, yet RNase A is not cytotoxicl@). Apparently, the low

of these frog ribonucleases, Onconase (ONC), is in Phasecatalytic activity of ONC is offset by other attributes3],

I clinical trials for the treatment of unresectable malignant including its ability to evade the cytosolic ribonuclease

mational stability T, = 87 °C) (15, 16).

The active site of ONC lies in the cleft of its kidney shape
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copy and mass spectrometry were performed at the University of characteristic of the RNase A superfamil reserved as
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supported by the University of WisconsiiMadison and Grants BIR- ~ His10, Lys31, and His97 in ONC (cf. His12, Lys41, and
9512577 (NSF) and S10 RR13790 (NIH). His119 in RNase A 17)). Two other residues, Pcal and
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1 Abbreviations: CD, circular dichroisms<E, pyroglutamic acid; including human RNase 4 and RNase 5 (i.e., angiogenin).

6-FAM, 6-carboxyfluorescein; MALDI-TOF, matrix-assisted laser A pyroglutamate residue is a lactam formed by the spontane-
desorption ionizatiortime-of-flight; MES, 2-N-morpholino)ethane-  ous or enzyme-catalyzed cyclization of an N-terminal

sulfonic acid; ONC, Onconase; Pca, pyroglutamic acid; PBS, phosphate- ; ; ; ;
buffered saline; PDB, protein data bank; RI, ribonuclease inhibitor glutamine with the loss of ammonidg, 23). In crystalline

protein: rmsd, root-mean-square deviation; RNase A, ribonuclease A; ONC, Pcal and Lys9 are linked by a hydrogen bond (Figure
6-TAMRA, 6-carboxytetramethylrhodamine. 1).
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Ficure 1: Structure and function of Onconase. (A) Three-dimensional structure of ONC (PDB entry IONQB) Three-dimensional
structure of RNase A (PDB entry 7RS24)), which is a homologue of ONC. (C) Active-site residues of ONC. His10, Lys31, and His97
are conserved in the RNase A superfamil)( Pcal and Lys9 are absent from RNase A and its mammalian homolat®)esnfages
were created with the program MOLSCRIPT and rendered with the program RASTEESRO) Putative mechanism of catalysis of
RNA cleavage by ONC.

Little is known about catalysis by ONC. The few previous Morpholino)ethanesulfonic acid (MES) was from Sigma
studies have employed heterogeneous substrates and varian@hemical (St. Louis, MO). MES was purified further by
of ONC having an additional N-terminal methionine residue, anion-exchange chromatography prior to its use so as to
which lies near the active site and precludes the cyclization eliminate oligo(vinylsulfonic acid), which is a potent inhibitor
of GInl to form Pcal 26, 27). Here, we have produced of ribonucleases 28). [methyl°H]Thymidine was from
active-site variants of ONC without any additional residues PerkinElmer Life Sciences (Boston, MA). Phosphate-
at the N-terminus. We have also developed a novel homo- buffered saline (PBS) contained (in 1 L) 0.20 g of KCI, 0.20
geneous substrate for ONC that has allowed us to measurey of KH,PO,, 8.0 g of NaCl, and 2.16 g of NHPO,-7H,0.
kinetic parameters accurately, even for ONC variants of low All other chemicals and reagents were of commercial grade
catalytic activity. We use these tools to address the following or better and were used without further purification.
mechanistic issues: (1) How do the active-site lysine residues K-562 cells, which derive from a continuous human
of ONC contribute to transition-state and ground-state chronic myelogenous leukemia line, were from the American
binding? (2) What is the role in catalysis of the hydrogen Type Culture Collection (Manassas, VA). The cell culture
bond between Pcal and Lys9? (3) What is the origin of the medium and supplements were from Invitrogen (Carlsbad,

low ribonucleolytic activity of ONC? CA).
InstrumentsMass was measured by matrix-assisted laser
EXPERIMENTAL PROCEDURES desorption ionizationrtime-of-flight (MALDI-TOF) mass

spectrometry using a Voyager-DE-PRO Biospectrometry
Materials Human RI (as RNasin) was from Promega Workstation (Applied Biosystems, Foster City, CA) and a
(Madison, WI). 6-Carboxyfluorescein-dArUdAdA-6-carboxy-  3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid) ma-
tetramethylrhodamine (6-FAM-dArUdAdA-6-TAMRA), 6-  trix (Sigma Chemical). Fluorescence measurements were
FAM-dArUdGdA-6-TAMRA, and 6-FAM-dAdUdGdA were performed with a QuantaMaster 1 photon counting fluorom-
from Integrated DNA Technology (Coralville, 1A). 2Nf eter equipped with sample stirring (Photon Technology
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International, South Brunswick, NJ). Fluorescence anisotropy AAG;, = AAG,; . <g1akon — AAGkon —
measurements were made with a Beacon 2000 fluorescence AAG,, .14 (3)

polarization system (Panvera, Madison, WI). Circular dichro-

ism (CD) experiments were performed with a model 62A  agsays of Nucleic Acid Bindinghe ability of ONC and
DS CD spectrophotometer (Aviv, Lakewood, NJ) equipped jis yariants to bind to single-stranded DNA was assessed by
with a temperature controller. Radioactivity was quantitated ,,orescence anisotropyd4, 35). All measurements were
with a Microbe_ta TriLux liquid scintillation and luminescence  5rried out at 23k 2 °C. Protein €20 mg) was dissolved
counter (PerkinEimer, Wellesley, MA). in 190 uL of 0.020 M MES-NaOH buffer (pH 6.0)
Production of ONC and Its VariantsVild-type ONC was  containing NaCl (0.010 M). Half of the protein solution was
produced irE. coliwith pPONC, a pET-22bf)-based vector  mixed 1:1 with buffer solution in a new test tube. Serial
described previously20). DNA encoding variants of ONC  djlutions were made so as to prepare protein solutions with
were made from pONC with the QuikChange site-directed a wide range of concentrations. 6-FAM-dAdUdGdA4(B
mutagenesis kit from Stratagene (La Jolla, CA). All vectors of a 20 nM solution) was added to each dilution. After 30
encoded geB leader sequence at the énd of the ONC  min, the fluorescence anisotropy at 520 nm was measured.

coding sequence. TheeB leader sequence directs proteins  Anisotropy () was defined by the equation
to the periplasmic membrane Bf coli, where the sequence

is removed bypelB peptidase. This expression system L= 1g

enabled us to produce enzymes without any additional amino A=1T"To0 4)

acids at the N-terminus. Wild-type ONC and its variants were ! =

folded oxidatively and purified as described previoug9)( In eq 4,1, and I, are the emission components that are
Assays of Ribonpcleolytic Aditiy. Ribonucleolytic activity parallel and perpendicular to the polarized excitation,

was measured with a hypersensitive assay based on thespectively. Values of the equilibrium dissociation constant

cessation of fluorescence quenching0)( Briefly, the (k) were obtained by fitting the anisotropy values at each

increase of fluorescence at 515 nm was measured Upofyrotein concentration to eq 5, which describes the binding

adding enzyme to 0.020 M MESNaOH buffer (pH 6.0)  of 6-FAM-dAdUdGdA to a single site on a ribonuclease:
containing NaCl (0.010 M), 6-FAM-dArUdGdA-6-TAMRA

(50 nM), and human RI (0:11.6 nM) at 23+ 2 °C. The (AA)[protein]

addition of RI eliminates artifacts that could arise from :Wrotein] in ©)
unintentional contamination by RNase A or its human d
homologue, which bind tightly to RI. Values f&g./Ky were

calculated with the equation Values of Ky were obtained by a nonlinear least-squares

analysis, using the program DELTAGRAPH 4.0 (DeltaPoint,
Monterey, CA).
KoKy = (M)i (1) Assays of Cytotoxic Acity. The effect of ONC, its
Frmax— Fo/[E] variants, and RNase A on cell proliferation was determined
by measuring the incorporation of [methi¥{thymidine into
In eq 1,AF/At is the initial slope of the reactiof, is the cellular DNA (13—15). K-562 cells were grown in RPMI
initial fluorescence intensitysmaxis the fluorescence intensity 1640 medium6) containing fetal bovine serum (10% v/v),
once the reaction is brought to completion, and [E] is the penicillin (100 units/mL), and streptomycin (1Q@/mL).
concentration of the enzyme. Cytotoxicity studies were performed using asynchronous log-
Assays of Thermal StabilitCD spectroscopy was used Phase cultures grown at 3T in a humidified incubator
to assess the thermal stability of wild-type ONC and its containing CQ(g) (5% v/v). To assay toxicity, cells (9o
variants (5). A solution of ONC (0.2 mg/mL in PBS) was ©f a solution of 5x 10* cells/mL) were incubated with a
heated from 25 to 95C in 1-°C increments, and the change 5-uL solution of a ribonuclease or PBS in the wells of a
in molar ellipticity at 204 nm was monitored after a 6-min 96-well plate. Cells were then grown for 44 h. Cell
equilibration at each temperature. CD spectra were fitted to Proliferation was monitored with a 4-h pulse of [metRi}-
a two-state model for denaturation to determine the value thymidine (0.25«Ci/well). Cells were harvested onto glass
of Tr. fiber filters using a PHD cell harvester (Cambridge Technol-
Thermodynamic CycleA thermodynamic cycle was ©9Y: Watertown, MA). Filters were washed with water and
constructed from the values &f./Ky for the cleavage of  dried with methanol, and thefiH content was quantitated
6-FAM-dArUdGdA-6-TAMRA by wild-type ONC and its ~ With liquid scintillation counting.
<E1A, K9A, and <E1A/K9A variants. The effect of a RESULTS
particular mutation on the change in the contribution of free

energy AAG) was determined with eq 2: Production of ONC and Its Variant3he yields of purified
ONC and its variants weree30 mg per L of culture and
AAG=RTInf (2) comparable to that from a previous studis), Purified

proteins appeared as a single band after electrophoresis in a
In eq 2,R is the gas constant, is temperature in kelvin,  polyacrylamide gel in the presence of sodium dodecyl sulfate
andf is the ratio of thek.,/Ky values for the two enzymes  (data not shown) and had the expected mass to within 0.05%
being compared3(, 32). The free energy of the interaction according to MALDI-TOF mass spectrometry (Table 1).
between Pcal and LysAAGi,) was calculated with eq 3 Development of a Neel Substrate for ONMespite ONC
(33): sharing a similar three-dimensional structure with RNase A
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Table 1: Values ok../Kyu, Mz, and Ty, for ONC and Its Variants — wild-type
relative K9A
Keal Km? activity mz T 16 —— K8Q

ONC Mts (%)  expect. obsd (°C) T — KIA/K31A
wild-type  (1.7+0.3)x 1¢° 100 11820 11820 85 g 12 — K31A
K9A (1.2+0.1)x 1 0.071 11763 11763 80 T — <E1A
K9Q 1.7+ 0.2) x 17 0.10 11820 11824>75 ‘t 8 <E1A/K9A
K31A (1.6+0.2)x 17 0.094 11763 11767 85 o )
K9A/K31A <1.0x 10t <0.006 11706 11711 78 2 4
<ElA (7.2+0.7) x 10° 4.2 11780 11783 82 (?
<E1A/KK9A (1.440.2) x 1? 0.082 11723 11727>75 =4

aValues ofke./Ku are for the cleavage of 6-carboxyfluorescein- :‘é oF
dArUdGdA-6-carboxytetramethylrhodamine in 0.020 M MESaOH = I
buffer (pH 6.0) containing NaCl (0.010 M) at 28 2 °C. b Values of -4
m/z were determined by MALDI-TOF mass spectromefryalues of 5
Tm were determined in PBS by CD spectroscopy. i) S RN FEREE FEEES FEEEE FREES SR

200 210 220 230 240 250 260

(Figure 1), the ribonucleolytic activity of ONC is 4-0to Wavelength (nm)

10°-fold lower than that of RNase A using conventional Ficure 2: Circular dichroism spectra of Onconase and its variants.
Spectra are shown as mean residue molar ellipticiéy])([at

substratesg6). _The low activity of ONC rn_akes measuring  gjfferent wavelengths and were recorded on proteins (0.2 mg/mL)
accurate kinetic parameters of low-activity variants prob- in PBS at 25°C.
lematic. 6-FAM-dArUdAdA-6-TAMRA was designed to
match the nucleobase specificity of RNase A and is the best In RNase A, residue 9 is a glutamine rather than a lysine.
known substrate for RNase &) and its homologue angio- K9Q ONC was created in an attempt to increase the low
genin @7). This substrate contains a single ribonucleotide ribonucleolytic activity of the wild-type enzyme. THe./
embedded within three deoxynucleotides. RNase A and itsKy value of K9Q ONC was, however, 3old less than
homologues do not catalyze the cleavage of DIS8, 39). that of wild-type ONC (Table 1).
Hence, 6-FAM-dArUdAdA-6-TAMRA is cleaved by RNase The <E1A/K9A variant of ONC lacks the amino group
A and angiogenin only between its uridine and adenosine of Lys9 and has low ribonucleolytic activity. Adding a
residues. residue to the N-terminus of this variant could in theory put
Unlike RNase A and angiogenin, ONC and other frog &0 @mino group in approximately the same position as the
ribonuclease homologues prefer to cleave theOP bond missing amino group of Lys9 (cf. Figure 1). The presence
of RNA between uridine and guanosine residu28, @0, of Gly(—1) did not, however, increase the./Kv value of
41). Accordingly, 6-FAM-dArUdGdA-6-TAMRA was de- ~ ~ELA/K9A ONC (data not shown), suggesting that the
signed such that ONC could efficiently cleave the & o-amino group of G_Iy{—l) in this variant is not in a position
bond between the uridine and guanosine residues. This desigiic €nhance catalysis. _ _ o
was successful, as the./Ky = 2.5 x 10* M~1 s71 value Thermal Stablht_y The decrease in the catalytic activity
for cleavage of 6-FAM-dArUdGdA-6-TAMRA by wild-type ~ ©f the ONC variants could be due to a decrease in
ONC (0.10 M MES-NaOH buffer, pH 6.0, containing 0.10 conf_ormanonal stability. Accordingly, t_hermal denaturation
M NaCl) was at least Pold greater than that with known ~ Studies were performed on each variant. Tiaevalue of
substrates (including 6-FAM-0ATUdAdA-6-TAMRA) under ~ the variants did not decrease by more tharf@(from that
similar conditions. The use of 6-FAM-dArUdGdA-6- Of the wild-type enzymeTy, = 85 °C in PBS). Thesdn,
TAMRA enables convenient continuous assays of ONC as Values (Table 1) along with CD spectra (Figure 2) suggest
well as the acquisition of accurakedKy values for variants th.at the overall structure of each variant is similar to that of
with low ribonucleolytic activity. wild-type ONC.

) . Thermodynamic Cycld?cal and Lys9 form a hydrogen
Although 6-FAM-dArUdGdA-6-TAMRA is an optimized 54 in crystalline ONC (Figure 1). To discern the free

substrate for ONC, the ribonucleolytic activity of ONC is energy of this interaction, thie../Ky values for wild-type
still much less than that of RNase A. Under the same oNG and its<E1A, K9A, and <E1A/K9A variants were
conditions (0.10 M MESNaOH buffer, pH 6.0, containing  sed to construct a thermodynamic cycle for the cleavage
0.10 M NaCl; 23+ 2 °C), the value ofka/Kw for the 4t 5 EAM-dArUdGAA-6-TAMRA (Figure 5). The side chain
cleavage of 6-FAM-dArUdGdA-6-TAMRA by ONC is £0 of Lys9 contributes 4.4 kcal/mol to catalysis, whereas that
fold less than that for the cleavage of 6-FAM-dArUdAdA- o pca1 contributes 1.9 kcal/mol. The near zero value of
6-TAMRA by RNase A (data not shown). AAGkop—-<e1aken = —0.09 kcal/mol indicates that Pcal does
Ribonucleolytic Actiity. As listed in Table 1, K9A ONC  not contribute to catalysis if Lys9 is absent from the active
and K31A ONC were 19fold less active catalysts than wild-  site. Finally, the value oAAG;y = —2.0 kcal/mol reveals
type ONC. The K9A/K31A variant did not have any that the hydrogen bond between Pcal and Lys9 stabilizes
measurable activity, even with 6-FAM-dArUdGdA-6- the rate-limiting transition state during catalysis by 2.0 kcal/
TAMRA as the substratek(/Ky < 10 M1 s71). Replacing mol.
Pcal with an alanine residue resulted in an enzysiel A Nucleic Acid Binding.Ribonucleases bind to single-
ONC, that was 20-fold less active than wild-type ONC. stranded DNA but do not cleave this nucleic ac3®,(39).
<E1A/K9A ONC had 18old less activity than the wild-  Hence, binding to single-stranded DNA can be used to assess
type enzyme. the affinity of a ribonuclease for its substratg4( 35).
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Ficure 3: Binding isotherms for Onconase and its variants with the ligand 6-FAM-dAdUdGdA. The increase in fluorescence anisotropy
was measured in 0.020 M ME®NaOH buffer (pH 6.0) containing NaCl (0.010 M) at 232 °C. Values ofKy were obtained by fitting

the data points to eq 5 using the program DELTAGRAPH 4.0.
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Ficure 4: Effect of Onconase, its variants, and ribonuclease A on
the proliferation of human leukemia cell line K-562. Cell prolifera-
tion was determined by incorporation of [metiijthymidine into
cellular DNA after a 44-h incubation with a ribonuclease. Each
data point M, wild-type ONC;O, K9A ONC; A, K31A ONC; O,
K9A/K31A ONC; @, RNase A) is expressed as a percentage of
the PBS control.

Isotherms for the binding to 6-FAM-dAdUdGdA, which
contains the same nucleobases as the 6-FAM-dArUdGdA-
6-TAMRA substrate, were obtained by measuring fluores-

tv)\l,gg 43+0.8 KIA
19204 K./ K ~0.09 = 0.01

<E1A

<BIA D304 KoA

AAG,,=—-2.0 = 0.6 kcal/mol

Ficure 5: Thermodynamic cycle ok../Ky for the cleavage of
6-FAM-dArUdGdA-6-TAMRA by Onconase upon replacing Pcal
or Lys9 (or both) with alanine. Values &fAG (in kcal/mol) were
calculated with eq 2 and the,/Ky values in Table 1AAG; is

the free energy of interaction between the side chains of Pcal and
Lys9, and was calculated with eq 3 and the data in Table 1.

cence anisotropy and are shown in Figure 3. Unexpectedly,
these data reveal that replacing Lys9 or Lys31 (or both) with
alanine had little effect on the affinity of ONC for a single-
stranded nucleic acid, even in a solution of low salt
concentration (0.010 M NacCl) that enables the manifestation
of Coulombic interactions.

Cytotoxicity Actiity. The toxicity of each ribonuclease was
measured with the K-562 human leukemia cell line. Wild-
type ONC had an 1§ value of 0.8«M (Figure 4), which is
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similar to 1Gso values reported previouslyl8—15). Like residue in RNase A, are critical for catalysis. From the overall
wild-type RNase A, the K9A, K31A, and K9A/K31A  decrease in thk.,/Ky value of the K9A/K31A variant, we
variants of ONC were not cytotoxic at protein concentrations conclude that Lys9 together with Lys31 stabilize the rate-

of <50 uM. limiting transition state by>5.9 kcal/mol. We tried to
increase the intrinsically low catalytic activity of ONC by
DISCUSSION replacing a residue of ONC with one from RNase A.

. . Specifically, we replaced Lys9 with glutamine, only to obtain
ONC was discovered 15 years ag@), Since then, more an enzyme with 18fold lower keafKy than wild-type ONC

effort has been made to understand its biological actions than : -
its enzymology. We believe that further development of ONC g:tb:)i jé)inqui?]r%nl\tllg;ehirme of Lys9 in ONC differs from

as an anti_tumora_tl drug W.OUId benefit from a detailed Single-stranded DNA can bind to a ribonuclease but is
understandlng. of |ts.cataIyS|s of RNA cleavgge. not hydrolyzed by the enzyme, enabling binding constants
The three-dimensional structure of ONC is knowli)( g pe obtained without catalytic turnoved4, 35). In RNase
though not in a complex with a nucleic acid. We have used a  the K4 value acquired by this method does not differ
its well-studied homolog, RNase A, as a guide for important sjgnificantly from theKy value for analogous substrat@gy,
active-site residuesl( 2). Although ONC and RNase A Tq facilitate comparisons, we made use of a DNA ligand
possess only 30% amino acid sequence identity, their overallinat has the same nucleobase sequence as the 6-FAM-
three-dimensional structures are remarkably similar (Figure yarUdGdA-6-TAMRA substrate. The results were surprising
1; C* rmsd= 1.7 A (43)). A structural comparison of ONC  (Figure 3). Deleting positive charges in the active site did
and RNase A indicates that the active site of ONC is most 1ot have a major effect on nucleic acid binding by the
likely composed of His10, Lys31, and His97, which are enzyme. Thek, values of the variants are all within 2-fold
conservgd within the RNase A superfamily, and Pcal and s that of wild-type ONC. We conclude that the primary
Lys9, which are conserved among frog homologués 19). function of the two lysine residues in catalysis is to accelerate
ONC residues His10 and His97 correspond to RNase A gpstrate turnover rather than to enhance substrate affinity.
residues His12 and His119, which function as the base andanother interesting aspect of the binding data is the unusually
acid in catalysis of RNA cleavagel4, 45) and contribute  pigh K, value of the enzymeucleic acid complexes. Indeed,
to nucleic acid binding35). Chemical modification of His10  \ye had to adopt a low salt concentration (0.010 M NaCl)
and His97 of ONC showed that these residues are likewisesg, assays of binding and catalysis, as we were not able to

critical for catalysis 12). In contrast, the role of the other  measure accurate binding constants otherwise. The value of
three active-site residues of ONC is less clear. To eIucidateKd for an ONGnucleic acid complex is- 10%-fold greater
that role, we made variants of ONC in which Pcal, Lys9, than that of an analogous RNasenécleic acid complex
and Lys31 are replaced with an alanine residue. under the same condition84). This discrepancy indicates

A problem that arises in the study of enyzmes of low that the low intrinsic catalytic activity of ONC originates
intrinsic catalytic activity, such as ONC, is assay sensitivity. largely from the low affinity of the enzyme for its substrate.
To determine accurate kinetic parameters for active-site  Role of Lysine Residues in Cytotoxici®NC is cytotoxic
variants of ONC, a new substrate was necessary. Previousy virtue of its ability to degrade celluldRNA or rRNA
work had shown that frog ribonucleases prefer to cleave RNA (7). We tested the cytotoxicity of wild-type ONC and its
between uridine and guanosine residugg @0, 41). Our  K9A, K31A, and K9A/K31A variants on a leukemia cell
new substrate, 6-FAM-dArUdGdA-6-TAMRA, is cleaved at  line. None of the variants are cytotoxic, even at a protein
least 1@-fold faster by ONC than any substrate described concentration of 5@M, whereas wild-type ONC has an4C
previously. By using 6-FAM-dArUdGdA-6-TAMRA, we  value of 0.8«M (Figure 4). Thus, the loss of catalytic activity
were able to obtain kinetic parameters for low-activity corresponds to a loss of the cytotoxicity, as has been reported
variants. for cytotoxic ribonucleased®, 13, 26, 41, 49). The loss of

Role of Lysine Residues in Catalysite side chain of  positive charge(s) could, of course, disrupt other attributes
Lys41 in RNase A is known to enhance catalysis by forming that are necessary for cytotoxicity, including binding to the
a hydrogen bond with a nonbridging phosphoryl oxygen cell surface, uptake into vesicles, and translocation into the
during catalysis46, 47). The corresponding residue in ONC, cytosol. Regardless, both active-site lysine residues are
Lys31, could play a similar role. Interestingly, ONC contains required for the cytotoxicity of ONC.
an additional lysine residue in its active-site, Lys9. Most frog ~ Function of Pyroglutamate Residu&n N-terminal pyro-
ribonucleases have a lysine residue at this position, whereagjlutamate is found in a variety of enzymes and protein
other RNase A homologues have a conserved glutaminehormones. Its side-chain lactam can form by the enzyme-
residue 18, 19). Replacing this glutamine residue in RNase catalyzed or spontaneous cyclization of an N-terminal
A with alanine decreasédg,andKy but does not affedt../ glutamine residue22, 50). The chemical mechanism of
Kwm, indicating that the glutamine residue contributes to cyclization likely involves the nucleophilic attack of the
catalysis by promoting the productive binding of a substrate a-amino group of glutamine on the amidic carbon of the
(48). To illuminate the role of Lys9 and Lys31 of ONC, we side chain with the release of ammonfd), In crystalline
replaced these two lysine residues with alanine. Table 1 ONC, the side-chain oxygen of Pcal forms a hydrogen bond
shows that replacing either Lys9 or Lys31 with an alanine with the side-chain amino group of Lys9 (Figure 1). (Pcal

residue decreases the value lgf/Ky by 1CG-fold. The likewise forms a hydrogen bond with Lys9 in a crystalline
catalytic activity of the K9A/K31A double variant was below ONC homologue from the froRana catesbeian@l1).) An
the sensitivity limit of the assak&/Km < 10 Mt s™%). Thus, ONC variant having a methionine residue at thk position

in ONC, two lysine residues, instead of the single lysine has 10-fold lower catalytic activity than does wild-type ONC
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(26). This additional methionine residue precludes the cycli- REFERENCES

zation of GInl to produce pyroglutamate, as did Gl§j
installed in our<E1A/K9A ONC (vide supra). Because we
found that the side chain of Lys9 provides an important
amino group to the active site, we hypothesized that the
Pca%--Lys9 hydrogen bond could limit the rotation of the
Lys9 side chain and thereby position its amino group properly
for catalysis. To test this hypothesis, we replaced Pcal with
an alanine residue to give<E1IA ONC. Loss of the
Pcat--Lys9 hydrogen bond results in a 20-fold decrease in
ribonucleolytic activity (Table 1), which suggests that the
acquisition of rotational freedom by Lys9 undermines
catalysis. To verify that the decreased activity was caused
by the elimination of the hydrogen bond, rather than the
deletion of the Pcal itself, we prepared a double variant,
replacing Pcal and Lys9 with alanine to give&E1A/K9A
ONC. Interestingly <E1A/K9A ONC has the same catalytic
activity as does K9A ONC (Table 1), indicating that once
Lys9 is eliminated from the active site, Pcal does not

contribute to the catalysis. These data support our hypothesis

that the function of Pcal is to position Lys9 properly for
catalysis through the formation of a hydrogen bond (Figure
1), and reveal a mechanistic imperative for having a
pyroglutamate residue at the N-terminus of a protein. Finally,
the thermodynamic cycle in Figure 5 and its value\XG;y

= —2.0 kcal/mol reveal that the Pcaid ys9 hydrogen bond
contributes 2.0 kcal/mol to the stabilization of the rate-
limiting transition state during catalysis.

Finally, we note another implication of having a pyro-
glutamate residue at the N-terminus of ONC. Recently, we
created a ribonuclease zymogen by linking the N- and
C-termini of RNase A with a protease-recognition sequence
(thereby obstructing the active site) and generating new N-
and C-termini by circular permutatios?). The ribonucleo-
lytic activity of the resulting zymogen is manifested upon
proteolysis, engendering a “Trojan horse” strategy for the
treatment of diseases that rely on the activity of a protease.
Pcal is essential for the cytotoxicity of ONCE( 26, 27)
and can form only if GInl is the N-terminus. Hence, the
zymogen strategy cannot be applied to ONC.

Conclusions.We have investigated the function of the
active-site residues of ONC, an RNase A homologue and a
possible cancer chemotherapeutic from the Northern leopard
frog. We developed a novel fluorogenic substrate for the
ribonucleolytic activity assay of ONC, which will facilitate
future studies of catalysis. We find that Lys9 and Lys31 of
ONC are critical for both catalytic and cytotoxic activity.
We reveal that the function of a pyroglutamate residue, Pcal,
is to form a hydrogen bond that anchors the side chain of
Lys9. Finally, we propose that much of the low intrinsic
ribonucleolytic activity of ONC arises from the low affinity
of the enzyme for a single-stranded nucleic acid.
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