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Onconase® (ONC) is an amphibian ribonuclease that is
in clinical trials as a cancer chemotherapeutic agent.
ONC is a homolog of ribonuclease A (RNase A). RNase A
can be made toxic to cancer cells by replacing Gly®® with
an arginine residue, thereby enabling the enzyme to
evade the endogenous cytosolic ribonuclease inhibitor
protein (RI). Unlike ONC, RNase A contains a KFERQ
sequence (residues 7-11), which signals for lysosomal
degradation. Here, substitution of Arg!'® of the KFERQ
sequence has no effect on either the cytotoxicity of G88R
RNase A or its affinity for RI. In contrast, K7A/G88R
RNase A is nearly 10-fold more cytotoxic than G88R
RNase A and has more than 10-fold less affinity for RI.
Up-regulation of the KFERQ-mediated lysosomal degra-
dation pathway has no effect on the cytotoxicity of these
ribonucleases. Thus, KFERQ-mediated degradation
does not limit the cytotoxicity of RNase A variants.
Moreover, only two amino acid substitutions (K7A and
G88R) are shown to endow RNase A with cytotoxic ac-
tivity that is nearly equal to that of ONC.

Onconase® (ONC)'is a homolog of ribonuclease A (RNase A;
EC 3.1.27.5) from the Northern leopard frog, Rana pipiens (1,
2). ONC demonstrates both antitumor and antiviral activity,
and is in Phase III clinical trials for the treatment of malignant
mesothelioma (for reviews, see Refs. 3—8). The most damaging
side effect from ONC treatment is renal toxicity, which is
dosage-dependent and reversible (9, 10). Studies in mice have
demonstrated that ONC is retained in the kidneys, in contrast
to mammalian ribonucleases (11). Hence, mammalian ribo-
nucleases could provide a ribonuclease-based anticancer ther-
apy without renal toxicity.

ONC and RNase A share 30% amino acid sequence identity
and have similar tertiary structure (2, 12), yet differ in cata-
lytic activity and affinity for the cytosolic ribonuclease inhibitor
protein (RI). RNase A demonstrates 10*-fold more ribonucleo-
Iytic activity than does ONC (2, 13). In cells, the high ribonu-
cleolytic activity of RNase A is blocked by its high affinity for RI
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(14-16) (Fig. 1). ONC has low affinity for RI (13, 17).

Several studies have focused on understanding the contribu-
tion of ribonucleolytic activity and affinity for RI to cytotoxicity.
RNase A itself does not have marked antitumor activity, but
variants of RNase A are toxic to cancer cells. For example, sub-
stituting the glycine residue at position 88 with arginine de-
creases the affinity for RI and endows RNase A with cytotoxic
activity (16). Replacing Lys*! with an arginine residue results in
a decrease in catalytic activity that is compensated by a decrease
in affinity for RI (18). K41R/G88R RNase A has enhanced toxicity
to K-562 cells as compared with G88R RNase A.

Some endosomal pathways end in the lysosomal degradation
of proteins. The KFERQ pentapeptide sequence targets cytoso-
lic proteins for lysosomal degradation via an alternative path-
way (for reviews, see Refs. 19—-21). Dice and co-workers (22)
found that microinjected RNase A associates with lysosomes
upon cellular fractionation. Subsequent studies found that
the KFERQ pentapeptide, which comprises residues 7-11 of
RNase A, regulates lysosomal degradation (23, 24). The
KFERQ sequence of RNase A is recognized by a cytosolic heat
shock cognate (hsc) protein of 73 kDa (hsc73) (25). ONC does
not contain a KFERQ sequence (Fig. 2). The significance of
KFERQ-targeted lysosomal decay in ribonuclease-mediated cy-
totoxicity is unknown. This sequence, along with RI, could
serve to protect cells against an invading ribonuclease.

Here, we determine the effect of the KFERQ sequence on
G88R RNase A-mediated cytotoxicity. Replacing Lys’ of the
KFERQ sequence with an alanine residue has little effect
on the conformational stability or catalytic activity of G88R
RNase A. K7A/G88R RNase A does, however, have a marked
decrease in affinity for RI compared with G88R RNase A and is
the most cytotoxic variant of RNase A reported to date. Using
other RNase A variants with substitutions in the KFERQ se-
quence that do not disrupt RI binding, we find that targeted
lysosomal degradation via the KFERQ sequence does not mod-
ulate ribonuclease toxicity. Moreover, the toxicity of ribonucle-
ases is not diminished in serum-deprived cells, which have
enhanced KFERQ-mediated lysosomal degradation (22).

EXPERIMENTAL PROCEDURES

Materials—K-562 cells, which derive from a continuous human
chronic myelogenous leukemia line, were from the American Type Cul-
ture Collection (Manassas, VA). Cell culture medium and supplements
were from Invitrogen.

ONC (16) and porcine RI (26) were prepared as described. Enzymes
used for DNA manipulation were from Promega (Madison, WI) or New
England Biolabs (Beverly, MA).

[methyl-*H]Thymidine was from PerkinElmer Life Sciences (Boston,
MA). 6-Carboxyfluorescein~dArU(dA),~6-carboxytetramethylrhodam-
ine (6-FAM~dArU(dA),~6-TAMRA) was from Integrated DNA Tech-
nologies (Coralville, IA). Yeast rRNA (16 S and 23 S) was from Roche
Molecular Biochemicals. All other chemicals were of commercial rea-
gent grade or better and were used without further purification.

Analytical Instruments—Ultraviolet and visible absorption was
measured with a Cary model 50 spectrophotometer from Varian (Sugar
Land, TX). Fluorescence was measured with a QuantaMaster1 photon-
counting spectrofluorometer from Photon Technology International

This paper is available on line at http://www.jbc.org



KFERQ Sequence in Ribonuclease A-mediated Cytotoxicity

Fic. 1. Molecular interactions between porcine ribonuclease
inhibitor (red) and ribonuclease A (blue). This figure was created
by using atomic coordinates derived by x-ray diffraction analysis (39)
and the program MOLSCRIPT (34). A, crystalline structure of the
RI‘RNase A complex. B, close-up of the interaction between Lys’ (RNase
A) and Ser**¢ (RD).

7 10
RNaseA KETAAAKFERQHMDSSTSAA
Onconase® - QDWLT-FQKKHI TNTRDVD

Fic. 2. Amino acid sequence of residues 1-20 of ribonuclease A
and the corresponding residues of Onconase®.

(South Brunswick, NJ), using fluorescence-grade quartz or glass cu-
vettes (1.0-cm path length, 3.0-ml volume) from Starna Cells (Atascad-
ero, CA). Radioactivity was measured with a Beckman model LS 3801
liquid scintillation counter from Beckman Instruments (Fullerton, CA).

Production of Ribonuclease A Variants—Plasmid pBXR (27) directs
the expression of wild-type RNase A in Escherichia coli. K7A RNase A
and R10A RNase A were created by using oligonucleotide-mediated
site-directed mutagenesis (28). The K7A/G88R and R10A/G88R substi-
tutions within RNase A were created by ligating DNA fragments using
the Apal and Munl restriction sites. The K7A/K41R/G88R RNase A
variant was created by ligating the DNA fragments using the Apal and
Clal restriction sites.

Protein Purification—Wild-type RNase A and its variants were pu-
rified by using methods described previously (16, 27, 29, 30), but with
the following modifications. Refolding solutions for RNase A variants
with the G88R substitution contained 0.50 M arginine, instead of 0.10 M
NaCl. Protein concentrations were determined by UV spectroscopy
using € = 0.72 ml mg* em ™! at 277.5 nm for RNase A (31) and its
variants and € = 0.87 ml mg ! em™' at 280 nm for ONC (16). All
ribonucleases used in biological assays were dialyzed exhaustively ver-
sus phosphate-buffered saline (PBS), which contained in 1.00 liter: KCl1
(0.20 g), KH,PO, (0.20 g), NaCl (8.0 g), and Na,HPO, (2.16 g).

Assay of Conformational Stability—The conformational stability of
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RNase A variants was determined by monitoring the absorbance at 287
nm (A,g,) with increasing temperature (32). The temperature of solu-
tion of protein (0.3 mg/ml) in PBS was increased from 25 to 75 °Cin 1 °C
increments. The A,g,; was recorded after a 7-min equilibration at each
temperature. The value of T, is the temperature at the midpoint of the
thermal denaturation. Data were collected and analyzed with the pro-
gram THERMAL (Varian Analytical Instruments; Walnut Creek, CA).

Assay of Catalytic Activity—Ribonucleolytic activity was measured
by using a fluorogenic substrate (33). Assays were performed at 23 °C in
2.00 ml of 0.10 M MES-NaOH buffer (pH 6.0) containing NaCl (0.10 m).
Solutions contained 6-FAM~dArU(dA),~6-TAMRA (50 nm) and en-
zyme (1.0-5.0 pm). Fluorescence was monitored by using 493 and 515
nm for the excitation and emission wavelengths, respectively. Kinetic
parameters were determined by a linear least-squares regression anal-
ysis of the initial velocity using Equation 1 (33),

(AF/A?)

VK= B~ Fo

(Eq. 1)
where V/K is the first-order rate constant, AF/A¢ is the slope from the
linear regression, F, .. is the final fluorescence intensity after the
reaction has reached completion, and F, is the initial fluorescence
intensity before enzyme is added. The value of k_,./K,, was calculated by
dividing V/K by the enzyme concentration.

Fluorescence Assay of Ribonuclease Inhibitor Binding—The value of
K, for the complex between porcine RI and RNase A variants was
determined by using a competitive binding assay. It has been shown
that the fluorescence of fluorescein-labeled A19C/G88R RNase A
(fluorescein~G88R RNase A) decreases by ~15% upon binding to RI.?
Thus, fluorescence spectroscopy can be used to evaluate the ability of an
unlabeled ribonuclease to compete with fluorescein~G88R RNase A for
binding to RI. Specifically, cuvettes of PBS containing
fluorescein~G88R RNase A (50 nM), an unlabeled RNase A variant (1
nM—2 uM), and dithiothreitol (1 mM) were incubated at room tempera-
ture (23 = 2 °C). After 15 min, the initial fluorescence intensity was
measured with 490 and 511 nm for the excitation and emission wave-
lengths, respectively. Next, RI was added with stirring (to 50 nm), and
the average fluorescence intensity was measured after an additional
incubation of 4 min. The maximum fluorescence decrease upon RI
binding was measured with samples that lacked unlabeled ribonucle-
ase. The concentration of the RI-fluorescein~G88R RNase A complex
was determined by comparing the fluorescence of a sample with the
fluorescence decrease observed when all of the fluorescein~G88R
RNase A was bound by RI. The K, value was determined as described.?

Gel Assay of Ribonuclease Inhibitor Binding—The effect of RI bind-
ing on catalytic activity was monitored directly, but qualitatively, by an
agarose gel-based assay as described previously (16). Briefly, 0.6-ml
siliconized microcentrifuge tubes of 0.10 M MES-NaOH buffer (pH 6.0)
containing NaCl (0.10 M), dithiothreitol (1 mm), yeast rRNA (4 ug), and
a ribonuclease (10 ng) were mixed with RI (0, 10, 20, or 40 units, where
1 unit is the amount required to inhibit the activity of 5 ng of RNase A
by 50%). After a 15-min incubation at 37 °C, 10 mM Tris-HCI buffer (pH
7.5) containing EDTA (50 mm), glycerol (30%, w/v), xylene cyanol FF
(0.25%, w/v), and bromphenol blue (0.25%, w/v) was added. Samples
were analyzed by electrophoresis through an agarose gel (1%, w/v)
containing ethidium bromide (0.4 pg/ml). Control samples were incu-
bated in the absence of a ribonuclease or RI (or both).

Assay of Cytotoxicity—The effect of RNase A, its variants, and ONC
on cell proliferation was determined by measuring the incorporation of
[methyl-*H]thymidine into cellular DNA. K-562 cells were grown in
RPMI 1640 medium. Unless indicated otherwise, all culture medium
contained fetal bovine serum (10%, v/v), penicillin (100 units/ml), and
streptomycin (100 ug/ml). Cells were cultured at 37 °C in a humidified
incubator containing CO, (g; 5%, v/v). All toxicity studies were per-
formed using asynchronous log-phase cultures. For toxicity assays, cells
(95 pl of a solution of 5 X 10* cells/ul) were incubated with a 5-ul
solution of a ribonuclease or PBS in the wells of a 96-well plate. Cells
were incubated for 44 h at 37 °C in a humidified incubator containing
CO, (g; 5%, v/v). Next, the proliferation of cells was monitored with a
4-h pulse of [methyl-*H]thymidine (0.4 uwCi/well). Cells were harvested
onto glass fiber filters using a PHD Cell Harvester (Cambridge Tech-
nology; Watertown, MA). Filters were washed with water and dried
with methanol, and their ®*H content was measured with liquid scintil-
lation counting.

2R. A. Abel, M. C. Haigis, C. Park, and R. T. Raines (2002), submit-
ted manuscript.
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TaBLE 1
Attributes of ribonuclease A, its variants, and Onconase®
Ribonuclease T.¢ 1C5o° Foat/ K’ K~ AAG®
°C v (106w 1s7Y) nm keal !
mol
RNase A 63 >25 43 = 0.3 67 X 1076 0.0
G88R RNase A 63 7.3 104 15+3 0.54 = 0.07 5.3
K7A RNase A 63 >25 92 +16 0.07 = 0.01 4.1
K7A/G88R RNase A 62 1.0 0.1 88+ 26 72+04 6.8
R10A RNase A 60 >25 8.2 + 0.8 ND” ND
R10A/G88R RNase A 62 6.9 +0.8 12 +1 0.56 = 0.07 5.3
K41R/G88R RNase A 63 39*+04 0.41 = 0.05 29+04 6.3
K7A/K41R/G88R RNase A 63 123+ 1.9 0.07 = 0.01 47 £ 4 7.9
ONC 90 0.54 £ 0.04 0.00035 = 0.00001 =10° =9.7

“Values of T, (= 1°C) were determined in PBS by UV spectroscopy. The T, value of ONC is from Ref. 44 and was determined by CD

spectroscopy.

® Values of IC;, are for incorporation of [methyl-*H]thymidine into the DNA of K-562 cells.
¢ Values of k., /K,, (£ S.E.) are for the catalysis of 6-FAM~dArU(dA),~6-TAMRA cleavage at 25 °C in 0.10 M» MES-NaOH buffer (pH 6.0)

containing NaCl (0.10 m).

@ Values of K, were determined at (23 = 2) °C in PBS. The K, value for RNase A is from Ref. 15. The K, value for ONC is an estimate from Ref.

13

¢ Values of AAG were calculated with the equation: AAG = —RTIn(K ;N5 4/K ).

ND, not determined.

Serum-deprived cells have enhanced KFERQ-mediated lysosomal
degradation of RNase A (22). To discern the effect of RNase A, its
variants, and ONC on the proliferation of cells with enhanced KFERQ-
mediated degradation, K-562 cells were grown in RPMI medium with-
out fetal bovine serum for 18 h prior to the addition of a ribonuclease.
Ribonuclease-mediated cytotoxicity was measured as described above.

Cytotoxicity data were analyzed with the programs SIGMAPLOT
(SPSS Science; Chicago, IL) and DELTAGRAPH (DeltaPoint;
Monterey, CA). Each data point represents the mean (* S.E.) of at least
three experiments, each performed in triplicate. The IC;, value of each
variant was calculated by using Equation 2,

. ( ICs,
"~ \ICs, + [ribonuclease]

) X 100 (Eq. 2)

where S is the percent of total DNA synthesis after the incubation
period (48 h).

RESULTS

Design of Ribonuclease A Variants—RNase A variants were
designed with the primary goal of discerning a role for the
KFERQ sequence (residues 7-11) in cytotoxicity. Because
RNase A itself is not cytotoxic, the cytotoxic G88R RNase A
variant was used as a basis for this work. In addition, amino
acid substitutions were combined with the secondary goal of
producing variants that have high ribonucleolytic activity, low
affinity for RI, and thus (presumably) high cytotoxicity.

Lys” and Arg’°—Lys” and Arg!'® comprise the enzymic P2
subsite, which interacts with a phosphoryl group of an RNA
substrate (35-37). Cuchillo and co-workers (35) found that
replacing either Lys” or Arg'® alone with a glutamine residue
has only a minor effect on catalysis of RNA cleavage, but that
replacing both Lys” and Arg!® decreases catalytic activity by
60-fold. Likewise, replacing both Lys” and Arg'® with alanine
residues results in a k., /K,, value that is 60-fold lower than
that of wild-type RNase A (37).

The interaction between Lys” of RNase A and porcine RI was
investigated previously by using semisynthetic variants (38).
Neumann and Hofsteenge (38) found that replacing Lys” with
an S-methyl cysteine residue resulted in a >50-fold decrease in
affinity for RI. This result is consistent with the structure of
the RI'RNase A complex in which the side-chain nitrogen of
Lys” donates a hydrogen bond to the C-terminal carboxyl group
of RI (Fig. 1) (39). Arg10 makes no contact with RI in the
complex.

Accordingly, we replaced Lys” and Arg!® of RNase A inde-
pendently with an alanine residue. The resulting K7A and
R10A variants are designed to disrupt the KFERQ sequence,

without decreasing ribonucleolytic activity. By systematically
incorporating these changes in a cytotoxic variant, G88R
RNase A, we were able to investigate the contribution of Lys’
and Arg'® to cytotoxicity.

Phe®, Glu®, and Gin''—Phe®, Glu®, and GIn'! are important
to the structure and function of RNase A. Replacing GIn'! with
an alanine, glutamine, or histidine residue enables the enzyme
to bind a substrate in a nonproductive manner (40). The con-
tributions of Phe® and Glu® have been determined in RNase S
(or RNase S’), which is a noncovalent complex of residues 1-20
(or 1-15) and 21-124. In this complex, replacing Phe® (41) or
Glu® (42) with other residues decreases its conformational sta-
bility or catalytic activity (or both). Because these three resi-
dues of the KFERQ sequence play roles other than in lysosomal
degradation, we left them intact.

Lys*’—The side chain of Lys*! of RNase A donates a hydrogen
bond to the transition state during catalysis of RNA cleavage
(29). Changing Lys*! to an arginine residue results in a 10%-fold
decrease in catalytic activity. Although K41R/G88R RNase A has
low catalytic activity, it binds RI with less affinity than does
G88R RNase A. Moreover, K41R/G88R RNase A is more cytotoxic
than G88R RNase A (18). Hence, we used the K7A/K41R/G88R
RNase A variant to explore the additivity of single substitutions
that disrupt RI binding, as well as the relationship between
catalytic activity, RI affinity, and cytotoxicity.

Conformational Stability—The conformational stability of
the RNase A variants was measured to ensure that the proteins
were folded properly during all assays. Values of 7', for RNase
A, its variants, and ONC are listed in Table I. The 7' values of
both wild-type RNase A and G88R RNase A in PBS were
determined to be 63 °C, respectively; this value is similar to
those reported previously (16, 43). K7A RNase A, K7A/G88R
RNase A, R10A RNase A, and R10A/G88R RNase A were found
to have T, values of 63, 62, 60, and 62 °C, respectively. K41R/
G88R RNase A and K7A/K41R/G88R RNase A were both found
to have a T, value of 63 °C. Hence, all RNase A variants were
essentially completely folded during assays at 37 °C or room
temperature. The 7', value of ONC in PBS was reported pre-
viously to be 90 °C (44).

Catalytic Activity—The cytotoxicity of ribonucleases relies on
their ribonucleolytic activity (17, 45, 18). Ribonucleolytic activ-
ity was measured by using a fluorogenic substrate,
6-FAM~dArU(dA),~6-TAMRA, which exhibits a nearly 200-
fold increase in fluorescence upon cleavage of the P-O° bond
on the 3’ side of the single ribonucleotide-embedded residue
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RNase A

GB88R K7A/G88R K7A
RI: 0 20 0 102040 0 10 20 40 0 102040

Fic. 3. Agarose gel-based assay for inhibition of ribonucleo-
lytic activity by porcine ribonuclease inhibitor. Inhibition was
assessed by visualizing the cleavage of rRNA by 10 ng of a ribonuclease
in the absence or presence of RI (10, 20, or 40 units).

(33). Values of k.,/K,, for RNase A, its variants, and ONC are
listed in Table I. The values of k.,/K,, for RNase A and ONC
were 4.3 X 107 and 3.5 X 102 M~ ! s™ !, respectively, which is in
good agreement with those reported previously (33, 44). The
values of k.,/K,, for KTA RNase A and R10A RNase A were
9.2 X 10% and 8.2 X 10® M ! 571, respectively, which are lower
by 4—-5-fold than those of the wild-type enzyme. These values
are not reduced by the G88R substitution; the % ,/K,, values
for K7A/G88R RNase A and R10A/G88R RNase A were 8.8 X
10% and 1.2 X 107 M ' s, respectively. As expected, the K41R
variants have greatly diminished catalytic activity. The & ,/K,,
value of 4.1 X 10° m ! s ! for K41R/G88R RNase A is in good
agreement with the activity reported previously (18). The value
of k.,/K,, for KTA/K41R/G88R RNase A is 0.70 X 10° M~ ' s~ 1.

Ribonuclease Inhibitor Binding—RI is a modulator of intra-
cellular ribonucleolytic activity. The values of K, for the
RI‘'RNase A, RI‘G88R RNase A, and RI-fluorescein~G88R
RNase A complexes were found previously to be 67 fm (15), 0.57
nm,2 and 0.55 nm,? respectively. Here, the K, values for the
complex between RI and other RNase A variants were meas-
ured by using a competition assay (Table I). The K7A substi-
tution disturbs the interaction of RI and RNase A, giving K,
values of 0.07 and 7.2 nm for K7A RNase A and K7A/G88R
RNase A, respectively. In contrast, the R10A substitution has
no significant effect on the affinity for RI, as the value of K for
the RI-'R10A/G88R RNase A complex is indistinguishable from
that of the RI-G88R RNase A complex. The K, value for the
RI'-K41R/G88R RNase A complex is 2.9 nm, which is compara-
ble with the value of K; = 3.0 nM reported previously (18).
Addition of the K41R substitution to K7A/G88R RNase A de-
creases the affinity for RI by 5-fold, giving a K; value of 47 nm
for the triple variant. These K, values were used to calculate
the change in the free energy of interaction for RI and the
RNase A variants. These values of AAG are listed in Table I.

An agarose gel-based Rl-evasion assay was used to verify
that affinity for RI correlates with inhibition of catalytic activ-
ity. In this assay, ribonucleases were incubated with increasing
amounts of RI in the presence of yeast rRNA as substrate. The
samples were subjected to electrophoresis through an agarose
gel, and degraded RNA was observed by its faster mobility and
less efficient staining compared with control samples without
ribonuclease. We find that K7A/G88R RNase A degrades yeast
rRNA more thoroughly in the presence of RI than does either
G88R RNase A or K7A RNase A (Fig. 3).

Cytotoxicity Assays—The toxicity of each ribonuclease was
measured with the K-562 human leukemia cell line. The re-
sulting IC;, values are listed in Table I. ONC, G88R RNase A,
and K41R/G88R RNase A had IC;, values similar to those
reported previously (16, 18). Like wild-type RNase A, K7A
RNase A and R10A RNase A were not cytotoxic, even at protein
concentrations of 25 um. The cytotoxicity of RI0A/G88R RNase
A did not differ from that of GEB8R RNase A. In contrast, the
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FiG. 4. Effect of ribonucleases on the proliferation of K-562
cells. Cell proliferation was measured by incorporation of [methyl-
SH]thymidine into cellular DNA after a 48-h incubation at 37 °C with a
ribonuclease. Each value is the mean (*+ S.E.) of at least three inde-
pendent experiments with triplicate samples and is expressed as a
percentage of the PBS control. A, assays in the presence of fetal bovine
serum (10%, v/v). B, assays on cells deprived of fetal bovine serum for
18 h prior to the addition of a ribonuclease.

1C;, value of K7A/G88R RNase A was 7-fold lower than that of
G88R RNase A (Fig. 4A). The IC;, value of K7A/G88R RNase A
was within 2-fold of that of ONC. Unexpectedly, the triple
variant, K7TA/K41R/G88R RNase A had an IC;, value that was
similar to that of G88R RNase A, and 2- and 12-fold greater
than that of K41R/G88R RNase A and K7A/G88R RNase A,
respectively.

To test further whether KFERQ-mediated degradation con-
tributes to differences between the cytotoxicity of ONC and
RNase A variants, assays were performed with serum-deprived
K-562 cells. The IC;, values of ONC, K7A/G88R RNase A, and
G88R RNase A did not change significantly in serum-deprived
cells as compared with control cells cultured with fetal bovine
serum (Fig. 4B; Table II).

DISCUSSION

Secretory ribonucleases can be potent cytotoxins by virtue of
their ability to enter the cytosol and catalyze the cleavage of
cellular RNA (3-8). The ribonucleolytic activity within the
cytosol is regulated by two factors: (i) the concentration of
enzyme within the cytosol, and (ii) how much of that enzyme is
bound by RI. The cytosolic concentration of a ribonuclease is
dependent on the balance between its import and degradation.
The ability of a ribonuclease to reach the cytosol is known to
limit its toxicity. For example, even wild-type RNase A is toxic
to cells when injected directly into the cytosol (46). ONC and
variants of RNase A are more toxic to cells in the presence of
drugs that alter intracellular trafficking (47).2 The contribution
of protein degradation to ribonuclease cytotoxicity has been
less studied, but its importance can be inferred. For example,

3 M. C. Haigis and R. T. Raines, unpublished results.
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TaABLE II
Toxicity of ribonuclease A, its variants, and Onconase® for serum-
deprived cells

Ribonuclease IC5*
s
RNase A >25
G88R RNase A 5.0 £ 04
K7A/G88R RNase A 0.62 = 0.04
ONC 0.48 = 0.03

@ Values of IC;, are for incorporation of [methyl-*Hlthymidine into
the DNA of K-562 cells grown in the absence of fetal bovine serum for
18 h prior to the addition of a ribonuclease.

ONC is more cytotoxic in the presence of protease inhibitors
(48). In addition, the degradation of fluorescein-labeled RNase
A in murine L cells can be blocked by preincubation with
lysosomal protease inhibitors (30).

The sequence-specific, lysosome-targeted degradation of cy-
tosolic proteins can also lower the cellular concentration of a
protein. RNase A, unlike ONC, contains a KFERQ sequence
(Fig. 2). This sequence is required for the targeted lysosomal
degradation of cytosolic RNase A (22, 23). The targeted degra-
dation of RNase A or toxic RNase A variants would lead to a
decrease in cytosolic ribonucleolytic activity, and hence a de-
crease in cytotoxicity. Dice et al. (23) found that certain frag-
ments of the RNase A KFERQ sequence (residues 1-10 and
2—8) are not degraded in a serum-dependent manner. In addi-
tion, although the order of the KFER residues is unimportant
(20), the biochemical nature of the side chains must be con-
served. Thus, replacing residues of the KFERQ sequence could
enhance the cytotoxicity of an RNase A variant.

Arg'® of RNase A is located in the KFERQ sequence, but does
not form any interaction with RI. Hence, we used the R10A
variant to isolate the consequence of lysosomal degradation
from RI evasion. R10A RNase A is not toxic to cells. In addition,
R10A/G88R RNase A has an IC5, value similar to that of G88R
RNase A. We also investigated the toxicity of a G8S8R RNase A
variant with GIn!! replaced by a histidine or alanine residue.
The cytotoxicity of the Q11H/G88R and Q11A/G88R variants
does not differ from that of GEBSR RNase A (data not shown).
Hence, disrupting the KFERQ sequence has no effect on ribo-
nuclease-mediated cytotoxicity.

We measured the cytotoxicity of ribonucleases in cells with
up-regulated lysosomal degradation. This experiment was
based on the hypothesis that if KFERQ-mediated degradation
limits the concentration of cytosolic ribonuclease, then enhanc-
ing this pathway would result in decreased toxicity. Cells cul-
tured in the absence of serum show enhanced degradation of
cytosolic RNase A (22). The data demonstrate that toxic vari-
ants of RNase A do not have lowered potency in serum-de-
prived cells (Fig. 4B and Table II). These results indicate that
the KFERQ-mediated degradation of cytosolic ribonucleases
does not limit their potency.

RI binds to members of the RNase A superfamily in a 1:1
stoichiometry (49). The interaction between RNase A and por-
cine RI buries 2550 A2 of protein surface and forms one of the
tightest noncovalent complexes known, with K, values in the fm
range (14, 39, 50). Upon binding to RI, the activity of RNase A
is abolished completely.

We have shown that Lys” of RNase A is an important residue
in the RI-RNase A interaction. In the crystalline structure of
the RI'-RNase A complex, Lys’ is proximal to Ser*®® of porcine
RI (Fig. 1B) (39), which corresponds to Ser*6% of human RI. The
distance between the side chain nitrogen of Lys” and the side-
chain oxygen of Ser*™ is 3.1 A. The side-chain nitrogen is 3.5
and 4.1 A away from the two oxygens of the C-terminal car-
boxyl group of RI. Replacing Lys” with an alanine residue
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removes any hydrogen bonds and favorable Coulombic interac-
tions with Ser*®® of RI. The value of K for the RI‘K7A RNase
A complex is 70 pM (Table I). The cooresponding value of K, for
the double variant, K7A/G88R RNase A, is 7.2 nM. Moreover,
K7A/G88R RNase A is endowed with enhanced cytotoxicity.

Surprisingly, we find that the interactions of Lys”, Lys*!, and
Gly®® with RI are not additive. Single substitutions at Lys” or
Gly®® result in decreases of binding free energy of 4.1 or 5.3
kecal/mol, respectively (Table I). The double variants, K7A/
G88R RNase A and K41R/G88R RNase A, have lost 6.9 and 6.3
kecal/mol of binding free energy, respectively. Yet, the triple
variant, K7TA/K41R/G88R RNase A, has lost only 8.0 kcal/mol of
binding free energy. If the interactions had been additive, then
the effect of single substitutions would contribute fully to the
loss of binding free energy. Such conservation in binding free
energy loss would suggest rigidity between the interface of the
complex. For example, the effect of single substitutions at Lys!
and Lys” of RNase A on RI binding is indeed additive, suggest-
ing that changing Lys! does not affect RI binding interactions
at Lys7 (38). In contrast, our data show that the interface
between RI and RNase A is not rigid. Rather, compensatory
changes occur upon perturbation of key contacts. A similar
conclusion was reached by Shapiro et al. (51) who measured the
affinity of RI variants for wild-type RNase A. Thus, the dy-
namic nature of the RI-RNase A interface must be addressed
when engineering new ribonuclease variants to evade RI.

In conclusion, we have shown that the KFERQ sequence does
not contribute to a decrease in ribonuclease-mediated cytotox-
icity. We find that Lys” of RNase A contributes to a key inter-
action that tethers the N terminus of RNase A with the C
terminus of RI. The K7A/G88R RNase A variant has >10°-fold
lower affinity for RI than does wild-type RNase A. The ribonu-
cleolytic activity of K7A/G88R RNase A is, however, within
10-fold of that of the wild-type enzyme. Together, its high
ribonucleolytic activity and low affinity for RI make K7A/G88R
RNase A the most cytotoxic known variant of RNase A, with an
IC;, value within 2-fold of that of ONC. Finally, we have found
that the RI-RNase A interface is dynamic; disruption of one
contact can alter other contacts.

Acknowledgments—We thank K.dJ. Woycechowsky, K. A. Dickson,
and Dr. B. G. Miller for contributive discussions.

REFERENCES

1. Darzynkiewicz, Z., Carter, S. P., Mikulski, S. M., Ardelt, W. J., and Shogen, K.
(1988) Cell Tissue Kinet. 21, 169-182
. Ardelt, W., Mikulski, S. M., and Shogen, K. (1991) JJ. Biol. Chem. 266, 245-251
. Schein, C. H. (1997) Nat. Biotechnol. 15, 529-536
. Youle, R. J., and D’Alessio, G. (1997) in Ribonucleases: Structures and Func-
tions (D’Alessio, G., and Riordan, J. F., eds), pp. 491-514, Academic Press,
New York
Irie, M., Nitta, K., and Nonaka, T. (1998) Cell. Mol. Life Sci. 54, 775-784
. Rybak, S. M., and Newton, D. L. (1999) Exp. Cell Res. 253, 325-335
. Leland, P. A., and Raines, R. T. (2001) Chem. Biol. 8, 405—413
. Matousek, J. (2001) Comp. Biochem. Physiol. C Toxicol. Pharmacol. 129,
175-191
. Mikulski, S. M., Grossman, A. M., Carter, P. W., Shogen, K., and Costanzi, J. J.
(1993) Int. J. Oncol. 3, 57-64
10. Mikulski, S. M., Chun, H. G., Mittelman, A., Panella, T., Puccio, C. A., Shogen,
K., and Constanzi, J. J. (1995) Int. J. Oncol. 6, 889—-897
11. Vasandani, V. M., Wu, Y.-N., Mikulski, S. M., Youle, R. J., and Sung, C. (1996)
Cancer Res. 56, 4180-4186
12. Mosimann, S. C., Ardelt, W., and James, M. N. G. (1994) J. Mol. Biol. 236,
1141-1153
13. Boix, E., Wu, Y., Vasandani, V. M., Saxena, S. K., Ardelt, W., Ladner, J., and
Youle, R. J. (1996) J. Mol. Biol. 257, 992-1007
14. Lee, F. S., Shapiro, R., and Vallee, B. L. (1989) Biochemistry 28, 225-230
15. Vicentini, A. M., Kieffer, B., Mathies, R., Meyhack, B., Hemmings, B. A., Stone,
S. R., and Hofsteenge, J. (1990) Biochemistry 29, 8827—8834
16. Leland, P. A., Schultz, L. W., Kim, B.-M., and Raines, R. T. (1998) Proc. Natl.
Acad. Sci. U. S. A. 98, 10407-10412
17. Wu, Y., Mikulski, S. M., Ardelt, W., Rybak, S. M., and Youle, R. J. (1993)
J. Biol. Chem. 268, 10686-10693
18. Bretscher, L. E., Abel, R. L., and Raines, R. T. (2000) J. Biol. Chem. 275,
9893-9896
19. Dice, J. F. (1987) FASEB J. 1, 349-357
20. Dice, J. F. (1990) Trends Biochem. Sci. 15, 305-309

N

RN E-N]

©



21.
22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

KFERQ Sequence in Ribonuclease A-mediated Cytotoxicity

Cuervo, A. M., and Dice, J. F. (1998) J. Mol. Med. 76, 6-12

McElligott, M. A., Miao, P., and Dice, J. F. (1985) J. Biol. Chem. 260,
11986-11993

Dice, J. F., Chiang, H. L., Spencer, E. P., and Backer, J. M. (1986) JJ. Biol.
Chem. 261, 6853—6859

Dice, J. F. (1988) J. Protein Chem. 7, 115-127

Agarraberes, F. A., Terlecky, S. R., and Dice, J. F. (1997) J. Cell Biol. 137,
825-834

Klink, T. A., Vicentini, A. M., Hofsteenge, J., and Raines, R. T. (2001) Protein
Exp. Purif. 22, 174-179

delCardayré, S. B., Rib6, M., Yokel, E. M., Quirk, D. J., Rutter, W. J., and
Raines, R. T. (1995) Protein Eng. 8, 261-273

Kunkel, T. A., Roberts, J. D., and Zakour, R. A. (1987) Methods Enzymol. 154,
367-382

Messmore, J. M., Fuchs, D. N., and Raines, R. T. (1995) J. Am. Chem. Soc. 117,
8057-8060

Kothandaraman, S., Hebert, M. C., Raines, R. T., and Nibert, M. L. (1998)
Virology 251, 264272

Sela, M., Anfinsen, C. B., and Harrington, W. F. (1957) Biochim. Biophys. Acta
26, 502-512

Eberhardt, E. S., Wittmayer, P. K., Templer, B. M., and Raines, R. T. (1996)
Protein Sci. 5, 1697-1703

Kelemen, B. R., Klink, T. A., Behlke, M. A., Eubanks, S. R., Leland, P. A., and
Raines, R. T. (1999) Nucleic Acids Res. 27, 36963701

Kraulis, P. J. (1991) J. Appl. Crystallogr. 24, 946-950

Boix, E., Nogués, M. V., Schein, C. H., Benner, S. A., and Cuchillo, C. M. (1994)
oJ. Biol. Chem. 269, 2529-2534

36.

37.

44.

45.

46.

47.

48.

11581

Nogués, M. V., Vilanova, M., and Cuchillo, C. M. (1995) Biochim. Biophys. Acta
1253, 1624

Fisher, B. M., Ha, J.-H., and Raines, R. T. (1998) Biochemistry 317,
12121-12132

. Neumann, U., and Hofsteenge, J. (1994) Protein Sci. 3, 248-256

. Kobe, B., and Deisenhofer, J. (1995) Nature 374, 183-186

. delCardayré, S. B., and Raines, R. T. (1995) Anal. Biochem. 225, 176178

. Scoffone, E., Rocchi, R., Marchiori, F., Moroder, L., Marzotto, A., and

Tamburro, A. M. (1967) J. Am. Chem. Soc. 89, 54505455

. Dunn, B. M., and Chaiken, I. M. (1975) JJ. Mol. Biol. 95, 497-511
. Quirk, D. J., Park, C., Thompson, J. E., and Raines, R. T. (1998) Biochemistry

37, 17958-17964

Leland, P. A., Staniszewski, K. E., Kim, B., and Raines, R. T. (2000) FEBS Lett.
477, 203-207

Kim, J.-S., Soucek, J., Matousek, J., and Raines, R. T. (1995) Biochem. J. 308,
547-550

Saxena, S. K., Rybak, S. M., Winkler, G., Meade, H. M., McGray, P., Youle,
R. J., and Ackerman, E. J. (1991) J. Biol. Chem. 266, 2120821214

Wu, Y., Saxena, S. K., Ardelt, W., Gadina, M., Mikulski, S. M., De Lorenzo, V.,
D’Alessio, G., and Youle, R. J. (1995) J. Biol. Chem. 270, 1747617481

Mikulski, S. M., Viera, A., Deptala, A., and Darzynkiewicz, Z. (1998) Int. <.
Oncol. 13, 633-644

. Blackburn, P., Wilson, G., and Moore, S. (1977) J. Biol. Chem. 252, 5904-5910
. Lee, F. S., and Vallee, B. L. (1989) Biochemistry 28, 3556-3561
. Shapiro, R., Ruiz-Gutierrez, M., and Chen, C.-Z. (2000) J. Mol. Biol. 302,

497-519



