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ABSTRACT

Select members of the bovine pancreatic ribonuclease (RNase A) superfamily are toxic to
tumor cells. RNase A, itself, is not normally cytotoxic, but Onconase® (ONC), an amphibian
homologue, is a potent cytotoxin. This thesis examines the molecular basis of ribonuclease-
mediated cytotoxicity. The steps for ribonuclease cytotoxicity are: (1) cell-surface binding,
(2) internalization, (3) translocation to the cytosol, and (4) degradation of cellular RNA.
ONC and RNase A bind the surface of mammalian cells and are readily internalized in a
dose-dependent manner. This internalization is mediated by acidic vesicles that are not
dependent on the activity of dynamin. Internalized ribonucleases translocate to the cytosol
from a pre-ER compartment. Sequence-specific lysosome-targeted degradation does not limit
the toxicity of RNase A variants.

Ribonucleases must evade the cytosolic ribonuclease inhibitor protein (RI) to be
cytotoxic. A variant of G88R RNase A, K7A/G88R RNase A, binds RI with lowered affinity
and has enhanced cytotoxicity. The role of RI as an intracellular modulator of ribonuclease
cytotoxicity was investigated directly by varying its level within mammalian cells. RI limits
the potency of toxic RNase A variants but has no effect on the cytotoxicity of ONC,
indicating that ONC is not regulated by RI. The toxicity of ONC and RNase A variants
correlates with the growth rate of cells.

The biology of pancreatic ribonucleases and RI was explored by genetic methods. Rl is a
modular protein that has evolved rapidly by exon duplication. Pancreatic ribonuclease (Rib1)

and ribonuclease inhibitor (Rnh) genes are present in the mouse genome as a single
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functional copy. Targeting constructs were used to disrupt the Rib! and Rnh alleles in mouse
embryonic stem cells. These cells will be used to create animals that do not produce Ribl or

Rnh protein, and will provide the first insight into their in vivo functions.
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Chapter 1

Introduction

Portions of this chapter are in preparation as: Marcia C. Haigis and Ronald T. Raines (2002)
Mechanism of a cytotoxic ribonuclease. Progress in Nucleic Acid Research and Molecular

Biology (solicited review).



History of bovine pancreatic ribonuclease

Bovine pancreatic ribonuclease (RNase A) was one of the most thoroughly studied
enzymes of the 20" century. In 1967, the complete tertiary structure of RNase A was
determined (Kartha et al., 1967; Wyckoff er al., 1967); it was the fourth protein to have its
structure solved. RNase A was the model protein used during landmark studies of protein
folding, enzymology, and structural stability. In 1972, Moore and Stein were given the Nobel
prize for connecting the tertiary structure of RNase A with its catalytic activity (Moore &
Stein, 1973). That year, Anfinsen was jointly acknowledged for demonstrating that the
primary structure of RNase A is responsible for its tertiary fold (Anfinsen, 1973). In 1984,
Merrifield received the Nobel prize for the complete chemical synthesis of RNase A ona
solid matrix (Merrifield, 1985; Merrifield, 1986).

RNase A is a small, kidney-shaped protein comprised of 124 amino acid residues
(Figure 1.1). It contains four disulfide bonds that involve all eight of its cysteine residues.
These disulfide bonds hold together elements of secondary structure and are important for the
legendary conformational stability of RNase A (Shimotakahara ez al., 1997; Volles et al.,
1999; Klink ez al., 2000; Wedemeyer et al., 2000). The active site is situated in a cationic
groove that runs through the middle of the protein. RNA binding in this groove is facilitated
by Coulombic interactions. Specifically, RNA binding involves two types of RNase A
subsites that enable contacts to: (1) bind the phosphoryl backbone of RNA, and (2) confer

base specificity (for reviews, see: Nogués ez al., 1995; Cuchillo et al., 1997; Raines, 1998).



RNase A is a highly efficient endonuclease and can catalyze reaction rates at k../K\,
values up to 10° M''s! (Park & Raines, 2001). RNase A cleaves the P-O* bond of RNA after
a pyrimidine nucleotide in a two-step mechanism (Figure 1.2) (Findlay ez al., 1961). In first
step, His 12 abstracts a proton from the 2’ hydroxyl of the substrate, promoting the formation
of a 2°,3’-cyclic phosphodiester intermediate, and His119 protonates the 5’ oxygen of the
leaving group. In the second step, His119 abstracts a proton from a water molecule, which
then hydrolyzes the cyclic intermediate to form a 3’ phosphomonoester. In this step, His12
donates a proton to the 2’ oxygen to complete the catalytic cycle. Chemical modification and
site-directed mutagenesis studies have identified many of the amino acid residues that are
responsible for substrate binding, as well the residues that are important for catalysis (for

reviews, see: Parés etz al., 1991; Nogues et al., 1995; Cuchillo ez al., 1997; Raines, 1998).

Homologues of ribonuclease A

The amino acid sequence is known for more than forty homologues of RNase A, dubbed
the RNase A superfamily (for reviews, see: Beintema ez al., 1997; Beintema & Kleineidam,
1998). RNase A homologues have been sequenced from diverse mammalian and amphibian
species, such as guinea pig, deer, bull frog, two-toed sloth, and swamp buffalo, but not from
fish or invertebrates. In addition, multiple homologues can exist in a single species,
indicating the frequent occurrence of gene duplications. For example, most mammalian
species contain only one copy of the homologue angiogenin (ANG), but the mouse has six

copies of the Ang gene (Brown ez al., 1995; Strydom, 1998). Evolutionary analysis has



revealed that members of the RNase A superfamily are evolving rapidly (for reviews, see
Beintema et al., 1997; Beintema & Kleineidam, 1998).

In mammals, the RNase A superfamily can be subdivided into distinct classes: (1)
pancreatic-type ribonucleases, (2) eosinophil-derived neurotoxin (EDN), (3) eosinophil
cationic protein (ECP), (4) liver ribonuclease, and (§5) ANG. Humans produce each of these
ribonucleases. Homologues from classes 1, 4, and § are secreted from cells, whereas EDN
and ECP are found in the regulated secretory granules of eosinophils. An amino acid
sequence alignment of several members of the RNase A superfamily is shown in Figure 1.3.
The active-site histidine and lysine residues are conserved strictly, as are the disulfide bonds.
Yet, not all RNase A homologues are efficient catalysts. For example, ANG has a k_ /Ky
value that is 10°-10°-fold lower than that of RNase A, suggesting an additional function

independent of ribonucleolytic activity (Shapiro et al., 1989).

Ribonuclease inhibitor

In 1952, Pirotte and Desreux discovered the activity of ribonuclease inhibitor protein (RI)
in guinea pig liver extracts (Pirotte & Desreux, 1952). Roth and co-workers observed that
this inhibitory activity was inactivated by proteases, heat, p-hydroxymercuribenzoate-
mediated sulfhydryl modification, and was sensitive to pH changes (reviewed in: Roth,
1962). In addition, the inhibitory activity was isolated to the supernatant fraction of high-

speed centrifugation, indicating that it was a cytosolic factor. In the 1970's, techniques were



developed to isolate RI to homogeneity, enabling its biochemical characterization (Blackburn
et al., 1977; Blackburn & Moore, 1982).

Rl is an acidic (pI~4.7), 50-kDa cytosolic protein (Gribnau et al., 1970). The amino acid
sequences of RI from pig, rat, and human, revealed that it is comprised entirely of leucine-
rich repeats (LRR) (Hofsteenge et al., 1988; Lee et al., 1988; Kawanomoto et al., 1992). The
crystalline structure of RI was solved in 1993 (Kobe & Deisenhofer, 1993); its LRR motifs
are arranged in a horseshoe shape, and represent a new protein fold (Figure 1.4) (for reviews,
see: Kobe & Deisenhofer, 1995a; Kajava, 1998; Kobe & Kajava, 2001). Human and porcine
RI contain 32 and 30 reduced cysteine residues, respectively; oxidation of these thiols is
cooperative, and leads to rapid inactivation and degradation of the protein (Blazquez ez al.,
1996). Variants of RI have been created that have replaced proximal cysteine residues with
alanine; and these substitutions cause RI to be less sensitive to oxidation (Kim et al., 1999).

RI binds RNase A in a 1:1 stoichiometry (for reviews, see: Blackburn & Moore, 1982;
Lee & Vallee, 1993; Hofsteenge, 1997; Shapiro, 2001). RI is an unusual type of protein
inhibitor because it can bind multiple types of ribonucleases (Table 1.1) (Lee & Vallee, 1993;
Hofsteenge, 1997; Shapiro, 2001). For example, human RI can bind RNase A, human
pancreatic ribonuclease (RNase 1), EDN, and ANG to form complexes with K, values of
4.4x10%,2.0x 10,94 x 10", and 7.1 x 10"® M (reviewed by Lee & Vallee, 1993;
Hofsteenge, 1997; Shapiro, 2001). These interactions are among the tightest, noncovalent
biological interactions known.

The crystalline structure of the porcine RI*RNase A complex was solved in 1995

(Figure 1.4) (Kobe & Deisenhofer, 1995b). The C-terminus of RI forms extensive contacts



with RNase A; >2500A? of surface area is buried at the RI-RNase A interface. As shown in
Figure 1.3, many of the amino acid residues of RNase A that are important for RNA binding
and catalysis also interact with RI. As such, when bound in a complex with RI, ribonucleases
are inactivated, and are no longer free to bind or degrade RNA (Lee & Vallee, 1993). Rl is

less effective against non-mammalian homologues of RNase A.

Physiological functions of pancreatic ribonuclease and

ribonuclease inhibitor

RNase A is a secretory protein that is produced in large quantities in the bovine pancreas
both in an unglycosylated (RNase A) and various glycosylated forms. In 1969, Barnard
proposed that pancreatic ribonuclease was a requirement for the digestion of dietary RNA in
ruminants (Barnard, 1969a). Thus, RNase A would function to degrade ingested RNA, much
like trypsin, chymotrypsin, and amylase degrade ingested protein. Curiously, however, levels
of pancreatic ribonuclease do not change with fasting or consumption (Barnard, 1969a), in
marked contrast to trypsinogen, chymotrypsinogen, and amylase (Snook, 1965).

Evidence in support of a more global role for pancreatic-type ribonucleases can be found
in its expression pattern. In humans, mRNA encoding RNase 1 can be found in the pancreas,
brain, and mammary gland (Sasso et al., 1999). RNase 1 protein can also be found in the urine
and serum (Weickmann & Glitz, 1982). Pancreatic adenocarcinoma cells were found to

secrete high levels of RNase 1 into the serum (Peracaula et al., 2000), and RNase 1 is being



investigated as a diagnostic marker for pancreatic cancer (Weickmann et al., 1984; Kobayashi
& Kawakubo, 1994).

Rl is found in the cytoplasm of cells from nearly all organs, tissues, and glands
investigated, although it inhibits secretory ribonucleases (for reviews, see: Lee & Vallee,
1993; Hofsteenge, 1997). Interestingly, Rl is not detectable in the plasma, urine, or saliva.
(Nadano et al., 1994; Futami et al., 1997). The expression patterns of RI were extensively
investigated during the previous three decades, with hope of finding insight into the biological
role of RI. Nonetheless, the literature is full of conflicting conclusions. RI expression seems to
correlate positively with anabolic activity, such as cell proliferation; increased RI levels have
been found in rat liver after treatment with 2-acetamidofluorene to induce tumors (Wojnar &
Roth, 1965) and in developing neonatal rats (Suzuki & Takahashi, 1970). Yet, RI levels are
not elevated in SV-40-transformed hamster embryo fibroblast cells, stimulated HL-60 cells
(Kyner et al., 1979), or many hepatoma cell lines. The labile nature of RI could have
compounded the difficulty of correlating RI levels with physiological relevance. A recent
study by Alino and co-workers, however, did find that high RI levels decreased angiogenesis
and tumor formation in mouse xenographs (Botella-Estrada et al., 2001).

The ubiquitous, but perplexing, tissue distribution of RI, in combination with its ability to
bind numerous pancreatic-type ribonucleases, suggests an important biological role. Several
hypotheses exist for the physiological role of RI (Beintema et al., 1988; Lee & Vallee, 1993;
Hofsteenge, 1997). One hypothesis is that RI functions to inhibit intracellular ribonucleolytic

activity. Thus, cells with a low level of RI would have high RNA degradation, while cells



with a high concentration of RI would accumulate RNA. Still, no known cytoplasmic
ribonucleases bind RI with high affinity.

A second hypothesis is that RI exists in the cytosol as a safeguard against secreted
ribonucleases that would inadvertently become cytoplasmic. Then, RI would function only to
protect the cell from auxiliary ribonucleolytic activity. The absence of RI would lead to cell
death by RNA degradation.

A third hypothesis is that RI functions to regulate the physiological activity of bound
ribonucleases. Pancreatic ribonucleases, once internalized, would be sequestered by RI and
released when appropriate. Interestingly, its sensitivity to oxidation provides a mechanism
for the regulation of RI by the redox state of the cytosol. As such, RI may be a molecular
switch for ribonucleolytic activity during oxidative conditions. Because ribonucleases can be
cytotoxic (see next section), oxidation of RI could lead to the death of cells that have suffered
oxidative assault.

A fourth hypothesis for the physiological role of RI involves two other RNase A
homologues—ECP and EDN. In response to parasitic infections or hypersensitivity reaction,
EDN and ECP are released from eosinophils via secretory granules. The interaction of RI
with these ribonucleases may provide an additional level of regulation in the body's defense

system. These four hypotheses are not mutually exclusive.



Cytotoxic homologues of ribonuclease A

In 1955, RNase A was found to be toxic to carcinomas in mice and rats (Ledoux, 1955a;
Ledoux, 1955b). The antitumor activity of RNase A, however, showed poor promise as a
therapeutic because high quantities were required (Roth, 1963). In 1973, the antitumor
potential of a dimeric homologue, bovine seminal ribonuclease (BS-RNase) was discovered
towards Crocker tumor transplants in mice (Matousek, 1973). Further characterization
showed that BS-RNase is a poor candidate for a cancer therapy, as it has non-specific
toxicity; it is antispermatogenic (Matousek, 1994), hinders embryo development (Matousek,
1975), oocyte maturation (Slavik et al., 2000), and is immunosuppresive (Matousek et al.,
1995).

In more recent studies, ribonucleases from Rana pipiens (Darzynkiewicz et al., 1988),
Rana catesbeiana (Nitta et al., 1987; Nitta et al., 1994), and Rana japonica were found to
contain antitumor activity. Onconase® (ONC) is an RNase A homologue from Rana pipiens
and is both cytostatic and cytotoxic towards cultured tumor cells (Darzynkiewicz et al., 1988;
Ardelt et al., 1991). ONC and has been successful in the treatment of malignant
mesothelioma in phase 1 (Mikulski et al., 1993; Mikulski et al., 1995) and phase 2 clinical
trials (Mikulski ez al., 2002). Side effects of ONC are reversible and include renal toxicity
and proteinuria. Phase 3 studies with ONC are in progress.

ONC has 30% amino acid sequence identity with RNase A (Figure 1.3) (Ardelt ez al.,
1991). The key active-site residues of RNase A, His12, Lys41, and His119, are conserved in

ONC. The crystalline structure of ONC has been solved, and RNase A and ONC share
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similar secondary and tertiary structure (see Chapter 2) (Wlodawer, 1985; Mosimann et al.,
1994). ONC contains four disulfide bonds, three of which are present in RNase A. The
divergent disulfide bond in ONC secures its C-terminus, and is responsible for endowing
ONC with remarkable thermal stability (Leland er al., 2000; Notomista ez al., 2001). The T
value of ONC is 90 °C, which is 30 °C higher than RNase A (Leland ez al., 1998; Notomista
et al., 2000).

The active-site cleft in ONC also differs from RNase A. Specifically, the pyroglutamyl
residue, Pyrl, of ONC is part of the active site and is thought to be involved with substrate
binding (Boix et al., 1996). This structural difference could be responsible for the lower
catalytic activity of ONC. ONC demonstrates 10°-10°-fold less ribonucleolytic activity than
does RNase A (Boix er al., 1996; Leland ez al., 1998; Bretscher et al., 2000).

The discovery of ONC in 1988 and its clinical success in subsequent years has intensified
the study of other ribonucleases with biological actions (for reviews, see: Schein, 1997;
Youle & D'Alessio, 1997; Raines, 1999; Rybak & Newton, 1999; Leland & Raines, 2001).
Cell culture experiments have revealed that EDN and ECP have antiviral and cytotoxic
potential (Newton et al., 1994; Rosenberg & Dyer, 1995). ONC also demonstrates antiviral
activity (Saxena et al., 1996). More recently, RNase 1 was shown to kill Kaposi’s sarcoma

cells in vitro (Griffiths et al., 1997).
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The mechanism of ribonuclease-mediated cytotoxicity

The mechanism by which a ribonuclease is cytotoxic can be dissected into four steps: (1)
cell-surface binding, (2) ribonuclease internalization, (3) translocation into the cytosol, and
(4) evasion of RI and degradation of cellular RNA (Figure 1.5). ONC has low catalytic
activity, but is a potent toxin, suggesting that it accomplishes these four steps. In contrast,
RNase A is not an efficient toxin. Specifically, RNase A is over >10°-fold less cytotoxic to
cells than is ONC (Wu et al., 1993). Why is RNase A a poor cytotoxin, when it has >10°-fold
enzymatic activity than does ONC? The answer to this question lies in understanding the
molecular basis of ribonuclease-mediated toxicity. A better understanding of this mechanism
would allow for the creation of RNase A variants that possess high cytotoxicity. In addition,
understanding the basis of toxic action may shed light on factors that govern cell specificity.

The molecular basis for cell-surface binding by ribonucleases is not known. RNase A
homologues from Rana japonica and Rana catesbeiana were isolated originally as lectins
that agglutinated tumor cells (Sakakibara et al., 1977; Sakakibara et al., 1979). These
ribonucleases are known to bind a specific glycoprotein that is high in sialic acid content
(Sakakibara et al., 1979). The crystalline complex of the Rana catesbeiana
ribonucleasessialic acid complex showed that two sialic acid molecules bound per
ribonuclease and were intimately associated with the active site (Nonaka et al., 1996; Irie et
al., 1998). High affinity binding sites (6.2 x 10 and 2.5 x 10”7 M) have been reported for
ONC-—cell-surface binding on 9L glioma cells (Wu et al., 1993), but a specific protein

receptor for ONC has not been identified. In addition, BS-RNase binds to the surface of



12

tumor cells (Matousek, 2001), but not to a specific receptor (Kim et al., 1995b). The cell-
surface binding of RNase A or its cytotoxic variants has not been demonstrated. Yet, the non-
specific cationization of RNase A does increase its cellular uptake and cytotoxicity (Futami
et al., 2001), suggesting that a specific receptor is not involved in cell-surface binding and
uptake.

Researchers have exploited the importance of cell-surface binding to enhance
ribonuclease cytotoxicity (for reviews, see: Schein, 1997; Rybak & Newton, 1999). For
example, epidermal growth factor (EGF) was chemically linked with RNase 1, and this
chimera was 10°-fold more toxic than was RNase 1 alone (Jinno et al., 1996). The
EGF-RNase 1-linked protein also displayed specificity and was not toxic to cells lacking the
EGF receptor. Youle and co-workers chemically conjugated RNase A to monoclonal
antibodies that were specific for transferrin (Newton et al., 1992). This RNase A conjugate
was cytotoxic to human leukemia cells at sub-uM concentrations.

After binding to the cell surface, ribonucleases must become internalized by cells and
translocate across the plasma membrane to reach the cytosol (Figure 1.5). Two mechanisms
exist whereby proteins can be internalized, based on energy-dependent or passive transport.
Endocytosis is an energy-dependent process that involves vesicle-mediated internalization of
molecules from the cell surface (for a review, see: Marsh, 2001). Endocytosis can be divided
into five classes: (1) clathrin-dependent, (2) caveolae, (3) macropinocytosis, (4)
phagocytosis, and (5) clathrin- and dynamin-independent. The role of endocytosis in
ribonuclease internalization has not been well characterized. The cytotoxicity of ONC is

inhibited by the presence of metabolic inhibitors (Wu ez al., 1993), implying that energy is
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required. Once internalized, it is not known which membrane ribonucleases cross to enter the
cytosol.

An alternative mechanism for the internalization of ribonucleases is through direct
transport across the plasma membrane. This phenomenon has been documented for some
protein domains, such as HIV Tat (Green & Loewenstein, 1988; Prochiantz, 2000). The
arginine- and lysine-rich region (residues 47-57) of HIV Tat is sufficient for translocation by
an undetermined mechanism, and can occur at 4 °C and in the presence of metabolic
inhibitors. The direct translocation across a cell membrane has not been documented for
ONC or RNase A. D'Alessio and co-workers did find that the dimeric, form of BS-RNase
disrupted negatively charged membranes, whereas the monomeric, non-toxic form did not
destabilize membranes (Mancheifio et al., 1994).

After internalization, ribonucleases must avoid inhibition by RI to retain catalytic activity
(Figure 1.5). ONC and RNase A interact with RI with different affinities. RI binds RNase A
with extremely high affinity (K, = 10"* M; Table 1.1). RI has little or no affinity for ONC
(Wuet al., 1993; Boix et al., 1996). As a result, ONC is more active in the presence of RI
than is RNase A. The substantial difference in binding affinities has proven to be an
important factor in the cytotoxicity of ribonucleases. For example, ribonuclease variants that
evade RlI are cytotoxic (Leland ez al., 1998). Gly88 of RNase A forms a tight hydrophobic
contact with residues of RI. Replacing Gly88 with an arginine residue (G88R RNase A)
disrupts this interaction, decreasing the affinity for RI. GB8R RNase A is toxic to human

leukemia cells (Leland et al., 1998).
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The ribonucleolytic activity, albeit low, of ONC is essential for its cytotoxicity (Wu et al.,
1993; Boix et al., 1996; Newton et al., 1997; Newton et al., 1998). Alkylation of the active-
site histidine residues in ONC decreases its ribonucleolytic activity by 10*-fold and abolishes
its cytotoxicity (Wu ez al., 1993). The N-terminal pyroglutamate of ONC is necessary for its
activity. Variants of ONC with an N-terminal methionine residue have low enzyme activity
and decreased cytotoxicity (Boix et al., 1996). In addition, ONC appears to degrade tRNA,
while RNase A prefers to degrade rRNA (Lin ez al., 1994). The role of RNA substrate
specificity in ribonuclease toxicity is not known.

Using the cytotoxicity of ONC as a model, mammalian pancreatic ribonuclease variants
have been endowed with toxic activity. Youle and co-workers engineered an RNase 1
chimera to enhance cellular targeting and sterically block RI binding by conjugating
transferrin to residue 89 (Suzuki et al., 1999). RNase A variants with low catalytic activity
are toxic to cells, if the interaction with RI is weakened further (Bretscher et al., 2000).
Increasing the conformational stability of GB8R RNase A, by the addition of a fifth disulfide
bond to tether its C-terminus, also increases its toxicity by 2—-3-fold (Klink & Raines, 2000).

In this thesis, I explore the molecular basis of ribonuclease-mediated cytotoxicity. In
Chapter 2, I examine the internalization pathway of ONC and RNase A. Chapter 3 is an
investigation of the importance of the lysosomal degradation sequence (shown in Figure 1.3)
in ribonuclease-mediated cytotoxicity. The contributions of RI affinity and catalytic activity
to cytotoxicity are also probed. In Chapter 4, the role of Rl is revealed as a mecdulator of
cellular susceptibility. In Chapter 5, the genomic structure and evolution of Rl, is presented.

Chapter 6 describes the efforts to probe the physiological role of pancreatic ribonuclease, as



well as that of RI.
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Table 1.1 Binding constants for ribonuclease inhbitoreribonuclease complexes*

RI Enzyme KM Ref.
human RNase A 44 x 10" Lee et al. (1989)
porcine  RNase A 6.7 x 10" Vicentini ez al. (1990)
human  Pancreatic ribonuclease, human 20x 10" Boix et al. (1996)
human EDN 9.4 x 10’6 Shapiro & Vallee (1991)
human  Liver ribonuclease, porcine 40x 10" Hofsteenge et al. (1998)
human ANG, human 7.1 x 10" Lee et al. (1989)
human  ANG, bovine 3.4x 10" Bond et al. (1993)
human  ANG, porcine 22x 10" Bond et al. (1993)
human  ONC, frog 1.0 x 10 Boix et al. (1996)

*Adapted from Shapiro (2001).



Figure 1.1

17

Ribbon diagram of ribonuclease A. Ribbon diagram was created by using the
atomic coordinates derived by x-ray diffraction analysis (Kartha ez al., 1967).

The key active-site residues and disulfide bonds are indicated.
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Figure 1.2
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Mechanism of ribonuclease A catalysis (Findlay et al., 1961). In the
transphosphorylation (step 1) and hydrolysis (step 2) reaction of RNA, "B" is

His12 and "A" is His119.
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Figure 1.3
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Amino acid sequence alignment of homologous ribonucleases. Amino acid
sequences were aligned using the PILEUP program (Genetics Computer
Group; Madison, WI). Residues are numbered according to RNase A. Amino
acid residues that interact with RI, are involved in RNA binding and catalysis,

and biologically relevant sequences are indicated.
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Figure 1.4

Structure of the ribonuclease inhibitoreribonuclease A complex. Ribbon
diagrams were created by using the atomic coordinates derived by x-ray
diffraction analysis (Kobe & Deisenhofer, 1995b) and the program

MOLSCRIPT (Kraulis, 1991).
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RNase A



Figure 1.5 Putative mechanism for ribonuclease-mediated cytotoxicity. Ribonuclease-
mediated toxicity can be described by: (1) cell-surface localization, (2)
internalization, (3) translocation to the cytosol, (4) RI evasion and RNA

cleavage, and (5) cell death.



L2

+

translocation

binding internalization
—— ——

RI evasion

DEATH

cleavage

26



Chapter 2

Intracellular Routing of Toxic Ribonucleases

In preparation as: Marcia C. Haigis, Sandra L. Schmid, and Ronald T. Raines (2002)

Intracellular routing of toxic ribonucleases
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ABSTRACT

Cytosolic internalization is a requirement for the toxicity of secretory ribonucleases. Here,
we investigate the mechanism of internalization of Onconase® (ONC), a toxic protein, and
bovine pancreatic ribonuclease A (RNase A), a homologue that is normally not toxic to cells.
Microscopy studies using K-562 cells indicate that ribonucleases readily bind to the cell
surface and are internalized via acidic vesicles. The toxicity of ONC, RNase A, and
GB88R RNase A, a toxic variant, was measured on a HeLa cell line overproducing a
dominant-negative dynamin variant. These cells remain vulnerable to the toxicity of ONC
and G88R RNase A, indicating that ribonucleases are internalized via a dynamin-independent
pathway. As a further probe of the internalization pathway, NH,Cl, monensin, and
brefeldin A were used to perturb acidic vesicles and the Golgi apparatus. We find that
cytosolic translocation of ribonucleases does not require an acidic environment or transport
to the ER. These data show that ribonucleases are internalized by a pathway distinct from

other protein toxins.
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INTRODUCTION

Members of the ribonuclease A (RNase A) superfamily possess diverse biological
properties. Bovine seminal ribonuclease demonstrates antitumor, antiviral, and
immunosuppressive activity (for reviews, see: D’ Alessio er al., 1991; D'Alessio et al., 1997;
Matousek, 2001). Angiogenin, another homologue, was isolated originally based on its
ability to promote angiogenesis (Fett et al., 198S; Shapiro et al., 1987). Angiogenin is also
toxic to mixed cultures of primary lymphocytes (Matousek et al., 1995). Onconase® (ONC) is
a homologue of RNase A found in Rana pipiens and demonstrates both antitumor and
antiviral activity (Darzynkiewicz et al., 1988; Youle er al., 1994; Saxena et al., 1996).
RNase A itself, however, does not have marked antitumor, antiviral, or angiogenic activity.

The mechanism of ribonuclease-mediated cell death consists of two major steps: (1)
internalization and (2) catalytic cleavage of cellular RNA. Several studies have focused on
understanding the contribution of intracellular ribonucleolytic activity to toxicity (for
reviews, see: D’ Alessio, 1993; Schein, 1997; Raines, 1999; Rybak & Newton, 1999; Leland
& Raines, 2001; Matousek, 2001). The internalization pathway of ribonucleases is not well
characterized. Ribonucleases must reach the cytosol to degrade cellular RNA. Ribonucleases
that are microinjected into the cytosol are several fold more toxic than when added to cells
externally (Saxena et al., 1991). Even RNase A becomes toxic when microinjected directly
into the cytosol, suggesting that its internalization limits toxicity. The potency of ONC can
also be enhanced by adding drugs that alter cellular routing (Wu et al., 1995). Likewise,

conjugating ribonucleases to delivery molecules enhances their toxicity (Rybak ez al., 1991;



Newton et al., 1992; Suzuki ez al., 1999). Hence, the efficiency of its intracellular routing
mediates the toxicity of a ribonuclease.

Proteins can be transported from the cell surface to endosomal compartments through
clathrin-dependent or various clathrin-independent mechanisms (for a review, see: Marsh,
2001). Dynamin is a GTPase that plays an essential role in clathrin-mediated endocytosis (for
reviews, see: Warnock & Schmid, 1996; Urrutia et al., 1997; McNiven, 1998; Schmid ez al.,
1998; McNiven et al., 2000). A variant of dynamin in which Lys44 is replaced with an
alanine residue (K44 A Dyn) is defective in GTP binding and hydrolysis (van der Bliek et al.,
1993). Previous studies have shown that the overproduction of K44A Dyn in HeLa cells
blocks clathrin-mediated endocytosis and inhibits the internalization of both transferrin and
epidermal growth factor (van der Bliek er al., 1993; Damke et al., 1994). These HeLa cells
demonstrate normal levels of fluid-phase endocytosis.

The toxicity of a molecule can be a powerful tool for assaying the efficiency and
delineating the pathway of its intracellular routing. As RNase A is not toxic to cultured cells,
this approach has not been used in previous studies to probe the internalization of RNase A.
Variants of RNase A can be toxic to cells. For example, substituting the glycine residue at
position 88 with arginine (G88R) decreases the affinity of RNase A for ribonuclease inhibitor
(RI) and endows RNase A with cytotoxic activity (Leland ez al., 1998). This activity is
specific for rapidly dividing tumor cell lines, but is not due to differences in intracellular RI
concentrations (Haigis et al., 2002c; Chapter 4). Little is known about the mechanism of cell
entry of RNase A or whether it differs from that of ONC. Indeed, other workers have

reported that RNase A is not bound by cells (Leamon & Low, 1993).
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Here, we investigate the internalization of RNase A and ONC with tools from cell
biology, pharmacology, and somatic cell genetics. Microscopy studies using K-562 cells
provide evidence that RNase A and G88R RNase A, like ONC, are able to bind to the cell
surface. Using fluorescently-labeled variants of RNase A and ONC, we visualize their
internalization into acidic vesicles, and demonstrate that RNase A and ONC are internalized
by the same cellular compartments, in a dose-dependent manner. We have taken advantage
of the toxicity of G88R RNase A to probe the mechanism of its cytosolic entry.
Ribonucleases can be internalized and are toxic to cells defective in dynamin-mediated
endocytosis. Through the use of drugs that target varied components of intracellular
trafficking, we demonstrate that cytosolic translocation does not depend on an acidic
environment, nor on retrograde transport to the ER. Our results provide a mechanism of the
intracellular routing of secretory ribonucleases, as well as the first evidence for differences in

trafficking between ONC and RNase A.

MATERIALS AND METHODS

Design of ribonuclease variants. Native RNase A and ONC do not contain a reduced
cysteine residue. To visualize the early internalization event(s) of RNase A and ONC in
living cells, we introduced a cysteine residue into each protein, which allows for site-specific
labeling with a fluorophore. The exact placement of the cysteine residue was determined by
several criteria with the goal of not altering the mechanism of ribonuclease internalization.

The exact residues involved in ribonuclease internalization are unknown. Therefore, we did
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not mutate regions of the protein that could be central for directing internalization. First,
active-site residues were not altered, as this cationic region could be important for
internalization. In addition, highly conserved residues were not chosen. The selected residue
should be solvent accessible, to facilitate labeling to a fluorescent probe. Finally, the
mutation should not disrupt the thermal stability of these ribonucleases. Unfolded protein
may not be intemmalized efficiently. Also, unfolded ribonucleases within the cell are
substrates for degradation (Klink & Raines, 2000).

The first surface loop of RNase A and ONC satisfied these requirements. In both
proteins, this region is located away from active site residues and is variable between
members of the RNase A superfamily. Alal9 (RNase A) and Asp16 (ONC) are located in
this surface loop, and are solvent exposed (Figure 2.1) (Wlodawer et al., 1988; Mosimann et
al., 1994). Mutating Alal9 and Asp16 to a cysteine residue enables site-specific labeling with
a thiol-reactive flourescent probe. Addition of a fluorophore should not interfere with
ribonucleolytic activity, structural stability, or internalization.

Production of ribonucleases and variants. The pBXR and pONC plasmids direct
expression of wild-type RNase A and wild-type ONC in Escherichia coli (delCardayré et al.,
1995; Leland et al., 1998). A plasmid that directs the expression of D16C ONC was created
by using oligonucleotide-mediated site-directed mutagenesis (Kunkel ez al., 1987).

Wild-type RNase A, G88R RNase A, and wild-type ONC were purified using methods
described previously (delCardayré et al., 1995; Leland ez al., 1998). A19C RNase A and
D16C ONC were purified as described for the wild-type proteins, but with the following

modifications (Kothandaraman ez al., 1998). Refolding solutions were saturated with Ar(g) to
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remove molecular oxygen. Immediately after anion-exchange chromatography, the
sulfhydryl group of Cys19 (A19C RNase A) or Cys16 (D16C ONC) was protected from
oxidation by reaction with §,5’-dithio-bis(2-nitrobenzoic acid) (DTNB) at pH 9 (Messmore et
al., 1995). DTNB-protected protein was isolated from unprotected protein with anion-
exchange chromatography. Protein concentrations were determined by UV spectroscopy
using € = 0.72 ml mg"* cm™ at 277.5 nm for RNase A (Sela et al., 1957) and its variants and €
=0.87 ml mg* cm™ at 280 nm for ONC. All ribonucleases were dialyzed exhaustively versus
phosphate-buffered saline (PBS), which contained (in 1.00 liter) KC1 (0.20 g), KH,PO,

(0.20 g), NaCl (8.0 g), and Na,HPO, (2.16 g).

Fluorescent labeling of ribonucleases. DTNB-protected A19C RNase A and D16C ONC
were deprotected immediatedly prior to fluorescent labeling. Protected protein was incubated
with a 3-fold molar excess of dithiothreitol or tris(2-carboxyethyl) phosphine (TCEP) and a
40-fold molar excess of label for 25 min at 22 °C. The fluorescent probes S-
iodoacetamidofluorescein (5-IAF), N-(4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-
indacene-2-yl)iodoacetamide (BODIPY® 507/545 1A), and 2’,7’-difluorofluorescein-
iodoacetamide (Oregon Green™ 488 [A) were from Molecular Probes (Eugene, OR).
Excess, unreacted probe was removed by gel filtration chromatography with a NICK column

(Pharmacia Biotech; Piscataway, NJ). Protein concentration was determined with eq 1:

Ay = Apeas — Aparaye(<f) (1)
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where A, is the actual A, of the protein, A,,,, is the measured absorbance at 280 nm, A4
is the absorbance of the coupled dye, and cf is the Ay, /A_,, ratio of the free dye. The ¢f for

fluorescein is 0.2. The degree of protein labeled (DOL) was determined with eq 2:

DOL = Awaxaye x MW Q)
e [prot]

where ¢ is the molar extinction coefficient of the dye at wavelength of maximum absorption.

Labeled protein was purified away from unlabeled protein by using reverse-phase HPLC
as described by Abel ez al. (Abel et al., 2001). The HPLC peak containing labeled protein
was dialyzed exhaustively versus PBS for biological assays.

Assay of thermal stability. Conformational stability assays were performed as described
(Eberhardt et al., 1996), with the following modifications. The conformational stability was
of RNase A, ONC, and each labeled-variant (in PBS) was determined by monitoring the
change in absorbance at 287 nm as the temperature was increased from 25 to 75°Cin 1 °C
increments. The absorbance at 287 nm was recorded after a 7-min equilibration at each
temperature. The value of T, represents the midpoint of the thermal denaturation. The data
was collected and analyzed with the program Thermal (Varian Analytical Instruments;
Walnut Creek, CA).

Assay of catalytic activity. Ribonucleolytic activity was measured by using a fluorogenic
substrate (Kelemen ez al., 1999). 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-
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FAM~dArU(dA),~6-TAMRA (50 nM) and enzyme (1.0-5.0 pM). Fluorescence changes
were measured using a QuantaMaster 1 photon-counting fluorescence spectrometer from
Photon Technology International (South Brunswick, NJ) using glass cuvettes (1.0-cm
pathlength) from Starna Cells (Atascadero, CA). Fluorescence was monitored using 493 and
515 nm for the excitation and emission wavelengths, respectively. Kinetic parameters were

determined by a linear least-squares regression analysis of the initial velocity using:

(AF/ Ar)
me-F(')

VIK= 3)

where V/K is the first-order rate constant, AF/At is the slope from the linear regression, F,, is
the final fluorescence intensity after the reaction has reached completion, and F,, is the
fluorescence intensity before the addition of enzyme. The value of k_ /K, was calculated by
dividing V/K by the enzyme concentration.

Cell culture. K-562, JAR, and HeL a cells were obtained from the American Type Culture
Collection (Manassas, VA). K-562 and JAR cells were grown in RPMI medium 1640. HeLa
cells were grown in DMEM medium. All culture medium contained fetal bovine serum
(FBS; 10% (v/v)), penicillin (100 units/ml), and streptomycin (100 ug/ml). Cell culture
medium and supplements were from Life Technologies (Gaithersburg, MD). Cells were
culwured at 37 °C in a humidified incubator containing 5% CO, (g). All studies were

performed using asynchronous log-phase cultures.
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Immunohistochemistry. Wild-type RNase A, G88R RNase A, or ONC was added to a
culture of K-562 cells at 4 °C. After 20 min, cells were washed twice with PBS and fixed for
30 min at 4 °C in PBS containing paraformaldehyde (2% w/v) and Triton X-100 (0.1% w/v).
After being fixed, the cells were rinsed three times in PBS and incubated for 1 h at 37 °C
with primary antibody. Rabbit IgG raised against RNase A was from Biodesign International
(Kennebunk, ME), and was used at a concentration of 1 ug/ml in PBS containing Tween-20
(0.1% v/v) (PBST). Chicken antiserum raised against ONC was the generous gift from
Alfacell Corporation (Bloomfield, NJ), and was used at a 1:100 dilution in PBST. After
incubation with primary antibodies, cells were washed three times in PBST and incubated
with the appropriate secondary antibodies (1:500 in PBST) conjugated to fluorescein or
rhodamine (Molecular Probes; Eugene, OR). After a 1-h incubation with secondary
antibodies, cells were washed three times with PBST, and stained with propidium iodide
(1 pg/mi in PBS) for 5 min. Then, cells were washed twice with PBST and mounted onto
glass microscope slides using Vectashield (Vector Laboratories; Burlingame, CA).
Fluorescence staining of cells was visualized on a Zeiss Axiovert 100 TV microscope (Zeiss;
Germany). Images were analyzed with the programs BioRad MRC 1024 Laser Scanning
Confocal Imaging System (Hercules, CA) and Adobe Photoshop (San Jose, CA).

Ribonuclease internalization. The internalization of RNase A was visualized directly in
living cells. K-562 cells in PBS (1-2 x 10° cells/ml) were incubated with either BODIPY-
labeled A19C RNase A (BODIPY~RNase A) or fluorescein-labeled A19C RNase A
(fluorescein~RNase A) (1 pM) at 4 °C for 20 min. Cells were washed three times with ice-

cold PBS to removed unbound protein. Then, cells were incubated for S min at 37 °C in a
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humidified incubator containing 5% CO,(g). After incubation, living cells were washed three
times in PBS and placed on a microscope slide; fluorescence was monitored immediately.

To probe the co-internalization of ONC and RNase A, JAR or HeLa cells were grown on
coverslips in the wells of a 6-well plate for 24 h before the assay. Oregon Green-labeled
D16C ONC (OG~ONC) and BODIPY~RNase A (both at a concentration of 1 uyM and
labeled to ~10%) were incubated with cells at 4 °C for 20 min. Cells were washed three times
with ice-cold PBS to remove unbound protein, and then incubated for S min at 37 °C or for
15 min at 22 °C. Cells were washed three times with ice-cold PBS, and fixed as described for
immunohistochemistry. After fixing, cells were washed three times with PBS, mounted on
microscope slides, and visualized immediately.

To study the dose-dependence of RNase A and ONC, both proteins were labeled with
Oregon Green, and used at a labeling efficiency of 30%. HeLa cells were incubated with
increasing concentrations of either OG~RNase A or OG~ONC (0.01, 0.1, 1, and 10 pM).
Samples were pulsed, fixed, and visualized as described previously.

To investigate the internalization of RNase A with endocytic markers, cells were pulsed
with BODIPY~RNase A (1 uM), OG~RNase A (1 uM), FM™ 1-43 (1 pg/ml; Molecular
Probes; Eugene, OR), BODIPY-FL- or tetramethylrhodamine-transferrin (50 pg/ml;
Molecular Probes; Eugene, OR). Endocytosis assays were performed as described (Lamaze
etal., 2001).

Assays of cytotoxicity. The effect of ONC, RNase A, and G88R RNase A on cell
proliferation was determined by measuring [methyl->H]thymidine uptake into DNA. Briefly,

cells (95 pl of a solution of 5 x 10* cells/ml) were incubated with PBS containing a known
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concentration of a ribonuclease (5 pl) in a 96-well plate for 20 h at 37 °C in a humidified
incubator containing 5% CO,(g). The proliferation of cells was monitored witha4 h
[methyl-*H]thymidine pulse (0.4 uCi/well). Cells were harvested onto glass fiber filters using
a PHD Cell Harvester (Cambridge Technology; Watertown, MA). Filters were washed with
water, dried with MeOH, and counted in a liquid scintillation counter.

For pharmacological studies, brefeldin A (BFA; 5.0 pyg.ml), NH,Cl (20 mM), or monensin
(10 uM) was preincubated with cells for 2 h before the addition of a ribonuclease. Data were
analyzed as the percent of [methyl-*H]thymidine incorporated compared to drug-treated cells
incubated with PBS.

To investigate the role of dynamin in ribonuclease internalization, the toxicity of ONC
and G88R RNase A was measured in a cell line overproducing K44A Dyn (Damke et al.,
1994). Briefly, transformed tTA HeLa cells were cultured in DMEM containing FBS (10%
v/v), penicillin (100 units/ml), streptomycin (100 ug/ml), G418 (400 pg/ml), and tetracycline
(2 pg/ml) as described previously (Damke et al., 1994). Cells were cultured at 37°Cina
humidified incubator containing 5% CO,(g). All studies were performed using asynchronous
log-phase cultures. To induce the overexpression of HA-tagged dynamin (or K44A Dyn),
subconfluent cultures (<50%) were washed several times in PBS, detached with trypsin, and
plated onto 10-cm culture dishes in the absence of tetracycline. After 48 h, the
overexpression of dynamin was monitored by immunoblot analysis using antibodies to the
HA epitope. Then, toxicity assays were performed as described above using both uninduced

and induced cells.
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RESULTS

Conformational stability and ribonucleolytic activity. Data from experiments with
incubations at 37 °C can be interpreted properly only with information that the protein is
folded at that temperature. Fluorescein-labeled A19C RNase A (fluorescein~RNase A) and
DTNB-labeled D16C ONC (DTNB~ONC) had T, values of 61 and 88 °C, respectively
(Table 2.1). These values are similar to the reported T, values for wild-type RNase A and
ONC of 63 and 90 °C, respectively (Leland ez al., 2000).

The cytotoxicity of ribonucleases relies on their ribonucleolytic activity. Alkylation of
ONC results in the loss of catalytic as well as cytotoxic activity (Wu ez al., 1993). RNase A
variants with altered active-site residues have lowered enzymatic activity and cytotoxic
activity (Raines, 1998; Raines, 1999; Bretscher et al., 2000). We measured the
ribonucleolytic activity of labeled-ONC and RNase A variants using a fluorogenic substrate,
6-FAM~dArU(dA),~6-TAMRA (Kelemen ez al., 1999). Values of k_/K,, for ONC, RNase A
and their variants were determined for cleavage of this substrate. The values of k_ /K, for
RNase A and ONC were found to be 4.3 x 10’ M's™ and 3.5 x 10* M’'s?, which are in good
agreement with k_/K,, values reported previously (Kelemen ez al., 1999; Leland et al., 2000).
The values of k./K,, for fluorescein~RNase A and DTNB~ONC were found to be
0.54 x 10" M's™ and 1.7 x 10> M’'s™ respectively (Table 2.1). Thus, thermal stability and
ribonucleolytic actitivity are retained in the modified variants tested herein.

Binding and internalization of ribonucleases. The first step in the mechanism of

ribonuclease-mediated cytotoxicity is an interaction with the cell surface. Previous studies
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have reported a high-affinity interaction (K; = 62 nM) between ONC and the surface of 9L
cells (Wu et al., 1993). An interaction between RNase A and the cell surface has not been
reported. We investigated the binding of ONC, RNase A, and G88R RNase A to the plasma
membrane of human leukemia cells (K-562). We incubated K-562 cells with protein at 4 °C
for 15 min, 1 h, or 2 h. As shown in Figure 2.2, ONC, RNase A, and G88R RNase A are
bound to the cell surface after a 15-min incubation at 4 °C. The intensity of signal does not
increase significantly after incubating for 2 h at 4 °C (data not shown). Our data also show
that both ONC and RNase A accumulate at the cell surface at 4 °C and do not cross the
plasma membrane, even after 2 h. These results suggests that the internalization of
ribonucleases does not occur at 4 °C, and thus likely relies on endocytic processes.

A19C RNase A was labeled with fluorescein (fluorescein~RNase A), which has pH-
sensitive fluorescence, or BODIPY (BODIPY~RNase A), which is a pH-insensitive probe.
The fluorescence intensity of fluorescein~RNase A or BODIPY~RNase A was measured
initially in a 10 mM Tris—-HCI buffer (pH 8.0). As expected, the fluorescence intensity of
fluorescein~RNase A decreased by >10-fold in a pH 4.5 environment (Figure 2.3A). The
fluorescence intensity of the BODIPY~RNase A was not diminished by changes in pH.
These data demonstrate that the pH-dependent properties of fluorescein and BODIPY are
retained when conjugated to a specific site on ribonucleases.

Next, we examined the initial events of internalization. We pulsed K-562 cells at 37 °C
with either fluorescein~RNase A or BODIPY~RNase A and then analyzed their
fluorescence. Cells incubated with fluorescein~RNase A demonstrated a lack of detectable

fluorescence inside cells (Figure 2.3B). In contrast, cells pulsed with BODIPY~RNase A
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revealed vivid fluorescence (Figure 2.3B). As the pH of endosomal compartments are acidic
(<6), these data provide evidence that ribonucleases are internalized through acidic
endosomes.

Endosomal vesicles can merge with lysosomal compartments during internalization. To
verify that RNase A was intact within acidic vesicles, K-562 cells were pulsed with
unlabeled RNase A and analyzed by immunohistochemistry. RNase A was detected in inner
vesicles similar in morphology to those seen in living cell studies (Figure 2.3C). Thus, the
fluorescence visualized in BODIPY~RNase A-pulsed cells represents the internalization of
intact protein. In addition, the immunostaining data show that the addition of the fluorescent
label does not hinder or alter the mode of ribonuclease internalization.

We then searched for co-internalization of ONC and RNase A in a variety of human
cancer cell lines. D16C ONC was labeled at residue 16 with the pH-insensitive fluorescent
probe Oregon Green™ (OG~ONC), to allow for colocalization studies with
BODIPY~RNase A. We find that K-562 cells internalize OG~ONC using the same
compartments that contain BODIPY~RNase A (Figure 2.4). BODIPY~RNase A and
OG~ONC are also internalized in the same compartments in cervical epithelioid carcinoma
(HeLa) and choriocarcinoma (JAR) cells. Identical results were seen in living cells that were
viewed without fixation after incubation with ribonucleases (data not shown).

To compare the dose dependence of ONC and RNase A internalization, we pulsed HeLa
cells with increasing concentrations of either OG~ONC or OG~RNase A. We find that the
amount of OG~ONC and OG~RNase A internalized by cells increases with increasing

protein concentration (Figure 2.5). We also find that HeLa cells are equally sensitive to
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external concentrations of OG~ONC and OG~RNase A. Both OG~ONC and OG~RNase A
show a similar increase in uptake in the 1 pM versus 10 uM samples. In addition, the 10 yM
samples consistently show an increase in the number of ribonuclease-filled punctate vesicles,
and not an increase in the size or intensity of each vesicle. For internalization experiments,
control samples containing cells incubated with fluorescein, BODIPY, or OG alone showed
no fluorescence in either living cells or fixed cells (data not shown).

Fluid-phase endocytosis was analyzed in K-562 cells using the fluorescent small molecule
FM 1-43™, K-562 cells undergo constant endocytosis (Figure 2.6). In addition,
BODIPY~RNase A colocalizes with FM 1-43 (Figure 2.6). An enhancement in endocytosis
was not detectable upon the addition of RNase A (data not shown).

Receptor-mediated endocytosis was analyzed in K-562 cells using a fluorescein-labeled
transferrin. We find that transferrin, a marker for receptor-mediated endosomes and recycling
endosomes, is readily internalized by K-562 cells (Figure 2.6). Significantly,
BODIPY~RNase A did not colocalize with transferrin-containing endosomes. In addition, we
observed that the internalization pattern of BODIPY~RNase A was distinct from the process
of receptor-mediated endocytosis.

Dynamin-independent toxicity and internalization of ribonucleases. The toxicity of ONC,
and G88R RNase A was investigated using tTA HeLa cell lines that overexpress genes
encoding for wild-type dynamin or K44A Dyn (Damke et al., 1994). Removal of tetracycline
resulted in the overproduction of K44A Dyn, as shown by an immunoblot (Figure 2.7A), as

well as morphological changes in these cells similar to those described previously (Damke ez
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al., 1994). Specifically, cells overproducing K44 A Dyn are flatter, and have rounder edges
and distinct actin formation (Figure 2.7A).

We find that HeLa cells are not equally susceptible to ONC and G88R RNase A-mediated
toxicity (Figures 2.7B and 2.7C). ONC kills HeL a cells with an IC, that is greater than 50-
fold lower than that of G88R RNase A, with IC,, values of 1 and >50 uM, for ONC and
GB88R RNase A, respectively (Table 2.2). The toxicity of ONC and G88R RNase A was
unaffected by the overproduction of wild-type dynamin (Figure 2.7B; Table 2.2).

We next measured the toxicity of ONC and G88R RNase A for cells that were
overproducing the K44A Dyn protein (Figure 2.7C). The toxicity of ONC and
G88R RNase A for cells not overproducing K44A Dyn was not significantly different from
the toxicity of ONC and G88R RNase A for cells containing wild-type dynamin (Table 2.2).
Surprisingly, we find that the overproduction of K44A Dyn makes cells more susceptible to
ribonuclease-mediated toxicity. The IC,, value for ONC decreased by 2-fold, from 1.6 to
0.7 uM in uninduced versus induced cells, respectively (Table 2.2). A more dramatic
enhancement in cytotoxicity was seen for G88R RNase A, as its IC,, value was decreased by
more than 3-fold, from >50 to 17 yuM in uninduced versus induced cells.

The increase in cytotoxicity upon K44A Dyn overproduction suggests that ONC and
G88R RNase A are internalized via a dynamin-independent mechanism. To test this
hypothesis, cells overproducing K44A Dyn were pulsed with OG~RNase A and
tetramethylrhodamine-labeled transferrin. OG~RNase A is internalized by cells
overproducing K44A Dyn (Figure 2.8). In contrast, transferrin is not internalized by these

cells (Figure 2.8a). Analysis demonstrated that 80% of the cells overproducing K44A Dyn



were defective in internalization of transferrin, while they remained competent for
OG~RNase A uptake (Figure 2.8b). Control cells not overproducing the dynamin variant
internalized both OG~RNase A and labeled transferrin (Figure 2.8). These data clearly show
that ribonucleases can be internalized in the absence of clathrin- and dynamin-mediated
endocytosis.

Routing of toxic ribonucleases to the cytosol. The pharmacological agents NH,Cl,
monensin, and brefeldin A (BFA) have distinct and established effects on cellular
compartments (Pelham, 1991; Sciaky et al., 1997; Dinter & Berger, 1998). These drugs were
used to examine the intracellular pathway(s) that ribonucleases use to reach the cytosol. In all
experiments, K-562 cells were incubated with a drug for 2 h prior to the addition of
ribonucleases (Figure 2.9).

NH,Cl is a weak base that increases the endosomal pH. We find that NH,Cl (20 mM) had
no effect on the cytotoxicity of either ONC or G88R RNase A, indicating that routing to the
cytosol is not perturbed in the presence of deacidified vesicles (Figure 2.9; Table 2.3). An
NH,CI concentration of 30 mM also had no effect on ribonuclease toxicity (data not shown).

Monensin is a carboxylic ionophore that also leads to the deacidification of endosomes
and may disrupt Golgi trafficking. Monensin (10 uM) potentiated the cytotoxicity of ONC by
10-fold, but had little effect on the cytotoxicity of G88R RNase A (Figure 2.9). Our data
reveal for the first time that G88R RNase A is internalized via a monensin-insensitive
pathway, and verify that the internalization of ONC or G88R RNase A is not dependent on a

low pH environment.
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To investigate whether downstream events in the retrograde pathway are important for
cytotoxicity, we analyzed the toxicity of ONC and G88R RNase A in the presence and
absence of BFA. BFA disassembles the Golgi stack and disrupts retrograde transport from
the Golgi to the ER (Pelham, 1991), and has been a powerful tool for studying the
internalization pathway of other protein toxins (Hudson & Grillo, 1991). We found that BFA
potentiates the toxicity of both ONC and G88R RNase A by 10-fold (Figure 2.9; Table 2.3).
Hence, our data show that retrograde transport from the Golgi to the ER is not an essential

component of ribonuclease translocation to the cytosol.

DISCUSSION

Ribonucleases must reach the cytosol to act on their target substrate. Cytosolic
internalization of ribonucleases can be broken down into the following components: (1)
attraction to the cell surface, (2) internalization, and (3) crossing a cell membrane to reach
the cytosol. Here, we have used ONC, RNase A, and their variants to analyze the pathways
of ribonuclease internalization with a multifaceted approach. The data are summarized in
Figure 2.10, which depicts a detailed model of ribonuclease internalization. First, we have
demonstrated that both amphibian and mammalian ribonucleases can bind to the surface of a
human cell. After binding, ribonucleases undergo clathrin- and dynamin-independent
endocytosis. The acidic environment of these vesicles is not necessary for translocation to the
cytosol, and internalized ribonucleases translocate to the cytosol from a pre-ER

compartment.



Is there a cell-surface receptor for secretory ribonucleases? ONC and RNase A are
homologous to lectins that bind to glycosylated proteins on the cell surface (Sakakibara ez al.,
1979; Nitta ez al., 1987). A protein receptor for these lectins has not been identified. In
addition, homologue scanning mutagenesis results suggest that there is not a single protein
receptor for bovine seminal ribonuclease (Kim ez al., 1995b). One hypothesis is that
favorable Coulombic interactions between cationic ribonucleases and the anionic plasma
membrane could enhance cell-surface binding. Indeed, Yamada and co-workers found that
the random cationization of RNase A increased its cellular uptake and cytotoxicity (Futami et
al., 2001).

After binding, internalization occurs through acidic vesicles, although an acidic
environment is not necessary for translocation to the cytosol (Figures 2.3 and 2.9). We
monitored the internalization of fluorescein~RNase A and BODIPY~RNase A, as well as
OG~ONGC, in living cells to provide the first direct evidence for the internalization of
RNase A in acidic endosomes (Figure 2.3B). We probed the specific nature of these acidic
vesicles, and found that found that unlike transferrin, ribonucleases do not require dynamin
for internalization (Figure 2.8).

Surprisingly, ribonucleases are more toxic to cells in the absence of clathrin-mediated
endocytosis (Figure 2.7; Table 2.2). What is the explanation for this finding? First, the
clathrin-mediated endocytic pathway could be an inefficient route for the cytosolic entry of
ribonucleases. Dynamin function has also been proposed to be important in caveolae fission
from the plasma membrane (Henley ez al., 1998). By bypassing a dead-end pathway,

ribonucleases could enter the cytosol more efficiently, leading to enhanced toxicity. Second,
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a block in dynamin function could alter the translocation of ribonucleases, as well as their
initial uptake. In addition to its role in endocytosis, dynamin is required for the formation of
vesicles important for trafficking between numerous organelles. For example, dynamin is
involved in endosome-to-Golgi transport, and in the formation of clathrin-coated and non-
clathrin—coated vesicles from the trans-Golgi network (Jones ez al., 1998; Llorente et al.,
1998; Cao et al., 2000). Thus, cells overproducing K44A Dyn are deficient in normal Golgi
trafficking. Finally, some clathrin-independent pathways, such as pinocytosis, are up-
regulated in cells that lack functional dynamin (Damke et al., 1995). Hence, inactivating
dynamin-dependent pathways can increase the influx of ribonucleases by cells.

Monensin potentiates the cytotoxicity of ONC by 10-fold, but does not alter significantly
the cytotoxicity of G88R RNase A (Figure 2.9). Monensin is a carboxylic ionophore that
deacidifies vesicles by exchanging protons for other cations. In addition, monensin can
disrupt cellular functions, such as trafficking through the Golgi. Thus, our results provide
evidence for a difference between the trafficking of ONC and G88R RNase A through the
Golgi.

Perturbing intracellular trafficking by using drugs or by the overproduction of
K44A Dyn can have indirect consequences on cellular pathways and must be interpreted with
caution. For example, cells overproducing a temperature-sensitive variant of dynamin
(G273D) have a block in transferrin receptor recycling to the cell surface at the
nonpermissive temperature (van Dam & Stoorvogel, 2002). Such a block could lead to the
decrease of a protein or lipid receptor at the cell surface, which would result in a decrease of

toxicity. The toxicity of G88R RNase A and ONC is enhanced when treated with BFA



(Figure 2.9) or when dynamin activity is blocked (Figure 2.7). Thus, their toxicity is not
diminished by this indirect affect.

Ribonucleases are internalized in a dose-dependent manner (Figure 2.5), which is
consistant with their dose-dependent cytotoxicity (Figures 2.7 and 2.9). We propose that as
the extracellular concentration of a ribonuclease increases, so does its cytosolic
concentration. The arrows in Figure 2.6 indicate the protein concentrations that correspond to
IC,, values of 1 and >S50 uM for ONC and G88R RNase A, respectively (Table 2.2). We
were surprised to find that ONC and RNase A have a similar dose-dependent influx for HeLa
cells, despite having IC,, values that differ by more than 50-fold (Figure 2.6; Table 2.2).
What accounts for this discrepancy?

The results of the dose—response experiment imply that ONC and RNase A are equally
capable of overcoming the energetic barriers associated with cell-surface binding and
internalization. As mentioned, the mechanism for ribonuclease-mediated toxicity also
includes translocation across the cell membrane to the cytosol. Once in the cytosol,
uninhibited ribonucleolytic activity is required for toxicity. Our data suggests that either (or
both) of these hurdles is responsible for the difference in the toxicity of ONC and
GS88R RNase A for HeLa cells. ONC (104 residues) is smaller than RNase A (124 residues),
and could be more efficient at crossing a lipid bilayer. Much work has already demonstrated
the importance of RI evasion for cytotoxicity of mammalian ribonucleases (Kim et al.,
1995c; Leland ez al., 1998; Suzuki et al., 1999; Bretscher et al., 2000; Antignani ez al.,
2001).
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Ribonucleases are internalized by a unique internalization pathway. Ribonucleases are
internalized in a manner that is distinct from that of toxins characterized previously
(Figure 2.10). Protein toxins characterized to date, that act within the cytosol, cross a
phospholipid membrane from either endosomal or post-endosomal compartments
(Figure 2.10) (Lord & Roberts, 1998). A toxin that translocates from an endosomal
compartment is diphtheria toxin (Collier, 2001); and ricin is among the most characterized
toxins that translocates from a post-endosomal compartment (Olsnes & Kozlov, 2001).
Diphtheria and ricin-like toxins have evolved special mechanisms for entering and killing
mammalian cells. Such toxins are almost universally comprised of distinct domains to
provide catalytic activity and facilitate cytosolic entry. During toxin action, these domains
physically dissociate. In a striking, structural difference, ribonucleases have a single, globular
domain that is responsible for cell-surface binding, internalization, and catalytic activity.

The internalization pathways of ribonucleases and diphtheria toxin differ by their modes
of uptake and translocation. The internalization of diphtheria toxin is contingent on clathrin-
dependent endocytosis (Simpson et al., 1998). Blocking this pathway by overproduction of a
dominant negative variant of dynamin protects cells from diphtheria toxin action (Simpson ez
al., 1998). In contrast, ribonucleases are more toxic in the absence of clathrin-dependent
endocytosis (Figure 2.7). The translocation of diphtheria toxin is highly dependent on the low
pH of the endosome; this acidic environment induces a conformational change in the
B domain that forms a pore through the membrane and allows the A domain to cross (Draper
& Simon, 1980; Sandvig & Olsnes, 1980; Sandvig & Olsnes, 1981; Sandvig & Oilsnes,

1982). Agents such as NH,Cl and monensin, which neutralize acidic environments within the
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cell, block cytosolic entry and thereby protect cells from diphtheria toxin. These drugs do not
protect cells from the toxicity of ribonucleases (Figure 2.9).

The internalization pathway of ribonucleases has similarities and differences with that of
ricin (for reviews, see: Sandvig & van Deurs, 2000; Olsnes & Kozlov, 2001). Like many
RNase A homologues, ricin is a lectin that binds to carbohydrates on the cell surface. ONC,
RNase A, and ricin can be internalized and cytotoxic in the absence of clathrin-mediated
endocytosis (Llorente et al., 1998) (Figures 2.7 and 2.8). In addition, a low pH is not required
for the cytotoxicity of ONC (Figure 2.9), G88R RNase A, or ricin. Unlike ribonucleases,
ricin translocates to the cytosol from the ER after retrograde transport from the Golgi
network. Cells with a BFA-disrupted Golgi stack are protected from ricin (Yoshida et al.,
1991), but not from ribonucleases (Figure 2.9). These data are consistent with the finding that
BFA does not block the toxicity of ONC for 9L cells (Wu et al., 1995). Transport of the ricin
A chain from the Golgi to the ER was a prerequisite for translocation (Rapak ez al., 1997).
Morover, introduction of a KDEL tail to the ricin A chain dramatically enhances its
cytotoxicity (Wales ez al., 1993; Tagge et al., 1996), but the presence of a KDEL tail on
G88R RNase A does not increase its cytotoxicity (P.A. Leland and R.T. Raines, unpublished
results). Hence, an increased ribonuclease concentration in the ER does not enhance its
cytotoxicity. Combined, these results indicate that ONC and G88R RNase A do not enter the
cytosol through the endoplasmic reticulum.

The study of toxin internalization has facilitated important discoveries in the field of
intracellular transport (Lord & Roberts, 1998). Studies of Shiga toxin showed for the first

time that the secretory pathway is completely reversible (Sandvig et al., 1992). In addition,
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Shiga toxin and ricin are models for dissecting retrograde transport and as well as the
molecular details of endocytosis (Mallard er al., 1998; Sandvig & van Deurs, 2000). Studies
using cholera toxin binding and entry have clarified pathways of lipid trafficking (Orlandi &
Fishman, 1998; Radhakrishnan et al., 2000).

Our work has revealed aspects of the route by which a common protein—secretory
ribonucleases—enters the cytosol (Figure 2.10). Ribonucleases can be a tool for studying
how cationic secretory proteins re-enter cells, as well as for understanding clathrin- and
dynamin-independent endocytosis. Although ribonucleases are secreted, every cell contains
RI, suggesting a need to protect cells from ribonucleases that re-enter the cytosol. The
prevalence of RI in many cell types suggests that ribonuclease internalization is a widespread

occurrence.
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Table 2.1 Biophysical and biochemical properties of ribonucleases

Ta® Keu/Kni”
Ribonuclease °C) M'shH
RNase A 63 43+0.3x 10’
fluorescein~RNase A 61 0.54 £0.02 x 10’
ONC 90 3.5+0.1 x 10?
DTNB~ONC 88 1.7+£0.2 x 10?

* Values of T, (+ 1 °C) were determined in PBS by UV spectroscopy.
® Values of k./K,, (= S.E.) are for the catalysis of 6-FAM~dArU(dA),~6-
TAMRA cleavage at (23 + 2) °C in 0.10 M MES-NaOH buffer (pH 6.0)

containing NaCl (0.10 M).
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Table 2.2 IC,, values of toxic ribonucleases in HeLa cell lines

ICso (uM)
Cells Tested ONC G88R RNase A
wild-type 1.5+0.1 >50*
wild-type dynamin (uninduced) 1.4+0.1 >S50
wild-type dynamin (induced) 1.8 £0.2 >50
K44A Dyn (uninduced) 16+0.1 >50
K44A Dyn (induced) 0.72 £0.05 17+3

*A protein concentration of SO uM resulted in <50% cell death.
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Table 2.3 Effect of drugs on IC,, values of toxic
ribonucleases in K-562 cells*

ICs (M)
Drug ONC G88R RNase A
None 0.89 +£0.07 7.7+£09
NH.Cl 1.2+0.1 8.0+0.8
Monensin 0.15 £0.02 80t14
Brefeldin A 0.23 £0.03 0.66 +0.07

* Cells were preincubated with drug (NH,Cl, 20 mM;
monensin, 10 uM; brefeldin A, S ug/ml) for 2 h prior to
the addition of ribonucleases.



Figure 2.1
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Structural similarity between ribonuclease A and Onconase®. Ribbon
diagrams of (A) RNase A and (B) ONC were created using the atomic
coordinates derived by x-ray diffraction analysis (Wlodawer, 1985; Mosimann
et al., 1994) and the program MOLSCRIPT (Kraulis, 1991). Residues 19
(RNase A) and 16 (ONC), which were changed to a cysteine residue for

labeling experiments, are indicated.






Figure 2.2

Binding to the surface of K-562 cells by Onconase®, ribonuclease A, and
GB88R ribonuclease A. Cells were incubated with a ribonuclease (1 uyM) for
20 min at 4 °C. Cells were then washed, fixed, and processed for indirect
immunofluorescence with antibodies generated against either RNase A or
ONC. The appropriate FITC or TRITC-conjugated secondary antibody was
used to visualize RNase A (green), G88R RNase A (green), and ONC (red)
binding. Negative control samples were incubated in PBS in the absence of

protein and processed as described above.
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wild-type RNase A G88R RNase A ONC
+ + +
anti-RNase A anti-RNase A anti-ONC

no ribonuclease no ribonuclease
+ +
anti-RNase A anti-ONC



Figure 2.3
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Ribonuclease internalization in acidic vesicles. (A) The pH sensitivity of
fluorescein~RNase A and BODIPY~RNase A was investigated by measuring
the fluorescence intensity (counts/sec) of labeled protein at pH 8 versus

pH 4.5 using a time-based assay. The fluorescence of labeled protein was
measured first in 1 mM Tris-acetic acid buffer (pH 8.0). The pH of the
solution was then lowered by the addition of 2 M sodium acetate buffer

(pH 4.5). (B) K-562 cells were incubated with either fluorescein~RNase A
(1 uM, green) or BODIPY~RNase A (1 pM, red) for 30 min at 4 °C. Cells
were then washed, and the temperature was shifted to 37 °C for 5§ min.
Fluorescence was visualized immediately in living cells.

(C) Immunohistochemistry was performed to demonstrate the internalization
of unlabeled RNase A. Cells were pulsed with RNase A as described above.
After a temperature shift to 37 °C for 5 min, cells were fixed and internalized
RNase A was detected by the appropriate primary and secondary antibody

(green).
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Figure 2.4
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Co-internalization of OG~ONC and BODIPY~RNase A in K-562, JAR, and
HeLa cells. Cells were pulsed with OG~ONC (green) and BODIPY~RNase A
(red; 1 uM, 10% labeled). JAR and HeLa cells were grown on coverslips in
the wells of a 6-well plate for 24 h before the assay. Cells were incubated with
labeled protein for 20 min at 4 °C and the temperature was shifted to 37 °C.
After a 10 min incubation at 37 °C, cells were washed three times with ice-

cold PBS, fixed, and the fluorescence was visualized directly.
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Figure 2.5
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Dose-dependent internalization of OG~ONC and OG~RNase A. HeLa cells
were grown on coverslips in the wells of a 6-well plate. Cells were incubated
with 30% labeled OG~ONC and OG~RNase A (0.01, 0.1, 1, or 10 uyM

protein), washed, and fixed as described for Figure 2.4.
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Figure 2.6
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Endocytosis in K-562 cells. K-562 cells were co-incubated with
BODIPY~RNase A (1 uM) and either FM 1-43 (1 pg/ml) or BODIPY-FL-
labeled transferrin (50 pg/ml) for 20 min at 4 °C. Cells were pulsed at 22 °C
for 15 min, washed, fixed, and the fluorescence of BODIPY~RNase A (red),
FM 1-43 (green), and BODIPY-FL-labeled transferrin (green) was visualized

directly.
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Figure 2.7
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Role of dynamin in ribonuclease-mediated toxicity. (A) K44A Dyn cells were
grown in the presence or absence of tetracycline for 2 days, and analyzed for
morphological changes, as well as for protein production. K44A Dyn cells
grown in the presence (induced) or absence (uninduced) of tetracycline were
fixed and stained with TRITC-conjugated phalloidin to detect actin filaments
(red). The production of wild-type dynamin and its K44A variant was
monitored by immunoblotting using anti-HA antibodies. A representative
immunoblot of uninduced and induced K44 A Dyn cell extracts is shown. (C)
The toxicity of G88R RNase A and ONC was measured in cells
overproducing wild-type dynamin or K44A Dyn. To induce overproduction,
cells were grown in the absence of tetracycline for 2 days. Then, increasing
concentrations of G88R RNase A and ONC were added. After a 48-h
incubation at 37 °C, DNA synthesis was measured as described in Materials
and Methods. As a control, the effects of G88R RNase A and ONC were
measured on cells not overproducing either form of dynamin. Each point
represents the percent of [methyl-*H]thymidine incorporated compared to a
PBS control. Each point on the plot is the mean (+ S.E.) of at least 3 separate

experiments with triplicate samples.
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Figure 2.8.
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Dynamin-independent internalization of ribonuclease A. (a) Induced and
uninduced K44 A Dyn cells were incubated with OG~RNase A (1 uM) and
tetramethylrhodamine-labeled transferrin (50 pug/ml) for 20 min at 4 °C. Cells
were pulsed at 22 °C for 15 min, washed, fixed, and the fluorescence of
OG~RNase A (green) and tetramethylrhodamine-labeled transferrin (red) was
visualized directly. (b) The data are expressed as the percentage of total
uninduced (no fill) or induced (grey fill) cells that contained internalized
OG~RNase A or tetramethylrhodamine-labeled transferrin. The data are the
mean (x S.E.) of 2 separate experiments with n = 65 and 105 cells for

uninduced and induced samples, respectively.
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Figure 2.9
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Effect of drugs on the cytotoxicity of G88R ribonuclease A and Onconase®.
The effect of G88R RNase A and ONC inhibition of cellular DNA synthesis
was measured in the presence of NH,C1 (20 mM), monensin (10 uM), and
BFA (10 pg/ml). K-562 cells were pre-incubated with each drug for 2 h at
37 °C. Increasing concentrations of G88R RNase A (circles) and ONC
(squares) were incubated with cells. Open symbols represent control samples
without drug treatment, and filled symbols represent samples pre-incubated
with drug. Each point represents the percent of [methyl-’H]thymidine
incorporated compared to a PBS control (with or without drug), and is the

mean (£ S.E.) of at least 3 separate experiments with triplicate samples.
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Figure 2.10
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Model for the internalization of cytotoxic ribonucleases. RNase A and ONC
bind to the cell surface and are internalized by dynamin-independent
endocytosis. Unlike diphtheria toxin, the low pH of acidic endosomes is not a
prerequisite for the translocation of RNase A and ONC to the cytosol. The
internalization pathways of RNase A and ONC are not identical. Unlike ricin,
both ribonucleases reach the cytoplasm by translocation from a pre-

endoplasmic reticulum (ER) environment.
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Chapter 3

KFERQ Sequence in Ribonuclease A-Mediated Cytotoxicity

In press as: Marcia C. Haigis, Erin L. Kurten, and Ronald T. Raines (2002) KFERQ sequence

in ribonuclease-mediated cytotoxicity. Journal of Biological Chemistry.
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ABSTRACT

Onconase® (ONC) is an amphibian ribonuclease that is in clinical trials as a cancer
chemotherapeutic. ONC is a homologue of ribonuclease A (RNase A). RNase A can be made
toxic to cancer cells by replacing Gly88 with an arginine residue, and thereby enabling the
enzyme to evade the endogenous cytosolic ribonuclease inhibitor protein (RI). Unlike ONC,
RNases A contains a KFERQ sequence (residues 7-11), which signals for lysosomal
degradation. Here, replacing Argl0 of the KFERQ sequence is shown to have 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. Upregulation of the KFERQ-mediated lysosomal
degradation pathway has no effect on the cytotoxicity of these ribonucleases. Thus, KFERQ-
mediated degradation does not limit the cytotoxicity of RNase A variants. Moreover,
substitution of only two amino acids (K7A and G88R) is sufficient to endow RNase A with

cytotoxic activity that is nearly equal to that of ONC.
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INTRODUCTION

Onconase® (ONC) is a homologue of ribonuclease A (RNase A) from the Northern
leopard frog, Rana pipiens (Darzynkiewicz et al., 1988; Ardelt ez al., 1991). ONC
demonstrates both antitumor and antiviral activity, and is in Phase III clinical trials for the
treatment of malignant mesothelioma (for reviews, see: Schein, 1997; Youle & D'Alessio,
1997; Irie et al., 1998; Rybak & Newton, 1999; Leland & Raines, 2001; Matousek, 2001).
The most damaging side effect from ONC treatment is renal toxicity, which is dosage
dependent and reversible (Mikulski ez al., 1993; Mikulski et al., 1995). Studies in mice have
demonstrated that ONC is retained in the kidneys, in contrast to mammalian ribonucleases
(Vasandani et al., 1996). Hence, mammalian ribonucleases could provide a ribonuclease-
based anticancer therapy without renal toxicity.

ONC and RNase A share 30% amino acid sequence identity and have similar tertiary
structure (Ardelt et al., 1991; Mosimann et al., 1994), yet differ in catalytic activity and
affinity for the cytosolic ribonuclease inhibitor protein (RI). RNase A demonstrates 10*-fold
more ribonucleolytic activity than does ONC (Ardelt et al., 1991; Boix et al., 1996). In cells,
the high ribonucleolytic activity of RNase A is blocked by its high affinity for RI (Lee et al.,
1989; Vicentini ez al., 1990; Leland et al., 1998) (Figure 3.1). ONC has low affinity for RI
(Wu et al., 1993; Boix et al., 1996).

Several studies have focused on understanding the contribution 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 cells. For example, substituting the glycine residue at
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position 88 with arginine decreases the affinity for RI and endows RNase A with cytotoxic
activity (Leland et al., 1998). Replacing Lys41 with an arginine residue results in a decrease
in catalytic activity that is compensated by a decrease in affinity for RI (Bretscher et al.,
2000a). K41R/G88R RNase A has enhanced toxicity to K-562 cells as compared to

GB88R RNase A.

Some endosomal pathways end in the lysosomal degradation of proteins. The KFERQ
pentapeptide sequence targets cytosolic proteins for lysosomal degradation via an alternative
pathway (for reviews, see: Dice, 1987; Dice, 1990; Cuervo & Dice, 1998). Dice and
co-workers found that microinjected RNase A associates with lysosomes upon cellular
fractionation (McElligott et al., 1985b). Subsequent studies found that the KFERQ
pentapeptide, which comprises residues 7—-11 of RNase A, regulates lysosomal targeting
upon serum removal (Dice et al., 1986; Dice, 1988). The KFERQ sequence of RNase A is
recognized by a cytosolic heat shock cognate (hsc) protein of 73 kDa (hsc73) (Agarraberes et
al., 1997). ONC does not contain a KFERQ sequence (Figure 3.2). The significance of
KFERQ-targeted lysosomal decay in ribonuclease-mediated cytotoxicity 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 Lys7 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 to 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 sequence that do not disrupt RI binding, we find that targeted
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lysosomal degradation via the KFERQ sequence does not modulate ribonuclease toxicity.
Moreover, the toxicity of ribonucleases is not diminished in serum-deprived cells, which

have enhanced KFERQ-mediated lysosomal degradation (McElligott et al., 1985b).

MATERIALS AND METHODS

Materials. K-562 and HeLa cells were from the American Type Culture Collection
(Manassas, VA). Cell culture medium and supplements were from Life Technologies
(Gaithersburg, MD). ONC (Leland ez al., 1998) and porcine RI (Klink et al., 2001) 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-
carboxytetramethyirhodamine (6-FAM~dArU(dA),~6-TAMRA) was from Integrated DNA
Technologies (Coralville, IA). Yeast rRNA (16 S and 23 S) was from Roche Molecular
Biochemicals (Mannheim, Germany). All other chemicals were of commercial reagent 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 (South Brunswick, NJ), using fluorescence-grade quartz or glass cuvettes (1.0-

cm pathlength, 3.0-ml volume) from Starna Cells (Atascadero, CA). Radioactivity was
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measured with a Beckman model LS 3801 liquid scintillation counter from Beckman
Instruments (Fullerton, CA).

Production of ribonuclease A variants. Plasmids pBXR (delCardayré er al., 1995) and
PONC (Leland et al., 1998) direct expression of wild-type RNase A and ONC in Escherichia
coli. The K7A and R10A RNase A variants were created by using oligonucleotide-mediated
site-directed mutagenesis (Kunkel ez al., 1987). The K7A/G88R and R10A/G88R
substitutions 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 purified by using
methods described previously (delCardayre et al., 1995; Messmore et al., 1995;
Kothandaraman er al., 1998a; Leland et al., 1998), 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" cm™ at 277.5 nm for RNase A (Sela er al., 1957) and its
variants and € = 0.87 ml mg" cm™ at 280 nm for ONC. All ribonucleases used in biological
assays were dialyzed exhaustively versus phosphate-buffered saline (PBS), which contained
(in 1.00 liter) KC1 (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 RNase A variants was
determined by monitoring the absorbance at 287 nm (A,) with increasing temperature
(Eberhardt et al., 1996). The temperature of solution of protein (0.3 mg/ml) in PBS was

increased from 2S5 to 75 °C in 1-°C increments. The A,, was recorded after a 7-min
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equilibration at each temperature. The value of T, is the temperature at the midpoint of
reversible thermal denaturation. Data were collected and analyzed with the program Thermal
(Varian Analytical Instruments; Walnut Creek, CA).

Assay of catalytic activity. Ribonucleolytic activity was measured by using a fluorogenic
substrate (Kelemen et al., 1999). 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 enzyme (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

analysis of the initial velocity using eq 1 (Kelemen ez al., 1999):

(AF/ Ar)

m-Fb

VIK= 1

where V/K is the first-order rate constant, AF/At 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 a competitive assay. It has
been shown that the fluorescence of fluorescein-labeled A19C/G88R RNase A

(fluorescein~G88R RNase A) decreases by approximately 15% upon binding to RI (Abel ez
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al., 2001). 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 (DTT; 1 mM) were incubated at room
temperature (23 + 2 °C). After 15 min, the initial fluorescence intensity was measured using
490 and S11 nm for the excitation and emission wavelengths, respectively. Next, RI was
added with stirring (to SO 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 ribonuclease. The concentration of the
Rlefluorescein~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 (Abel et al., 2001).

Gel assay of ribonuclease inhibitor binding. The effect of RI binding on catalytic activity
was monitored directly, but qualitatively, by a gel-based assay as described previously
(Leland ez al., 1998). Briefly, 0.6-ml siliconized microtubes of MES-NaOH buffer (pH 6.0)
containing NaCl (0.10 M), DTT (1 mM), yeast rRNA (4 pug), 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 S ng of RNase A by 50%). After a 15-min incubation at 37 °C, 10 mM Tris~-HCl
buffer (pH 7.5) containing EDTA (50 mM), glycerol (30% w/v), xylene cyanol FF (0.25%
w/v), and bromophenol 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 incubated in the absence of a ribonuclease or RI (or both).
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Assay of cytotoxicity. The effect of RNase A, its variants, and ONC on cell proliferation
was determined by measuring the incorporation of [merhyl-*H]thymidine into cellular DNA.
K-562 cells were grown in RPMI 1640 medium. Unless indicated otherwise, all culture
medium contained fetal bovine serum (FBS; 10% v/v), penicillin (100 units/ml), and
streptomycin (100 pg/ml). Cells were cultured at 37 °C in a humidified incubator containing
CO,(g; 5% v/v). All toxicity studies were performed using asynchronous log-phase cultures.
For toxicity assays, cells (95 pl of a solution of § x 10* cells/ul) were incubated with a 5 il
solution of 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 [methyi-*H]thymidine (0.4 uCi/well). Cells were harvested
onto glass fiber filters using a PHD Cell Harvester (Cambridge Technology; Watertown,
MA). Filters were washed with water, dried with MeOH, and their *H content was measured
with liquid scintillation counting.

Serum-deprived cells have enhanced KFERQ-mediated lysosomal degradation of
RNase A (McElligott et al., 1985b). 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 without FBS 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
(z S.E.) of at least three experiments, each performed in triplicate. The IC,, value for each

ribonuclease was calculated by using eq 2:



IC
S= 30 x 100 2
(ICso + [ribonuclease]) @

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.

Lys7 and ArglO. Lys7 and Argl0 comprise the enzymic P2 subsite, which interacts with a
phosphoryl group of an RNA (Boix ez al., 1994; Nogués et al., 1995; Fisher et al., 1998).
Cuchillo and co-workers found that replacing either Lys7 or Argl0 alone with a glutamine
residue has only a minor effect on catalysis of RNA cleavage, but replacing both Lys7 and
Arg10 decreases catalytic activity by 60-fold (Boix et al., 1994). Likewise, replacing both
Lys7 and Arg10 with alanine residues results in k_/K,, value that is 60-fold lower than that

of wild-type RNase A (Fisher et al., 1998).
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The interaction between Lys7 of RNase A and porcine RI was investigated previously by
using semisynthetic variants (Neumann & Hofsteenge, 1994). Hofsteenge and co-workers
found that replacing Lys7 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 Lys7 donates a hydrogen bond to the C-terminal carboxyl
group of RI (Figure 3.1) (Kobe & Deisenhofer, 1995b). Arg10 makes no contact with RI in
this complex.

Accordingly, we replaced Lys7 and Argl0 of RNase A independently 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 Lys7 and
Argl0 to cytotoxicity.

Phe8, Glu9, and Ginl 1. Phe8, Glu9, and Glnl 1, are important to the structure and
function of RNase A. Replacing Ginll with an alanine, glutamine, or histidine residue
enables the enzyme to bind a substrate in a nonproductive manner (delCardayré & Raines,
1995). The contributions of Phe8 and Glu9 have been explored 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 Phe8 (Scoffone et al., 1967) or Glu9 (Dunn & Chaiken, 1975) with other residues
decreases its conformational stability or catalytic activity (or both). Because these three
residues of the KFERQ sequence play roles other than in lysosomal degradation, we left

them intact.
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Lys41. The side chain of Lys41 of RNase A donates a hydrogen bond to the transition
state during RNA cleavage (Messmore et al., 1995). Changing Lys41 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 (Bretscher et al., 2000b).
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 T,, for
RNase A, its variants, and ONC are listed in Table 3.1. The T, values of both wild-type
RNase A and G88R RNase A in PBS were determined to be 63.0 °C; this value is similar to
those reported previously (Leland et al., 1998; Quirk er al., 1998). 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. Both K41R RNase A and
K7A/K41R/G88R RNase A were found to have a T,, value of 63.0 °C. Hence, all RNase A
variants were essentially completely folded during assays at room temperature and at 37 °C.
The T, value of ONC in PBS was reported previously to be 90 °C (Leland er al., 2000b).

Caualytic activity. The cytotoxicity of ribonucleases relies on their ribonucleolytic activity
(Wu ez al., 1993; Kim ez al., 1995c; Bretscher ez al., 2000). Ribonucleolytic activity was
measured 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
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single ribonucleotide-embedded residue (Kelemen et al., 1999). Values of k_,/K,, for

RNase A, its variants, and ONC are listed in Table 3.1. The values of k_ /K, for RNase A
and ONC were 4.3 x 10’ and 3.5 x 10* M''s™, respectively, which is in good agreement with
those reported previously (Kelemen ez al., 1999; Leland et al., 2000b). The values of k_ /K
for K7A RNase A and R10A RNase A were 9.2 x 105 and 8.2 x 10° M''s™, respectively,
which are lower by 4-5-fold than that of the wild-type enzyme. These values are not reduced
by the G88R substitution; the k_/K,, values for K7A/G88R RNase A and

R10A/G88R RNase A were 8.8 x 10° and 1.2 x 10’ M''s™', respectively. As expected, the
K4IR variants have greatly diminished catalytic activity. The k_/K,, value of 4.1 x 10° M"'s"!
for K41R/G88R RNase A is in good agreement with the activity reported previously
(Bretscher ez al., 2000b). The value of k_/K,, for K7A/K41R/G88R RNase A is

0.70 x 10° M’'s™".

Ribonuclease inhibitor binding. Rl is a modulator of ribonucleolytic activity. The values
of K, for the RI°'RNase A, RI*G88R RNase A, and Rl*fluorescein~G88R RNase A
complexes were found previously to be 67 fM (Vicentini et al., 1990), 0.57 nM (Abel et al.,
2001), and 0.55 nM (Abel ez al., 2001), respectively. Here, the K, values for the complex
between RI and other RNase A variants were measured by using a competition assay (Table
3.1). The K7A substitution disturbs the interaction of RI and RNase A, giving K, values of
0.07 pM and 7.2 nM for K7A RNase A and K7A/G88R RNase A, respectively. In contrast,
the R10A substitution has no significant effect on 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
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comparable to the value of K, = 3.0 nM reported previously (Bretscher ez al., 2000b).
Addition of the K41R substitution to K7A/G88R RNase A decreases 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 3.1.

An agarose gel-based assay was used to verify that affinity for RI correlates with
inhibition of catalytic activity. In this assay, ribonucleases were incubated with increasing
amounts of Rl 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 to control samples without ribonuclease.
K7A/G88R RNase A degrades yeast rRNA more thoroughly in the presence of RI than does
either G88R RNase A or K7A RNase A (Figure 3.3).

Cytotoxicity assays. The toxicity of each ribonuclease was measured with the K-562
human leukemia cell line. The resulting IC,, values are listed in Table 3.1. ONC,

G88R RNase A, and K41R/G88R RNase A had IC, values similar to those reported
previously (Leland er al., 1998; Bretscher et al., 2000b). Like wild-type RNase A,

K7A RNase A and R10A RNase A were not cytotoxic, even at protein concentrations of

25 pM. The cytotoxicity of R10A/G88R RNase A did not differ from that of G88R RNase A.
In contrast, the IC,, value of K7A/G88R RNase A was 7-fold lower than that of

G88R RNase A (Figure 3.4A). The IC,, value of K7A/G88R RNase A was within 2-fold of

that of ONC. Unexpectedly, the triple variant, K7A/K41R/G88R RNase A had an IC,, value
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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 contributes 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 to control cells cultured with FBS
(Figure 3.4B, Table 3.2).

DISCUSSION

Secretory ribonucleases can be potent cytotoxins by virtue of their ability to enter the
cytosol and catalyze the cleavage of cellular RNA (Schein, 1997; Youle & D'Alessio, 1997,
Irie et al., 1998; Rybak & Newton, 1999; Leland & Raines, 2001; Matousek, 2001). The
ribonucleolytic activity within the cytosol is regulated by two factors: (1) the concentration
of enzyme within the cytosol, and (2) how much of that enzyme is bound by RI. The
cytosolic concentration of a ribonuclease is dependent on the balance between 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
(Saxena et al., 1991). ONC and variants of RNase A are more toxic to cells in the presence of
drugs that alter intracellular trafficking (Wu er al., 1995) (M.C. Haigis and R.T. Raines,
unpublished results). The contribution of protein degradation in ribonuclease toxicity has

been less studied, but its importance can be inferred. For example, ONC is more cytotoxic in



the presence of protease inhibitors (Mikulski ez al., 1998). In addition, the degradation of
fluorescein-labeled RNase A in murine L cells can be blocked by preincubation with
lysosomal protease inhibitors (Kothandaraman ez al., 1998b).

The sequence-specific, lysosome-targeted degradation of cytosolic proteins can also lower
the cellular concentration of a protein. RNase A, unlike ONC contains a KFERQ sequence
(Figure 3.2). This sequence is required for the targeted lysosomal degradation of cytosolic
RNase A (McElligott er al., 1985a; Dice et al., 1986). The targeted degradation of RNase A
or toxic RNase A variants would lead to a decrease in cytosolic ribonucleolytic activity, and
a hence, a decrease in cytotoxicity. Dice and co-workers found that certain fragments of the
RNase A KFERQ sequence (residues 1-10 and 2-8) are not degraded in a serum-dependent
manner (Dice ez al., 1986). In addition, although the order of the KFER residues is
unimportant (Dice, 1990), the biochemical nature of the side chains needs to be conserved.
Thus, disrupting residues of the KFERQ sequence could enhance the cytotoxicity of an
RNase A variant.

Argl0 of RNase A is located in the KFERQ sequence, but does not form any contact 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, R1I0A/G88R RNase A has
an IC,, value similar to that of G88R RNase A. We also investigated the toxicity of a
G88R RNase A variant with Ginl1 replaced by a histidine or alanine residue. The
cytotoxicity of Q11H/G88R RNase A and Q11A/G88R RNase A does not differ from that of
G88R RNase A (data not shown). Hence, disrupting the KFERQ sequence has no effect on

ribonuclease-mediated cytotoxicity.
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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 enhancing this pathway
would result in decreased toxicity. Cells cultured in the absence of serum show enhanced
degradation of cytosolic RNase A (McElligott et al., 1985b). The data demonstrate that toxic
variants of RNase A do not have lowered potency in serum-deprived cells (Figure 3.4B,
Table 3.2). 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 (Blackburn et al.,
1977). The interaction between RNase A and porcine RI buries 2550 A? of protein surface
and forms one of the tightest noncovalent complexes known, with K, values near the fM
range (Lee er al., 1989; Lee & Vallee, 1989; Kobe & Deisenhofer, 1995b). Upon binding to
R, the activity of RNase A is abolished completely.

We have shown that Lys7 of RNase A is an important residue in the RI-RNase A
interaction. In the crystalline structure of the RI*RNase A complex, Lys7 is proximal to
Ser456 of porcine RI (Figure 3.1B) (Kobe & Deisenhofer, 1995b), which corresponds to
Ser460 of human RI. The distance between the side chain nitrogen of Lys7 and the side-chain
oxygen of Serd56 is 3.1 A. The side-chain nitrogen is 3.5 A and 4.1 A away from the two
oxygens of the C-terminal carboxyl group of RI. Replacing Lys7 with an alanine residue
removes the hydrogen bonds and favorable Coulombic interactions with Ser456 of RI. The

value of K| for the RI*)K7A RNase A complex is 69 pM (Table 3.1). The cooresponding



92

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 Lys7, Lys41, and Gly88 with RI are not
additive. Single substitutions at Lys7 or Gly88 result in decreases of binding free energy of
4.1 and 5.3 kcal/mol, respectively (Table 3.1). The double variants, K7A/G88R RNase A and
K41R/G88R RNase A have lost 6.9 and 6.3 kcal/mol of binding free energy, respectively.
Yet, the triple variant, K7A/K41R/G88R RNase A, has only lost 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 Lys1 and Lys7 of RNase A on RI binding is indeed additive,
suggesting that changing Lys1 does not effect RI binding interactions at Lys7 (Neumann &
Hofsteenge, 1994). In contrast, our data show that the interface between RI and RNase A is
not rigid. Rather, compensatory changes upon perturbation of key contacts. A similar
conclusion was reached by Shapiro and co-workers, who measured the affinity of RI variants
for wild-type RNase A (Shapiro et al., 2000). Thus, the dynamic nature of this 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 cytotoxicity. We find that Lys7 of RNase A contributes to a key
interaction 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 ribonucleolytic activity of K7A/G88R RNase A is, however, within 10-fold of
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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 two-fold of that of ONC. Finally, we find that the RI-RNase A interface is

dynamic—disrupting one contact can alter others.
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Table 3.1 Attributes of ribonuclease A, its variants, and Onconase®

Ribonuclease T,® ICs" koK' I & AAG*
°C puM (10° M''s™) nM kcal/mol
RNase A 63 >25 43+0.3 67 x 10°® 0.0
G88R RNase A 63 7.3+04 15+3 0.54 £0.07 53
K7A RNase A 63 >25 9.2%1.6 0.07 £0.01 4.1
K7A/G88R RNase A 62 1.0+0.1 8.8+2.6 7.2+04 6.8
R10A RNase A 60 >25 8.2+0.8 NDf NDf
R10A/G88R RNase A 62 69+0.8 121 0.56 £0.07 53
K41R/G88R RNase A 63 39+04 0.41 £0.05 2904 6.3
K7A/K41R/G88R RNase A 63 123+19 007001 474 7.9
ONC 90 0.54+0.04 000035+ 210° 29.7
0.00001

* Values of T, (£ 1 °C) were determined in PBS by UV spectroscopy. The T, value of
ONC is from Ref. (Leland ez al., 2000a) 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).

4 Values of K, were determined at (23 + 2) °C in PBS. The KX, value for RNase A is from
Ref. (Vicentini et al., 1990). The K, value for ONC is an estimate from Ref. (Boix ez al.,
1996).

¢ Values of AAG were calculated with the equation: AAG = -RTIn(K,***/K ).

“ND, not determined.



Table 3.2 Toxicity of ribonuclease A, its variants,
and Onconase® for serum-deprived cells

Ribonuclease IC,"
UM
RNase A >25
G88R RNase A 50+04
K7A/G88R RNase A 0.62 £0.04
ONC 0.48 £0.03

* Values of IC,, are for incorporation of
[methyl-*H]thymidine 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.



Figure 3.1

Molecular interactions between porcine ribonuclease inhibitor and
ribonuclease A. This figure was created by using atomic coordinates derived
by x-ray diffraction analysis (Kobe & Deisenhofer, 1995b) and the program
MOLSCRIPT (Kraulis, 1991). (A) Crystalline structure of the RI'RNase A
complex. (B) Close-up of the interaction between Lys7 (RNase A) and Ser456

(RD.






Figure 3.2

Amino acid sequence of residues 1-20 of ribonuclease A and the

corresponding residues of Onconase®.
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Figure 3.3
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Agarose gel-based assay for inhibition of ribonucleolytic 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).
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Figure 3.4 Effect of ribonucleases on the proliferation of K-562 cells. Cell proliferation
was measured by the incorporation of [merhyl-*H]thymidine into cellular
DNA after a 48-h incubation at 37 °C with a ribonuclease. Each value is the
mean (x S.E.) of at least 3 independent 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.
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Chapter 4

Ribonuclease Inhibitor is an Intracellular Sentry

Submitted as: Marcia C. Haigis, Erin L. Kurten, and Ronald T. Raines (2002) Ribonuclease

inhibitor is an intracellular sentry.
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ABSTRACT

Onconase® (ONC) is a homologue of ribonuclease A (RNase A) that is in clinical trials as
a cancer chemotherapeutic. The toxicity of such secretory ribonucleases relies on their ability
to degrade cellular RNA. Here, we reveal a biological role for the cytosolic ribonuclease
inhibitor protein (RI), which binds tightly to wild-type RNase A, but not to ONC. Although
wild-type RNase A was not toxic to nine human cell lines of a cancerous or normal origin,
the toxicity of both ONC and G88R RNase A (which evades RI) correlates with the growth
rate of cells. The endogenous level of Rl varies by less than two-fold between these cell
lines. Overproduction of RI diminishes the potency of toxic RNase A variants, but has no
effect on the cytotoxicity of ONC. Thus, RI can act as an intracellular sentry that constrains
the toxicity of RNase A. These insights on the molecular basis of ribonuclease-mediated cell

death could aid in achieving an optimal ribonuclease-based cancer therapy.
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INTRODUCTION

For most of the last century, bovine pancreatic ribonuclease (RNase A) was an important
model for the study of protein chemistry, protein folding and stability, and enzymatic
catalysis (Raines, 1998). Recent work on the RNase A superfamily has focused instead on
exploring the biological functions and medical applications of ribonucleases (for reviews,
see: D’ Alessio, 1993; Schein, 1997; Raines, 1999; Rybak & Newton, 1999; Leland & Raines,
2001; Matousek, 2001). In 1973, bovine seminal ribonuclease (BS-RNase), a homologue of
RNase A, was shown to reduce transplanted Crocker tumors in mice (Matousek, 1973). The
toxicity of BS-RNase is not limited to tumor cells in vivo; it is also toxic to embryonic cells
(Matousek, 1975), testicular tissue (Dostil & Matousek, 1972; Matousek, 1994), and oocytes
(Slavik et al., 2000). Onconase® (ONC) (Darzynkiewicz et al., 1988), an RNase A
homologue found in Rana pipiens, has anticancer and antiviral activity (Youle & D'Alessio,
1997). ONC is also toxic to noncancerous cells, and high concentrations lead to renal toxicity
in mice. ONC is now in Phase III clinical trials for the treatment of malignant mesothelioma
(Juan et al., 1998).

Nearly 50 years ago, RNase A itself was shown to be cytotoxic, but only at extremely
high levels (Ledoux, 1955a; Ledoux, 1955b). Recently, variants of RNase A have been
shown to be cytotoxic at low concentrations. For example, GB8R RNase A, which is a
monomeric variant with Gly88 replaced with an arginine residue, is toxic to human leukemia

cells (Leland et al., 1998). Replacing Lys7 with an alanine residue in G88R RNase A
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(K7A/G88R RNase A) creates an even more potent toxin (Haigis et al., 2002b). The tumor
cell specificity for toxic variants of RNase A has not been demonstrated previously.

The molecular basis for cell susceptibility to toxic ribonucleases is poorly understood.
The proposed mechanism of ribonuclease-mediated cytotoxicity involves cell-surface
binding and internalization, translocation to the cytosol, evasion of the cytosolic ribonuclease
inhibitor protein (RI), and degradation of cellular RNA. Differences in the efficiency of any
of these steps could enhance or decrease the amount of active ribonuclease within the cytosol
and, hence, alter cell susceptibility.

One modulator of intracellular ribonucleolytic activity is RI (for a review, see:
Hofsteenge, 1997). Every mammalian cell studied produces RI. Rl is a cytosolic, horseshoe-
shaped protein (Kobe & Deisenhofer, 1993) that binds to RNase A and other members of the
RNase A superfamily. The binding of ribonucleases to RI results in the complete loss of
ribonucleolytic activity. The crystalline structure of porcine RI complexed with RNase A
reveals that extensive contacts are made with the active site of RNase A (Kobe &
Deisenhofer, 1995b). RI interacts with RNase A with extremely high affinity [K, of 10° M
(Lee et al., 1989; Vicentini et al., 1990)]. The affinity of RI for ONC has been estimated at
>10° M (Boix ez al., 1996). The G88R RNase A and K7A/G88R RNase A variants have an
intermediate affinity for RI, with K, values of 0.4 and 7 x 10® M, respectively (Leland et al.,
1998; Haigis er al., 2002b). Ribonucleolytic activity in the cytosol is required for cytotoxicity
(Bretscher ez al., 2000), and the affinity for RI appears to correlate with the toxicity of
RNase A and variants (Leland et al., 1998; Bretscher er al., 2000; Haigis et al., 2002b).

Nonetheless, the importance of intracellular RI concentration to cell vulnerability is not
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known, as both low and high levels of RI in tumor cells have been previously reported (Lee
& Vallee, 1993).

Here, we investigate the role of RI in cell susceptibility. We have measured the toxicity
of ONC, G88R RNase A, and RNase A for a broad spectrum of human cell lines. Human cell
lines derived from normal tissue along with those derived from a cancerous origin are used to
compare the potential therapeutic efficacy of both ONC and G88R RNase A. In addition, we
probe characteristics of these cells that could contribute to their susceptibility toward toxic
ribonucleases. We find that although RI is present in all tested cell lines, RI levels do not
vary significantly. The overproduction of RI makes cells resistant to toxic RNase A variants,
but not ONC, revealing an important constraint on the toxicity of RNase A and direct

evidence that RI acts as an intracellular sentry.

MATERIALS AND METHODS

Construction of pECFP-RI. A plasmid containing human RI cDNA was the generous gift
of Promega (Madison, WI). The RI cDNA was amplified by PCR with the oligonucleotides
RI-2b (5 CGACTGCAGAATTCTCAGGAGATGACCCTCAGG 3’) and RI-1f
(5 ACGAGCTGTACAAGGGCGGAGGCATGAGCCTGGACATCCAGAGCC 3°). The
PCR fragment was ligated into pCR®-TOPO® (Invitrogen; Carlsbad, CA). The RI cDNA
fragment was digested at the underlined sites with EcoRI and BsrGl, and the resulting

fragment was inserted into the pECFP-C1 expression vector (Clontech; Palo Alto, CA) that
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had been digested with the same enzymes. The resulting plasmid, pECFP—RI, directs the
overexpression of Rl in human cells.

Production of ribonucleases. Wild-type RNase A, GB8R RNase A, K7A/G88R RNase A,
and ONC were produced by using methods described previously (delCardayré ez al., 1995;
Leland et al., 1998; Haigis er al., 2002b). Protein concentrations were determined by UV
spectroscopy using € = 0.72 ml mg” cm™ at 277.5 nm for RNase A (Sela er al., 1957) and its
variants and € = 0.87 ml mg* cm™ at 280 nm for ONC (Pace et al., 1995). For cytotoxicity
assays, ribonucleases were dialyzed versus 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).

Cell lines. K-562, JAR, HeLa, WI-38, IMR-90, SK-HEP-1, and 293 cells were obtained
from the American Type Culture Collection (Manassas, VA). HL-60 and Jurkat cells were
kindly provided by L.L. Kiessling (Madison, WI). K-562, JAR, and Jurkat cells were grown
in RPMI medium 1640. HeLLa, HL-60, and 293 cells were grown in DMEM. WI-38, IMR-90,
and SK-HEP-1 cells were grown in MEM with Earle’s salts, L-glutamine (2 mM), non-
essential amino acids (0.1 mM), and sodium pyruvate (1 mM). All culture medium contained
fetal bovine serum (FBS; 10% v/v), penicillin (100 units/ml), and streptomycin (100 pg/ml).
Cell culture medium and supplements were from Life Technologies (Gaithersburg, MD).
Cells were cultured at 37 °C in a humidified incubator containing 5% CO, (g). All studies
were performed using asynchronous log-phase cultures.

Transfection of human cells. 24-h before transfections, HeLa cells (3 x 10°) were plated in
10-cm dishes, and K-562 cells were split (0.5 x 10* cells/ml) with fresh medium. 5-6-h

before transfections, the culture medium was refreshed. HeLa cells (10 x 10°) were treated
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with trypsin, and collected by centrifugation at 150 x g. Cell pellets were resuspended in PBS
(0.8 ml) and incubated with pECFP or pECFP-RI (20 pug) in a 4.0-mm electroporation
cuvette for 10 min at 25 °C. K-562 cells were collected and incubated with DNA as
described for HeLa cells. Cells were transfected by electroporation with a Gene Pulser
(Bio-Rad; Hercules, CA) at 320 and 230 V for HeLa and K-562 cells, respectively.

ECFP and ECFP-RI production was visualized directly in living cells 24 h after
transfection. HeLa cells were grown on coverslips in the wells of a 6-well plate. ECFP
fluorescence was visualized by using a Zeiss Axiovert microscope with 433 and 475 nm for
the excitation and emission wavelengths, respectively.

Flow cytometry and sorting. Flow cytometry and fluorescence-activated cell sorting
(FACS) were performed with a FACSVantage SE (Becton Dickinson; San Jose, CA). Cells
were sorted 24 h after transfection, on the basis of their ECFP fluorescence, with 413 and
470 nm as the excitation and emission wavelengths, respectively. Wild-type HeLa and K-562
cells were used to establish the background fluorescence. Only single cells were collected.

Cytotoxicity assays for transformed cell lines. The effect of ONC, RNase A, and
G88R RNase A on cell proliferation was determined by measuring the incorporation of
[methyl-*H]thymidine into newly synthesized DNA. Briefly, cells (95 ul of a solution of
5 x 10* cells/ml) were added to the wells of 96-well plates. Next, a solution (5 ul) of ONC,
RNase A, G88R RNase A, or PBS was added in triplicate. Cells were incubated for 44 h at
37 °C, pulsed by the addition of [merhyl-*H]thymidine (0.20 uCi per well), and then
incubated for an additional 4 h at 37 °C. Cells were harvested onto glass fiber filters using a

PHD Cell Harvester (Cambridge Technology; Watertown, MA). Filters were washed with
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several volumes of water to promote cell lysis and remove unincorporated
[methyl-*H]thymidine. Filters were dried by washing with methanol, and the radioactivity
was measured with a liquid scintillation counter. Data were expressed as the percent of
[methyl-*H]thymidine incorporated as compared to the PBS control samples.

The effect of ONC, wild-type RNase A, G88R RNase A, and K7A/G88R RNase A was
determined on flow-sorted HeLa or K-562 cells that produce ECFP or ECFP-RI. Assays
were performed as described previously for wild-type cells.

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 for each variant was

calculated by using eq 1:

IC
S= 30 x100 1
(IC50 + [ribonuclease]) M

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

Microscopy. The cytotoxicity of ONC, RNase A, and G88R RNase A was visualized
directly by fluorescence microscopy. JAR or HeLa cells (S x 10* cells/ml) were grown on
coverslips in the wells of a 6-well plate. Cells were incubated with ONC, RNase A, or
G88R RNase A (10 uM) at 37 °C in a humidified incubator containing 5% CO, (g) for 48 h.
After incubation, the cells were washed with PBS, fixed with paraformaldehyde (4% w/v) for
15 min, and then permeabilized for 5 min with Triton X-100 (0.1% v/v). Samples were then
washed with PBS, and stained for 5§ min with TOTO-3 iodide (0.1 uM) (Molecular Probes;

Eugene, OR). Stained cells were viewed with a Zeiss Axiovert 100 TV microscope.
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Growth curves. Cells (2.5 x 10°) were added in duplicate or triplicate to the wells of a
24-well plate. The plates of cells were incubated at 37 °C in a humidified incubator
containing 5% CO,(g). Cells were counted every 24 h, until cultures reached confluency, in
the presence of trypan blue (0.2% w/v) using a hemacytometer. The exponential portion of

the growth curves was fitted with eq 2 (Segel, 1980):

N, =N,e" )

where N, is the number of cells at time ¢, N, is the initial number of cells, and k is the growth

rate constant. Population doubling time () was calculated with eq 3:

T =—— (3)

Cytoplasmic protein purification. Protein was extracted from each cell line as described
by Hofsteenge and co-workers (Bldzquez et al., 1996). All steps were completed at 4 °C
using ice-cold solutions. Briefly, cells were grown on 10-cm plates to 70% confluency and
washed three times with PBS. Cells were lysed in lysis buffer [400 ul of 10 mM Tris-HCl
buffer, pH 7.5, containing EDTA (1 mM), dithiothreitol (0.5 mM), saccharose (0.25 M),
Triton X-100 (0.1% w/v), leupeptin (0.1 pg/ml), pepstatin A (0.1 pg/ml), benzamidine HCI
(1 pg/ml), and phenylmethyisulfonyl fluoride (0.1 mM)] and harvested with a rubber cell

scraper. Cells were vortexed and incubated on ice for 10 min. Samples were centrifuged at
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3,000 x g for 10 min, and supernatants were centrifuged at 270,000 x g for 30 min. The
resulting supernatants were analyzed immediately or stored in aliquots at —80 °C until further
use. The total protein concentration in cytoplasmic extracts was determined by using the
Bradford method (Bradford, 1976) as adapted by Pierce (Rockford, IL).

Immunoblotting. Cytoplasmic protein extracts (5-15 pug) or whole cell lysates
(50,000-100,000 cells/lane) were analyzed by gel electrophoresis in 10% (w/v)
polyacrylamide gels according to the method of Laemmli (Laemmli, 1970). Human RI
(50-200 ng) from Promega (Madison, WI) was used as a standard. Proteins were transferred
to nitrocellulose and then blocked overnight in TBS-T [20 mM Tris—-HCI buffer, pH 7.6,
containing NaCl (0.137 M) and Tween 20 (0.1% w/v)] containing nonfat dry milk (2% w/v).
An antibody raised in rabbit against recombinant porcine RI was the generous gift of
I. Hofsteenge (Basil, Germany). Blots were incubated in blocking buffer containing a 1:10°
dilution of anti-RI antibody for 1 h at room temperature or overnight at 4 °C. Next, blots were
washed three times for 10 min in TBS-T. Blots were then incubated with a goat anti-rabbit
secondary antibody conjugated to alkaline phosphatase (Sigma; St. Louis, MO) at a 1:10*
dilution. After the blots were washed, RI was detected using the Atto Phos Plus substrate
from JBL Scientific (San Luis Obispo, CA). Bands were visualized using a Vistra
Flourimager SI and analyzed with ImageQuant software (both from Molecular Dynamics;
Sunnyvale, CA).

Ribonuclease inhibition assays. Lysates from wild-type, ECFP, and ECFP-RI HeLa cells
were prepared as described previously. The RI activity from each lysate was determined by

measuring the inhibition of the ribonucleolytic activity of RNase A. Assays were performed
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at 23 °C in 2.00 ml of 0.10 M MES-NaOH buffer (pH 6.0) containing NaCl (0.10 M), in the
presence of RNase A (10 pM) and the 6-FAM~dArU(dA),~6-TAMRA fluorescent
ribonuclease substrate (50 nM) (Kelemen ez al., 1999). Inhibitory activity was recorded as

percent inhibition per ug of cytosplasmic protein.

RESULTS

Ribonuclease-mediated toxicity to immortalized cell lines. The ability of ONC and
G88R RNase A to inhibit cellular DNA synthesis was assessed with a series of human cell
lines, derived from both cancerous and noncancerous origins. A description of each cell line
is listed in Table 4.1. Data for representative cell lines are shown in Figure 4.1. The toxicity
of ONC and G88R RNase A towards each cell line tested, described as IC,, values, is listed
in Table 4.1.

ONC was highly toxic to all transformed cells tested, with IC,, values in the sub-uM
range (Figure 4.1A; Table 4.1). ONC was most toxic to the JAR choriocarcinoma cell line,
with an IC,, value of 0.07 uM. The leukemia-derived K-562, HL-60, and Jurkat cell lines
were susceptible, with IC,, values of 0.5, 0.4, and 0.2 uM, respectively. The
adenocarcinoma-derived HeLa and SK-HEP-1 cell lines were also susceptible to ONC-
mediated toxicity, with IC,, values of 0.8 and 0.4 uM, respectively. The transformed cell line
of a noncancerous origin, 293, was more resistant to ONC, with an IC,, value of 3 uM. Thus,
ONC was more toxic to tumor cell lines than to this nontumor cell line. Nonetheless, 10 upM

ONC resulted in >90% cell death for every cell line tested.
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G88R RNase A was toxic only to a few of the tumor cell lines (Figure 4.1B; Table 4.1).
As for ONC, the JAR cell line was the most susceptible to G88R RNase A-mediated toxicity,
with an IC,, value of 4 uyM. K-562 and Jurkat cells, both leukemia-derived, were also
susceptible, with IC,, values of 6 and 10 uM, respectively. The HL-60 leukemia-derived cell
line was, however, not susceptible to G88R RNase A. HeLa and SK-Hep-1 cells were also
resistant to G88R RNase A. Cells from these three lines began to die only when exposed to
225 uM protein, and IC,, values could not be determined from the experimental data. When
exposed to 25 pyM G88R RNase A, <10% of 293 cells died. Wild-type RNase A was not
toxic to any cell line at the levels tested.

Toxicity to normal cell lines. To investigate further the toxicity to primary, normal cells,
we measured the IC,, values of ONC and G88R RNase A for the IMR-90 and W1-38 cells.
ONC was toxic to both cell lines, with IC,, values of 1 and § uM, respectively.

G88R RNase A concentrations of 25 uM did not result in significant cell death. These results
indicate that normal cells are resistant to GE8R RNase A-mediated toxicity.

Cell microscopy. To verify that inhibition of cell proliferation was due to cell death, the
effect of ONC compared to G88R RNase A was observed directly in HeLa or JAR cells
using fluorescence microscopy (Figure 4.2). RNase A had no detectable effect on cell
viability, morphology, or staining of the nucleus. HeLa cells treated with 10 uM
GB88R RNase A showed nuclear staining similar to that of cells treated with RNase A. HeLa
cells treated with ONC demonstrated two characteristics of apoptosis: nuclear condensation
and fragmentation. JAR cells treated with either GB8R RNase A or ONC showed the

presence of apoptotic bodies. These results are consistent with measured IC,, values, as JAR
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cells are more susceptible than are HeLa cells to G88R RNase A, with IC,, values of 4 pyM
and >25 pM, respectively (Table 4.1).

Cell growth curves. To determine whether the growth rate of a cell correlates with its
vulnerability to ribonucleases, population doubling times were measured and compared to
IC,, values. As listed in Table 4.1, cells derived from a cancerous origin had a more rapid
growth rate than did those derived from normal tissue. In addition, cells derived from a
similar origin did not necessarily have similar growth rates. The trend observed was an
increase in cell susceptibility with faster doubling times.

Intracellular RI levels. The cytotoxicity of a ribonuclease depends upon its ability to
evade cytosolic RI, and degrade cellular RNA. We investigated whether cellular Rl levels
correlated with the apparent resistance of cell lines. Control experiments using RI standards
showed that the amount of RI (ng) could be detected accurately by integrating each band
(data not shown). Figure 4.3 demonstrates that RI was readily detectable in all cells tested.
The intensity of each band was compared to the RI standard to determine RI levels in each
cell line (Figure 4.3C). No cell lines differed by more than twofold in RI level. In addition,
RI levels did not vary between cell extracts from different protein purifications (data not
shown). Thus, differences in RI concentrations did not correlate with susceptibility to toxic
ribonucleases. RI represents approximately 0.08% (= 120 ng/15 ug) of total cytoplasmic
protein (Figure 4.3). A similar value had been reported previously for HeLa cells (Bldzquez
et al., 1996) and brain tissue (Nadano ez al., 1994), but higher than had been observed for RI

purified from tissues extracts (Blackburn & Moore, 1982; Lee & Vallee, 1993).
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Design of RI expression construct. To explore further the role of RI, we designed a system
to overproduce RI in mammalian cells. Our system had to meet several criteria. Most
importantly, the RI had to retain the characteristics of endogenous RI, that is, it had to be
located in the cytosol and be able to bind and inhibit the ribonucleolytic activity of RNase A.
Also, the overproduced RI had to be easy to detect.

The ECFP-RI fusion protein satisfies these requirements. ECFP is an enhanced
fluorescent analog of GFP (Heim ez al., 1994; Cubitt ez al., 1995; Heim & Tsien, 1996;
Tsien, 1998); thus, monitoring its production is facile. The C-terminus of RI provides many
contact points with RNase A in the RI*'RNase A complex (Figure 4.4A) (Kobe &
Deisenhofer, 1995b; Kobe & Deisenhofer, 1996). In contrast, the N-terminus of RI is not
involved in binding RNase A. In addition, the N-terminus of human RI contains four residues
that extend away from the plane of the RI-fold (Papageorgiou et al., 1997), acting as a
natural linker (Figure 4.4B). As GFP is a compact, cylindrical protein (Figure 4.4C) (Yang et
al., 1996), we hypothesized that a fusion of ECFP with the N-terminus of human RI could
still bind and inhibit the activity of RNase A. To increase the distance between ECFP and RI,
three glycine residues were added as a spacer.

Production of ECFP-RI fusion protein. Under control of the CMV IE promoter, the
ECFP-RI fusion protein was produced in the cytosol of HeLa and K-562 cells. ECFP alone
was produced in these cells as a control. Transfection efficiencies were determined by FACS
and ranged from 15-50 and 5-10% for HeLa and K-562 cells. respectively. Fluorescence
microscopy was used to monitor the ECFP fluorescence of K-562 and HeLa transfected cells.

A representative transfection in HeLa cells is shown in Figure 4.5A. Untransfected HeLa
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cells did not have detectable ECFP fluorescence. Cells transfected with pECFP had a strong
fluorescence that is diffuse throughout the nucleus and cytoplasm. Cells producing ECFP-RI
had a stronger fluorescence in the cytoplasm than in the nucleus.

FACS was used to obtain a homogenous population of cells that overproduce ECFP-RI.
The sorting window was adjusted to collect only the 50% most fluorescent cells. A
representative histogram for ECFP-RI production in HeLa cells is shown in Figure 4.5B.
Prior to fluorescence-based sorting, only 15% of the total cell population produced ECFP-RI,
but after sorting, 95% of the cells were fluorescent. All experiments were performed on
sorted cells.

Production of the ECFP-RI fusion protein was monitored by immunoblot analysis using
a rabbit polyclonal antibody, which is specific for RI (Figure 4.5C). As described previously,
endogenous RI can be detected in all cell lines tested. Likewise, a 50-kDa band
corresponding to the human RI control was detected in cells that were transfected with
pECFP and pECFP-RI. HeLa and K-562 cells that were transfected with pECFP-RI
produced an additional, high molecular weight band that was consistent with the addition of
the 238 residues of ECFP to RI. The production of ECFP-RI in K-562 and HeLa cells results
in a 2- and 10-fold increase, respectively, in total RI concentration as compared to
endogenous Rl levels in the same cells.

To verify that the ECFP-RI fusion protein contained a functional RI domain, the ability
of ECFP-RI Hel a cell lysates to inhibit ribonucleolytic activity was measured. ECFP-RI
lysates inhibited RNase A activity 5-fold more than did lysates containing the same

concentration of protein from wild-type or ECFP-producing HeL a cells (Figure 4.6).
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Cytotoxicity to transiently-transfected cells. The toxicity of ribonucleases was measured
for K-562 and HeL a cells that produced ECFP or the ECFP-RI fusion protein. As wild-type
HeLa cells are normally resistant to the toxicity of G88R RNase A, we also tested a more
toxic variant of GB8R RNase A, K7A/G88R RNase A (Haigis et al., 2002b). In K-562 cells,
production of ECFP had no effect on the toxicity of either ONC, G88R RNase A, or
K7A/G88R RNase A as compared to wild-type cells (Figure 4.7A; Table 4.2). K-562 cells
that produced the ECFP-RI fusion protein were 3—4-fold more resistant to the toxicity of
G88R RNase A and K7A/G88R RNase A. In contrast, the toxicity of ONC was unaffected by
the higher levels of Rl in these cells.

In HeLa cells, the toxicity of ribonucleases was not affected by ECFP production
(Figure 4.7B; Table 4.2). Although G88R RNase A was not toxic to wild-type or ECFP
producing HeLa cells, K7A/G88R RNase A was toxic to these cells, with IC,, values of 11
and 14 uM, respectively. HeLa cells that produced the ECFP-RI fusion protein were highly
resistant to the toxicity of K7A/G88R RNase A. These cells were not susceptible, even at a
K7A/G88R RNase A concentration of 25 uM. The toxicity of ONC was not affected by the

production of ECFP-RI in HeLa cells.

DISCUSSION

The mechanism of ribonuclease-mediated cell death consists of two main steps: uptake
into cells and catalytic cleavage of cellular RNA. Internalization of a ribonuclease is critical

to its cytotoxic activity. After internalization, ribonucleases must be able to cleave cellular
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RNA. The cytoplasm of every cell contains RI. The physiological role of RI is not known,
but in vivo and in vitro experiments have provided insight into its biological function.
Increasing levels of RI seem to result in decreased angiogenesis and tumor growth (Botella-
Estrada et al., 2001). When bound in a complex with RI, ribonucleases are no longer able to
degrade RNA (Lee & Vallee, 1993). Thus, evasion of RI binding is necessary to maintain
ribonucleolytic activity and correlates with the toiicity of RNase A variants (Leland ez al.,
1998; Bretscher et al., 2000). Here, we investigated the role of RI as a modulator of
intracellular ribonuclease activity.

The toxicity of ribonucleases towards a variety of transformed cell lines reveals several
distinctions between G88R RNase A and ONC. First, G88R RNase A is a less potent toxin
than is ONC (Figure 4.1; Table 4.1). At a concentration of 10 uM, ONC killed 90% of every
cell population tested herein. The same concentration of G88R RNase A resulted in
significant toxicity to only three cell lines: K-562, JAR, and Jurkat. Second, the relative
vulnerability of cell lines differs for the two ribonucleases. Cells that are highly susceptible
to ONC are not necessarily vulnerable to G88R RNase A-mediated cell death. For example,
HL-60 cells are sensitive to ONC, with an IC,, value of 0.3 uM. Yet, G88R RNase A does
not kill HL-60 cells effectively at protein concentrations up to 25 uM.

The different rank order of cell vulnerability for GB8R RNase A and ONC suggests that
the mechanism of action for these two ribonucleases is not identical. Plasma clearance assays
in mice showed that the organ distribution pattern of ONC differs from that of mammalian
ribonucleases (Vasandani et al., 1996). Hence, ONC and G88R RNase A could preferentially

target different cells. They could also be internalized into different cells with differing
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efficiency. In addition, they could degrade a different cellular substrate. In vitro, the
preferred homopolymeric substrate of ONC [poly(U)] does indeed differ from that of

RNase A [poly(C)] (Youle & D'Alessio, 1997). The in vivo substrate specificity also differs
between RNase A and ONC (Lin ez al., 1994). RNase A inhibits protein synthesis in Xenopus
oocytes by degrading rRNA, but ONC degrades tRNA. Moreover, ONC and G88R RNase A
have different affinities for RI (Boix et al., 1996; Leland et al., 1998). These and other
differences are manifested as differences in cytotoxic activity and specificity.

In general, the cytotoxicity of ONC and G88R RNase A correlates with cellular growth
rate (Table 4.1). The cancer-derived cell lines in this study have a faster population doubling
time than do cells isolated from normal tissue. These lines are vulnerable to both ONC and
G88R RNase A. In contrast, cell lines derived from noncancerous tissues are the most
resistant to ONC, and completely resistant to G88R RNase A. One explanation for tumor cell
susceptibility is that the molar ratio of ethanolamine phospholipids to choline phospholipids
in the plasma membrane increases upon neoplastic transformation (Kojima, 1993). This
increase results in a more anionic membrane that is more attractive to ribonucleases, which
are cationic proteins (p/ > 8.9 for ONC (Ardelt et al., 1991)).

Are some cells more susceptible to ribonuclease-mediated toxicity because of a low RI
level? We hypothesized that intracellular RI levels modulate ribonuclease-mediated toxicity.
To test this hypothesis, the RI levels between the different cell lines were compared.
Intracellular RI levels are difficult to measure accurately. To prevent RI oxidation and its
subsequent degradation, we prepared cytoplasmic extracts in a reducing environment and in

the presence of multiple protease inhibitors. Moreover, we compared intracellular RI levels
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by using immunoblots, so our data are not dependent on RI activity. RI levels differed by less
than two-fold among the wild-type cell lines tested herein (Figure 4.3).

We find that the intracellular RI level does not explain the difference in susceptibility
between the different cell lines tested herein. Instead, modulators other than RI must account
for these differences in susceptibility. Two such modulators are cell surface affinity
(discussed previously) and internalization. When ribonuclease internalization is enhanced, so
is its cytotoxicity. For example, ribonucleases that are microinjected into the cytosol are
several fold more toxic than are ribonucleases added to cells externally (Saxena ez al., 1991).
The toxicity of ribonucleases can also be enhanced by adding drugs that alter cellular routing
(Wu et al., 1993; Wu et al., 1995), or by conjugation to delivery molecules (Newton er al.,
1992; Suzuki ez al., 1999).

Although the intracellular RI levels did not vary with differences in cell susceptibility in
the cells tested herein (Figure 4.3), we hypothesized that Rl is still a modulator of toxicity in
these cells. This hypothesis was based on the previous finding that RNase A variants that
evade RI are potent cytotoxins (Leland et al., 1998; Bretscher et al., 2000; Haigis et al.,
2002b). In the absence of RI variation, it is impossible to determine the contribution of
intracellular RI on toxicity. In order to generate variation in RI levels, we overproduced RI as
a fusion protein in mammalian cells (Figure 4.5). Oxidized and (presurmnably) misfolded RI is
degraded rapidly in cells (Bldzquez ez al., 1996). The ECFP-RI fusion protein is stable in
mammalian cells (Figure 4.5C) and can be detected up to 72 h after DNA transfection (data

not shown). The ECFP-RI fusion protein is functional, as it can inhibit the ribonucleolytic
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activity of RNase A (Figure 4.6). The RI fusion protein can be used to explore its biological
role.

RI does not modulate ONC-mediated cytotoxicity (Figure 4.7). Thus, Rl is not involved
in regulating the intracellular activity of ONC. This finding has significant implications for
understanding the mechanism of a toxic ribonuclease. Most importantly, the mechanism of
ONC-mediated toxicity differs from that of toxic mammalian ribonucleases. Every cytosolic
molecule of ONC is free to degrade cellular RNA. The only barriers to ONC cytotoxicity are
entry into the cytosol and its low ribonucleolytic activity. Second, cell susceptibility to ONC
toxicity is not modulated by intracellular RI levels in vivo or in vitro. The IC,, values
measured herein and the tumor cell susceptibility documented for ONC (vide supra) are
presumably due to differences in the cell surface binding and cytosolic internalization of
ONC. Altemnatively, cell susceptibility to ONC toxicity could be due to specific mRNA
requirements by the cell.

RI does indeed modulate the intracellular activity of toxic RNase A variants, as
evidenced by the protection conferred upon cells that produce ECFP-RI (Figure 4.7). Thus,
the requirement for cytotoxicity by RNase A variants is more complex than for ONC; toxic
RNase A variants have the additional challenge of evading RI. These data reveal a potential
biological role for RI—as an intracellular sentry against endogenous secretory ribonucleases
that become internalized to the cytosol. Although the cell lines tested herein do not differ
dramatically in RI levels, RI levels can vary in vivo, according to temporal and spatial
regulation (Hofsteenge, 1997). In addition, pancreatic ribonucleases are secretory proteins

that can circulate systemically through the sera (Weickmann et al., 1984; Futami ei al.,
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1997). As a result, many cells are exposed to ribonucleases. Thus, differences in RI levels
in vivo could lead to enhanced cellular protection or susceptibility to endogenous
ribonucleases.

Our findings demonstrate that intracellular fluctuations of RI can modulate a biological
event—cell death. Rl is sensitive to oxidation, and as such, can be regulated by the reduction
potential of the cytosol (Bldzquez et al., 1996). Intracellular redox potential changes can
regulate cellular events, such as circadian rhythm (Rutter ez al., 2001). Whether RI levels
fluctuate in biological pathways remains to be determined.

In summary, we have revealed new aspects in the toxicity of ONC and toxic RNase A
variants for human cells. We have measured the toxicity of ONC and G88R RNase A
towards a variety of human cell lines and found that cellular growth rate correlates with
ribonuclease susceptibility. Cytoplasmic RI levels do not vary substantially among these cell
lines. Nonetheless, overproducing RI does diminish the toxicity of RNase A variants. This
finding provides the first direct evidence that RI acts as an intracellular sentry against
invading secretory ribonucleases. In contrast, the toxicity of ONC is unaffected by Rl levels,
indicating that this ribonuclease (unlike toxic RNase A variants) cannot be made more toxic
by decreasing its affinity for RI. Our findings provide a basis for designing more potent
variants of RNase A, as well as choosing which tumor cell types to target with ribonuclease-

based cancer chemotherapeutics.
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Table 4.1 Properties of cell lines and IC,, values for cytotoxic ribonucleases

ICs (uM)
Doubling GB88R RNase
Cell line Tissue/Origin® time (h) ONC A

K-562 Chronic myelogenous leukemia 18 0.54 £0.04 5.7+0.4
JAR Placenta, choriocarcinoma 21 0.074 £ 0.005 4.1+£03
Jurkat T cell leukemia 22 0.22 £0.02 101
HeLa Cervix, adenocarcinoma 25 0.83 £0.05 >25°
SK-Hep-1 Liver, adenocarcinoma 27 0.41 £0.03 >25°
HL-60 Promyelocytic leukemia 30 0.42 £0.03 >25°
IMR-90 Lung, fibroblast 34 0.57 £0.07 —F
WI-38 Lung, fibroblast 36 45+03 —
293 Kidney, epithelial 40 32107 —

*Data from American Type Culture Collection catalog.
®A protein concentration of 25 uM resulted in >30% but <50% cell death.

‘A protein concentration of 25 pM resulted in <10% cell death.
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Table 4.2 Toxicity of ribonucleases to transiently-transfected K-562 and Hel.a cells

IG5 (MM)
K7A/G88R

Cell ONC G88R RNase A RNase A
K-562 0.54 £0.04 5.7+04 1.0+0.1
K-562 ECFP 0.47 £0.02 42105 1.0+0.1
K-562 ECFP-RI 0.51 £0.03 152 25+03
HeLa 0.83 £0.05 >25* 141
HeLa ECFP 0.60 £0.04 >25" 111
HelLa ECFP-RI 0.65 £0.06 >25* >25*

*A protein concentration of 25 uM resulted in <50% cell death.
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Figure 4.1 Cell proliferation assay. Cells were incubated with increasing concentrations
of Onconase® (A) and G88R ribonuclease A (B). Cells (5 x 10*) were plated
and incubated with varying concentrations of RNase A. Plots for
representative cell lines are shown to illustrate the potency of ONC and

G88R RNase A. Each point represents the mean (+ S.E.) of at least 3 sets of

triplicate experiments.
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Figure 4.2
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Cell microscopy of ribonuclease-mediated toxicity. HeLa and JAR cells were
grown, and exposed to 10 uM ribonuclease A, G88R ribonuclease A or
Onconase® for 48 h. Cell nuclei were stained using TOTO-3 iodide

immunofluorescent reagent.
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Figure 4.3

132

Immunoblot of cytoplasmic ribonuclease inhibitor. Lanes contain protein
(15 pg) from cytoplasmic extracts or a human RI standard (A, 100 ng;
B, 50 ng). After electrophoresis, gels were probed with rabbit anti-porcine RI

antibody. The quantity of RI in each lane is depicted in a bar graph (C).
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Figure 4.4
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Structural components of the ECFP-RI fusion protein. (A) Ribbon diagram of
the porcine RI’'RNase A complex (Kobe & Deisenhofer, 1995b), (B) human
RI (Papageorgiou et al., 1997), and (C) GFP (Yang et al., 1996) were created
using the atomic coordinates derived by x-ray diffraction analysis and the
program MOLSCRIPT (Kraulis, 1991). Shown in ball and stick is Tyr66 of
GFP, which is replaced with a tryptophan residue to give ECFP fluorescent

properties.
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Figure 4.5
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Transient overproduction of ribonuclease inhibitor. (A) ECFP fluorescence
was detected 24 h after transfection with pECFP or pECFP-RI. Bar represents
20 um. (B) Representative flow-sorting experiment. HeLa cells producing
ECFP-RI before sorting for ECFP fluorescence (purple) represented 14.8% of
the total cell population. 94.6% of the post-sorted cells overproduced
e¢CFP-RI (cyan). (C) Lanes contain flow-sorted K-562 or HeLa cell lysates
(50,000-100,000 cells/lane), which produced ECFP or ECFP-RI. RI was
detected with an anti-porcine RI antibody, and bands were compared to a

human RI control.
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Figure 4.6
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Inhibition of ribonuclease activity by HeLa cell extracts. Extract (20 ng of
protein) from HeLa cells and flow sorted HeLa cells producing ECFP-RI was
added to a solution containing RNase A (10 pM) and 6-FAM~dArU(dA),~6-
TAMRA (50 nM). Less than 10% of the 6-FAM~dArU(dA),~6-TAMRA

substrate was cleaved during the assay.
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Figure 4.7

140

Cell proliferation assay in cells overproducing ribonuclease inhibitor. Flow-
sorted K-562 (A) or HeLa (B) cells overproduced ECFP (filled symbols) or
ECFP-RI (open symbols). Cells were incubated with increasing
concentrations of ONC (A,B, squares), G88R RNase A (A, circles), or
K7A/G88R RNase A (B, circles). Cytotoxicity was analyzed as described for

Figure 4.1.
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Chapter §

Evolution of Ribonuclease Inhibitor by Exon Duplication

In press as: Marcia C. Haigis, Eric S. Haag, and Ronald T. Raines (2002) Evolution of

ribonuclease inhibitor by exon duplication. Molecular Biology and Evolution.
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ABSTRACT

The leucine-rich repeat (LRR) is a prevalent structural motif that mediates protein—protein
interactions. LRRs are found in proteins performing diverse biological functions.
Ribonuclease inhibitor (RI) is a non-globular protein that consists entirely of tandem LRR
units. We have determined the genomic structure of the human RI gene. We find that the nine
coding exons are precisely in phase with the individual LRR units, and sequence analyses
indicate that the internal exons within RI duplicated rapidly and then diverged slowly. These

data suggest a general mechanism for the evolution of proteins with tandem repeats.
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INTRODUCTION

The leucine-rich repeat (LRR) is a prevalent structural motif that mediates specific
protein—protein interactions (Kobe & Deisenhofer, 1995a; Kobe & Kajava, 2001). The LRR
is defined by a region of 20-29 residues that contains the consensus sequence:
XLXXLXLXXN, where L, N, and X are leucine, asparagine, and any residue, respectively.
Typically, LRRs are displayed in 1-30 tandem copies within a protein.

The first crystalline structure of an LRR-containing protein revealed a new protein fold
(Kobe & Deisenhofer, 1993) (Figures 5.1A and 5.1B). In porcine ribonuclease inhibitor (RI),
the LRRs are arranged tandemly in a horseshoe shape with 16 a-helices encasing a parallel
B-sheet of 17-strands. Hydrophobic forces between the consensus leucine residues appear to
stabilize the B-sheet. RI is able to bind tightly to members of the ribonuclease (RNase) A
superfamily, which not only catalyze RNA degradation but also mediate angiogenesis,
cytotoxicity, and the host-defense response (for reviews, see: D'Alessio & Riordan, 1997;
Hofsteenge, 1997; Raines, 1998; Leland & Raines, 2001).

The RI fold is conserved in other proteins containing LRRs. Human U2A’ is a small
nuclear protein that contains 5 LRRs and binds to U2B” to form an active spliceosomal
complex. Another protein, Skp2, contains both 10 LRRs that function as a protein-binding
domain and an F-box motif that binds to the catalytic core of ubiquitin—protein ligases. The
LRRs in U2A’ and Skp2 adopt an RI-like fold (Price ez al., 1998; Schulman et al., 2000). The
crystailine structure of U2A’ bound to U2B” and those of RI bound to RNase A and

angiogenin reveal that the parallel B-sheet formed by the LRRs furnishes the surface for
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interacting with other proteins (Kobe & Deisenhofer, 1995b; Papageorgiou et al., 1997; Price
et al., 1998).

The modularity of the LRR is consistent with the evolution of RI by gene duplication. To
test this hypothesis, we investigated the genomic structure of human RI. Our findings provide
new insight into the evolution of RI as well as the many proteins containing LRRs or other

modules.

MATERIALS AND METHODS

RI Genomic Locus. Using the National Center for Biotechnology Information (NCBI) nr
database (http://www.ncbi.nlm.nih.gov), we identified three potential transcripts obtained
from human placental (Lee ez al., 1988), HeLa (Schneider er al., 1988), and testis cDNA
libraries (GI = 186260, 35843, and 73280585, respectively). Using these transcripts, we
searched the NCBI database for a corresponding genomic sequence and identified a region of
DNA on human chromosome 11 overlapping cosmids cSRL125c1 and cSRL 135f4 that
contained the RI gene (GI = 2281060). The presence of consensus splice donor and acceptor
sites enabled the identification of the intron/exon positions.

The mouse intron/exon positions were determined by analyzing existing sequences and
generating new sequence data. First, genomic sequences were identified in the NCBI mouse
genome database, containing several exons of mouse RI. To obtain the mouse RI locus, a
mouse 129/Sv library (Genome Systems; St. Louis, MI) was screened by PCR using the
following primers: 5" GGTGCAAAGACATCAGCTCAGCAGTCCAAGC 3’ and
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5" CCTGGAGCACCAGACCCACACC 3. This locus is described further in Chapter 6.
Predicted intron/exon junctions were verified by DNA sequencing. The pig exons were
inferred from the cDNA for pig RI (Vicentini ez al., 1990)(GI = M58700) by using the
genomic structures of human and mouse RI.

Analysis of RI Exons. RI exons were aligned using the PILEUP program from Wisconsin
Package of Genetics Computer Group (Madison, WI). Phylogenetic trees were built by the
PAUP (phylogenetic analysis using parsimony) program (Swofford, 1998). The rate of
nonsynonymous vs synonymous substitutions for exons 3—9 were measured as described

previously (Nei & Gojobori, 1986).

RESULTS AND DISCUSSION

Human RI consists of alternating 28- or 29-residue LRR units (Kobe & Deisenhofer,
1993; Papageorgiou et al., 1997; Kajava, 1998). RI transcripts from human placental, HeLa,
and testis were identified and are 1682, 1921, and 2982 bp, respectively. Although alternative
splice forms of the 5’-untranslated region have been identified in placenta, Northern blot
analysis revealed that the RI gene is expressed as a single transcript in placental and HeLa
cells (Lee ez al., 1988; Schneider ez al., 1988; Crawford et al., 1989).

The genomic locus of human RI is situated on chromosome 11 and spans more than 12 kb
(Figure 5.1C). All three transcripts identified possess a colinear open reading frame encoded
by nine 3’-terminal exons, numbered 2-10, as determined by the presence of consensus splice

donor and acceptor sites. The transcripts differ in their 5’-untranslated region, and contain
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zero, one, or two alternatively spliced exons. As all transcripts encode an identical protein
sequence, the functional significance of alternative splice forms is unknown. Remarkably, all
but the first and last coding exons are exactly 171 bp in length. In addition, all introns are of
phase 2, which denotes codon interruption after the second nucleotide. Hence. any of the
internal exons could be moved or removed without disrupting the alignment of LRRs
encoded by neighboring exons.

A striking relationship exists between the intron—exon structure and the tertiary structure
of RI (Figure 5.1). Each of the internal exons encodes 57 residues. Except for the junction
after the N-terminus, which occurs within a longer B-strand, every exon translation product
correlates with a pair of B-strands and a-helices without any disruption (Figures 5.1A and
5.1B). Thus, the LRR motif within RI is defined completely by its intron—exon structure.

The phasing and position of the RI introns are consistent with exon amplification during
evolution (de Souza et al., 1997; Gilbert et al., 1997; Fedorov et al., 1998). To test this
hypothesis, we investigated the similarity of the coding exons. Although the terminal exons
(2 and 10) have low sequence identity, the internal exons (3—9) can be aligned without gaps
and have considerable sequence identity (Figure 5.2A). Pairwise comparisons revealed that
exons 3-9 are S0-60% identical. In addition, translation products corresponding to exons 3-9
were aligned and determined to be 30-50% identical (Figure 5.2C).

The high degree of similarity and their identical length strongly suggests that the internal
exons of RI are homologues related by exon duplication. We wished to know whether these
duplications had occurred all at once or in distinct phases, and whether inter-exonic

conversion events had occurred since different RI-containing genomes diverged. To
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distinguish between these distinct mechanisms, phylogenetic analyses was performed on the
internal coding exons of human, mouse, and pig RI. The mouse RI exons were identified by a
two-fold approach: analyzing existing sequences and generating new sequence data. Like the
human gene, mouse RI consists of 7 internal exons that are 171 bp in length and are
separated by phase 2 introns. The intron/exon positions in pig RI were inferred from the
human and mouse data. The internal exons from human, pig, and mouse were aligned as
described above (Figure 5.2A). Sequence alignment reveals strong identity between
analogous exons. Neighbor-joining phylogenetic trees built by using a Kimura 2-parameter
correction have strongly supported clades for analogous exons between species with
bootstrap values of 99—-100% (Figure 5.2B). A maximum parsimony analysis of the data set
also strongly supports the existence of clades for each exon with bootstrap values of
98—100%. Apparently, the tandem repeats within RI are extremely stable and
homogenization has not taken place, as that would have resulted in a tree in which the
internal exons from each species form a strongly supported clade. A consistent internal
branching pattern did not emerge with strong support from either analysis. Furthermore, the
branches leading to each exon clade are extremely long, which is consistent with a nearly
simultaneous divergence of each clade. Thus, we conclude from this analysis that exons 3-9
were most likely duplicated in a “radiation’ that occurred rapidly early in the history of RI.
Members of the RNase A superfamily apparently exist in all tetrapods (D’Alessio & Riordan,
1997). Thus, it is likely that RI was assembled after the origin of tetrapods in the late
Devonian, approximately 360 million years ago, but before the divergence of eutherian

mammals.
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The data indicate several unusual features about the evolution of RI. The internal exons of
RI are homologous and stable. In addition, the branching pattern suggests that the internal
exon duplications occurred rapidly and then diverged over a long period of time. To assess
whether positive selection has been a factor in the divergence of the RI exons, we measured
the rate of nonsynonymous versus synonymous changes in human exons 3-9 (Nei &
Gojobori, 1986). The ratios of nonsynonymous-to-synonymous changes range from 0.31 to
1.00. Although the nonsynomous-to-synonymous ratio is not always a definitive indicator of
positive selection (Wyckoff et al., 2000), the low ratios for RI do not provide support for
positive selection. Moreover, these ratios can be overestimated if the GC content in the third
codon position is high (Moriyama & Gojobori, 1992; Bielawski et al., 2000). In human RI,
the GC content is indeed high, being 79-93%. We conclude that the divergence of the RI
exons from one another is unlikely to have been promoted by positive selection.

Why did the RI exons duplicate? There are no known RI homologues that vary in the
number of LRR units (Hofsteenge et al., 1988; Lee e al., 1988; Schneider et al., 1988;
Kawanomoto et al., 1992; Hofsteenge, 1997). In contrast, other LRR-containing proteins
have a variable number of repeats. For example, the tomato Cf-2 and Cf-5 genes encode
homologues that do differ in LRR unit number (Dixon et al., 1998). Modular mutagenesis of
RI has demonstrated that not all of its LRRs are required for binding to RNase A (Lee &
Vallee, 1990). In other words, RI progenitors with fewer than the extant number of LRRs
could be functional. The contemporary RI could, however, have an increased affinity for a
broad spectrum of RNases. The crystalline structures of human RI complexed with

angiogenin and porcine RI complexed with RNase A support this hypothesis (Kobe &
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Deisenhofer, 1995b; Papageorgiou et al., 1997). These structures reveal that only 17 of the
28 Rl residues that contact RNase A also contact angiogenin (Papageorgiou et al., 1997).
Yet, the affinity of RI for both angiogenin and RNase A is extreme. The K values of the
RI-angiogenin and RI-RNase A complexes are near 10™'* M, among the lowest for known
biomolecular interactions (Lee et al., 1989; Vicentini et al., 1990). High LRR unit number
could be critical for the evolution of both broad specificity and high affinity by RI.

RI and RNase have co-evolved. The amino acid sequence of RI has been determined only
for the protein from human, pig, rat, and mouse (Hofsteenge et al., 1988; Lee et al., 1988;
Schneider er al., 1988; Kawanomoto et al., 1992) (GI = AF071546). In contrast, the amino
acid sequence of RNase A homologues has been determined for >40 species, and reveals
expansion through gene duplication (Beintema ez al., 1997; Beintema, 1998). The binding of
RI to members of the RNase A superfamily is class specific. For example, porcine RI binds
tightly to human RNase A, but no mammalian RI inhibits the activity of RNase A
homologues isolated from frogs, and vice versa (Roth, 1962; Nagano et al., 1976; Tomita et
al., 1979; Wu et al., 1993). Likewise, mammalian RI does not inhibit the activity of the
RNase A homologue from chicken liver (Hayano et al., 1993). Uninhibited ribonucleolytic
activity can result in cell death by the degradation of cellular RNA (Leland ez al., 1998;
Leland & Raines, 2001). Co-evolution of RI and RNases maintains a safeguard against this
circumstance.

The precise exon phasing seen in RI exists in some, but not all, LRR-containing proteins.
For example, Mus musculus MATER (Maternal Antigen That Embryos Require) has similar

phasing. Several of its repeats are encoded by 171-bp exons (Tong et al., 2000). In contrast,
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the protein FBL2 contains 6 LRRs, which do not coincide with its exon structure (Ilyin ez al.,
1999). These examples suggest the independent evolution for the LRR motif and that not all
LRR-containing proteins have evolved by exon duplication.

RI has no obvious homologues in invertebrates. Yet, RI does share significant amino acid
similarity to other proteins with LRRs. Two such proteins are U2A’ (vide supra) and malp
(Hillig ez al., 1999). These proteins are not homologues of RI, but are extremely similar in
LRR arrangement and tertiary structure.

The B/c barrel is a common structural scaffold in soluble proteins. Like RI, f/a barrel
proteins are formed by an alternating pattern of parallel B-strands and a-helices, with the
o-helices situated peripheral to inner B-strands. Members of this group are often enzymes
that bind and catalyze the interconversion of small-molecule metabolites (Reardon & Farber,
1995). The versatility of the B/o barrel in enabling protein—small-molecule interactions
resembles that of LRRs in enabling protein—protein interactions (Kobe & Deisenhofer, 1994).
An investigation of the ancestry of f/a barrels suggests that many p/a proteins have evolved
from a stable intermediate—a primordial half-barrel (Lang ez al., 2000; Miles & Davies,
2000). In contrast, our data are not consistent with the existence of such an intermediate
during the evolution of RI (Figure 2B).

In summary, the intron—exon junctions of RI reveal a remarkable mechanism of molecular
evolution by gene duplication. These junctions are precisely in phase with the tandem LRR
modules. RI evolved through rapid duplication of its LRR modules and their subsequent
divergence. These modules are highly stable and have not homogenized since the divergence

of human, pig, and mouse. RI thus acquired a malleable, modular scaffold with which to
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mediate protein—protein interactions. We conclude that the accumulation of functional units
can be a driving force for exon duplication. Our mechanism for the evolution of RI could
also apply to the evolution of the many other proteins containing LRRs, as well as guide the

study of modular proteins in general.

Acknowledgements. 1 thank K.M. Haigis and Drs. N.T. Perna and C. Park for discussion

and critical reading of the manuscript, and Dr. A.M. Dean for a helpful suggestion.
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Correlation of the exons of human ribonuclease inhibitor with its LRR units.
(A) Ribbon diagram of RI was created using the atomic coordinates derived by
x-ray diffraction analysis (Papageorgiou et al., 1997) and the program
MOLSCRIPT (Kraulis, 1991). Each exon-encoded sequence is in a different
color. The N- and C-termini are labeled. (B) Same as (A), except rotated by
~90° around the horizontal axis. (C) Physical map of the human RI gene.
Alternate forms isolated from placenta, HeLa cells, and testes are depicted as
Rlc, RIB, and RIy, respectively. Exons and introns are drawn to scale. Start
and stop codons are indicated. Exon colors match those of exon-encoded

sequences in (A) and (B).
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Analysis of the internal exon sequences of ribonuclease inhibitor. (A) An
alignment of DNA sequences that corresponds to each internal exon from
human (h), pig (p), and mouse (m) was generated with the program PILEUP.
Sequences are listed in order of decreasing identity. Nucleotides present in at
least 10 of 21 exons are in black boxes. (B) A neighbor-joining tree for all
codon positions in A was generated from the first and second codon positions
with the PAUP program (Swofford, 1998) using a Kimura 2-parameter
correction. Bootstrap values are indicated at the nodes. The bar indicates the

distance for 0.1 nucleotide substitutions per site for the 171 positions of RI.
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Chapter 6

Targeted Gene Disruptions of RibI and Rnh
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ABSTRACT

Bovine pancreatic ribonuclease (RNase A) is a model protein for the study of enzyme
catalysis, protein folding stability, and protein engineering. Ribonuclease inhibitor (RI) is a
cytosolic protein that inhibits the activity of RNase A and several of its mammalian
homologues. Despite the wealth of information on the in vitro activities of pancreatic
ribonucleases and R1, little is known about their physiological functions. Here, I investigate
the physiological roles of mouse pancreatic ribonuclease (Rib1) and RI (Rnh). I have created
targeting constructs to replace the first coding exons of Ribl and Rnh with a Neomycin
phosphotransferase (Neo) resistance gene. These constructs were used to generate targeted
gene disruptions of Rib! and Rnh in murine embryonic stem cells. The correctly targeted
stem cells will lead to the creation of nullizygous animals, which will provide important

information on the in vivo function of pancreatic ribonuclease and RI.
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INTRODUCTION

Pancreatic ribonuclease. The ribonucleolytic activity of bovine pancreatic ribonuclease
(RNase A) and its homologues has unexpected biological manifestations (for reviews, see:
D’ Alessio, 1993; Schein, 1997; Youle & D'Alessio, 1997; Irie er al., 1998; Rybak & Newton,
1999; Leland & Raines, 2001; Matousek, 2001). For example, high concentrations of
RNase A are toxic to tumor cells growing in culture (Ledoux, 1955a; Ledoux, 1955b), or
when injected directly into NIH/3T3 cells (Smith et al., 1999). RNase 1, the human
homologue of RNase A, kills Kaposi’s sarcoma cells in vitro (Griffiths et al., 1997). Bovine
seminal ribonuclease, a dimeric homologue, also has antitumor and antispermatogenic
properties (Matousek, 2001). Angiogenin, another member of the RNase A superfamily,
promotes neovascularization in a variety of in vitro assays (Fett et al., 1985), and is cytotoxic
to some cell types (Matousek et al., 1995).

Despite the growing information on pancreatic ribonucleases, their biological purpose
remains a mystery. In 1969, Barnard proposed that pancreatic ribonucleases function
physiologically as a dietary aid (Barnard, 1969). Yet, levels of RNase A do not change with
food consumption. In humans, pancreatic ribonuclease (RNase 1) is expressed in nearly all
tissues, except peripheral blood leukocytes (Futami et al., 1997; Sasso et al., 1999). In
addition, RNase 1 protein has been found in the seminal plasma (De Prisco et al., 1984;
Sorrentino et al., 1989), and urine (Iwama er al., 1981). The diverse distribution of RNase 1

is particularly curious because of the paucity of extracellular RNA in these locations.
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Pancreatic ribonucleases are secretory proteins, and may exert a biological effect in
tissues where they are not expressed. Therefore, to completely investigate the biological
role of pancreatic ribonuclease, it must be studied in an organism. The only existing
ribonuclease knockout animal has a disruption in its RNase L gene (Zhou et al., 1997).
RNase L, which is not a member of the RNase A superfamily, functions in the interferon-
inducible RN A-decay pathway. RNase L~ mice demonstrate an impairment in interferon
o response against encephalomyocarditis virus and have suppressed apoptosis in the
thymus.

Ribonuclease inhibitor. Ribonuclease inhibitor (RI) is a 50-kDa cytosolic protein that
binds and thereby inactivates the pancreatic-type ribonucleases in a 1:1 stoichiometric
complex (Blackburn et al., 1977). Human RI binds RNase A, RNase 1, and angiogenin
with fM affinity (for review, see: Hofsteenge, 1997). Interestingly, RI does not bind to all
pancreatic-type ribonucleases in exactly the same manner, but uses somewhat different
intermolecular contacts (Papageorgiou et al., 1997; Chen & Shapiro, 1999). RI may also
interact with eosinophil cationic protein and eosinophil-derived neurotoxin, which are
homologues of RNase A found in secretory granules of eosinophils.

Rl is found in all cells (Hofsteenge, 1997). The mRNA for Rl is also ubiquitously
expressed in all tissues (Futami et al., 1997). The subcellular location of RI, beyond the
cytosol, has not been established. Because of the close, regulatory relationship with
ribonucleases, a more complete understanding of ribonuclease inhibitor function would

provide insight into the biological roles of the ribonucleases, themselves.
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Here, we use reverse genetics to determine the physiological roles of mouse pancreatic
ribonuclease (Rib1) and the mouse ribonuclease inhibitor (Rnh) proteins. We hypothesize
that the role of Ribl may extend beyond being a digestive aid. We hypothesize that Rnh will
function in vivo to regulate multiple pancreatic-type ribonucleases. To test these hypotheses,
we created targeted gene disruptions within Rib] and Rnh in murine embryonic stem cells.

These cells are precursors to experiments in nullizygous animals.

MATERIALS AND METHODS

Cloning of murine Ribl genomic fragments. We isolated a Ribl cDNA from an EST
library (Research Genetics; Huntsville, AL), and verified its identity through sequence
analysis. This cDNA was used as a probe to identify a clone containing the Rib! genomic
locus from a mouse 129/SvJ lambda phage library (Stratagene; La Jolla, CA). The cDNA
probe was used to clone a 6.6 kb-Sacl fragment containing the Rib! genomic locus.
Characterization of this clone revealed that it contained mostly 3” genomic sequence.

To obtain a 5" genomic clone, PCR primers were designed from Rib! genomic sequence
data (Samuelson etz al., 1991) and had the following sequences: MHa
(5’ GTGTAAGGAAGCTGAGGTGGGAGAG 3°) and MHb
(5 GGATCCATGTGCTGCCGCTGAAACTTC 3). These primers were used to screen a
mouse 129/SvEv bacteria artificial chromosome (BAC) library (Genome Systems; St. Louis,

MI). The resulting PCR product was used to identify and subclone a 6.6 kb-EcoRI fragment
that contained the 5’ regidn of the Rib1 locus.
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Ribl1 targeting constructs. The Ribl1 targeting constructs (pRib1-TC and pRib1-TC2)
were prepared from the 6.6 kb-EcoRI and Sacl fragments. The targeting constructs were
designed to replace the entire Rib! coding region, contained in exon 2, with the Neomycin
phosphotransferase (Neo) resistance gene cassette. The original vector plasmid, pPNT-3,
also contained the gene encoding herpes simplex virus thymidine kinase (7K) for negative
selection during gene targeting (University of Wisconsin-Madison Transgenic Animal
Facility).

Cloning of an Rnh genomic fragment. PCR primers were designed from Rnh cDNA
sequence data (Blake ez al., 1997) and had the following sequences: MHRI7
(5 GGTGCAAAGACATCAGCTCAGCAGTCCAAGC 3") and MHRIS
(5" CCTGGAGCACCAGACCCACACC 3°). These primers were used to screen a mouse
129/SvEv BAC library (Genome Systems; St. Louis, MI). This PCR fragment was used to
subclone a 6.3 kb-HindIIl fragment, which contained exons 2 and 3 of the Rnh locus. A 3’
Sacl fragment was used to identify and clone a 4.4 kb-Bg/II fragment, which contained more
genomic sequence 3’ of exon 3.

Fluorescent in situ hybridization on karyotypes. Fluorescent in situ hybridization (FISH)
was performed on mouse NIH3T3 cells using the Rnh BAC probe using a protocol developed
by KM Haigis. To obtain metaphase karyotypes, cells were grown in DMEM, containing
fetal bovine serum (FBS; 10% v/v), until they were 70% confluent. At this point, the medium
was replaced with fresh medium containing colchicine (5 pg/ml). Plates were incubated for
30 min at 37 °C. Cells were harvested by trypsin treatment and centrifugation at 400 x g for

10 min. The supernatant was removed, and 2-3 ml of KCl (75 mM) was added. The cells
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were resuspended gently and incubated for 30 min at 37 °C. Cells were prefixed by adding 5
drops of fixative (methanol:acetic acid, 3:1 v/v). After 10 min at room temperature, cells
were harvested by centrifugation at 500 X g for 10 min. The resulting cell pellet was
resuspended gently in 3—4 ml of fixative and incubated at room temperature for 30 min. Cells
were run over a charged microscope slide (Fisher Scientific; Pittsburgh, PA) and air dried.

After generating karyotypes, microscope slides were soaked in 2X standard saline citrate
(SSC) for 30 min at 37 °C. 1X SSC, pH 7.0, contains (in 1.00 liter) NaCl (8.76 g) and sodium
citrate (4.41 g). Then, the samples were dried at room temperature through a series of 2 min
incubations in 70, 80, 90, and 100% (v/v) ethanol. Samples were denatured for 3 min at 72 °C
in 70% formamide (w/v in 2X SSC), and dried down again through an ice cold ethanol series.
BAC Probes were labeled with digoxygenin using a DIG Nick translation kit from Roche
Molecular Biochemicals (Mannheim, Germany). Probes were prewarmed to 37 °C, added to
samples, and then incubated at 37 °C overnight. The slides were then washed by incubating
twice with 2X SSC and twice with 0.1X SSC for 10 min each at 60 °C. Slides were incubated
for 15 min at 37 °C with FITC anti-digoxygenin, followed by incubations with AlexaFluor
488 anti-FITC, and then AlexaFluor 488 goat anti-rabbit. Fluorescent antibodies were from
Molecular Probes (Eugene, OR). Between incubations, the slides were washed at 37 °C with
1X phosphate-buffered detergent, which is PBS containing IGEPAL-630 (0.1% v/v). Then
samples were counterstained with DAPI (1 ug/ml). Samples were visualized with a Zeiss
Aviovert 100TV microscope.

Rnh targeting construct. The Rnh targeting construct (pPRnh-TC) was prepared from the

6.3 kb-HindIII and 4.4 kb Bg/Il fragments. The targeting construct was designed to replace
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exon 2, which contains the start codon, with Neo. pRnh-TC also contained 7K downstream of
the 3” homology region.

Cell culture. Low-passage murine AB2.2 embryonic stem (ES) cells, derived from
129/SvEv (Simpson et al., 1997), were obtained from Stratagene (La Jolla, CA). SNLP (STO
mice, Neomycin resistant, LIF secreting, Puromycin resistant) cells were the generous gift of
J. Petrini (Madison, WI). SNLP cells were cultured in DMEM with newborn calf serum
(NBCS; 10% v/v). SNLP cells were inactivated by a 4-h incubation with mitomycin C
MMC, 0.01 mg/ml; Sigma-Aldrich; St. Louis, MO). After incubation, cells were washed
with 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). Cells were trypsin-treated, and plated onto
gelatinized plates at a density of 2-3 x 10° cells/ml. ES cells were cultured in DMEM, which
contained FBS (15% v/v), leukemia inhibitory factor (LIF; 1% v/v), B-mercaptoethanol
(5 pl/500 ml), and L-glutamine (2 mM). ES cells were grown on a layer of 1-7-day-old
inactivated feeders, and ES medium was refreshed every day. FBS was from HyClone
(Logan, UT). LIF was a generous gift of J. Petrini. All other cell culture reagents were from
Life Technologies (Gaithersburg, MD). Cells were cultured at 37 °C in a humidified
incubator containing CO, (g; 5% v/v).

Embryonic stem cell transformation. ES cells (1.0 x 10 cells in 0.8 ml of PBS) were
electroporated with linearized targeting vector (25 pg). For transfections, DNA was purified
using a Qiagen Plasmid Midi Kit (Valencia, CA). Cells were electroporated with a Gene
Pulser (Bio-Rad; Hercules, CA) using a SO0-pF capacitor charged to 230 V. The cells were

then plated on MMC-inactivated feeder cells in 10-cm tissue culture plates. 24-h after
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electroporation, the medium was replaced with ES medium containing G418 (230 ug/ml) and
ganciclovir (2 pg/ml). Clones resistant to both drugs were isolated after 10 days of selection.
These clones were individually dispersed into the wells of a 96-well plate and grown without
selection for 3 days. The cells were split into duplicate plates. Half of the cells were frozen at
=80 °C, while the remaining cells were analyzed for the homologous recombination event. To
confirm the targeting event, Southern blot analysis was performed on ES cell genomic DNA

with various restriction enzymes and probes.

RESULTS

Disruption of Ribl by gene targeting. The mouse genome does not contain Rib/
psuedogenes (Samuelson ez al., 1991). Sequence analysis verified that the fragments
subclones from the genomic libraries contained the Rib! genomic locus (data not shown).
The targeting constructs were designed to remove the entire Rib/ coding sequence, which is
in exon 2 (Figure 6.1A), and should prevent Rib1 protein production. The pRib1-TC
construct contained a 5° homology region subcloned from a 1.3 kb-Nhel-Ncol fragment. The
3" homology region was the 2.4 kb-HindIII fragment. The linearized construct (pRib1-TC)
was electroporated into murine AB2.2 cells, and drug resistant colonies were isolated.
Southern blot analysis was performed with genomic DNA from expanded colonies using an
EcoRl restriction digest and a probe upstream of the 5" homology region. In a total of 918

clones, 0 were targeted correctly (data not shown).
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The Ribl targeting construct was redesigned to have a 5 kb-longer 5’ homology region
(pRib1-TC2) (Figure 6.1A). pRib1-TC2 was linearized by Noil and transfected into murine
AB2.2 cells, and drug resistant colonies were obtained. Targeted cells were identified by
Southern blot analysis of genomic DNA from expanded colonies using a Sacl restriction
digest and a probe downstream of the 3" homology region. In a total of 176 clones, 3 were
targeted correctly. Figure 6.1B shows a Southern blot with a positive clone that is flanked by
two negative clones.

Disruption of Rnh by gene targeting. The murine Rnh genomic locus had not been
characterized prior to the experiments discussed in Chapter 5. An initial library screen with
primers that spanned the coding region of Rnh identified an Rnh pseudogene, which did not
contain introns, but contained a premature stop codon. In addition, the Rnh pseudogene did
not retain the leucine-rich consensus sequence that is strictly adhered to by mammalian
homologues of RI (see Chapter 5). The BAC library was rescreened with the primers MHRI7
and MHRIS, which amplified exon 3 in Rnh, but did not amplify the psuedogene (data not
shown). FISH analysis using the new BAC clone showed that it hybridized to mouse
chromosome 7 (Figure 6.2), as predicted, because Rnh is located on human chromosome 11
(Weremowicz et al., 1990; Zneimer et al., 1990). The Rnh pseudogene and genomic locus
were accounted for by genomic Southern blot analysis using cDNA fragments (data not
shown).

The strategy used to disrupt the murine Rnh gene was to replace the first coding exon
with Neo (Figure 6.3A). This deletion removes the transiational start codon along with the

first 29 residues, and should prevent Rnh protein production. The targeting construct was
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linearized by Notl and electroporated into murine AB2.2 cells; drug resistant colonies were
isolated. Targeted cells were identified by Southern blot analysis of genomic DNA from
expanded colonies using a HindIII restriction digest and a probe upstream of the 5° homology
region. In a total of 288 clones, 9 were targeted correctly. Figure 6.3B shows a Southern blot

with a positive clone next to two negative clones.

DISCUSSION

The creation of a Rib] or Rnh null animal can be divided into a few major steps (for
reviews, see: (Capecchi, 1989; Melton, 1994; Bradley et al., 1998). First, a targeting vector is
created to generate a null allele. Second, embryonic stem (ES) cells, derived from the inbred
mouse strain 129/SvEv, are transformed by electroporation with the targeting construct, and
clones are screened for homologous recombination events by Southern blot analysis. Next,
the positive clones are microinjected into CS7BL/6 embryos and chimeric animals are
screened for germline transmission of the targeted allele. Once germline chimeric animals are
identified, chimeras are crossed with 129/SvEv animals to obtain heterozygous mice. These
animals can be intercrossed to generate null animals on an isogenic background.

The frequency of homologous recombination is dependent on sequence identity and the
length of homology. Homologous recombination occurs with a 20-fold higher frequency
when isogenic versus non-isogenic homology regions are used in the targeting construct (te
Riele er al., 1992; van Deursen & Wieringa, 1992). The pRnh-TC construct was derived from

a 129/SvEv genomic library. The pRib1-TC and pRib1-TC2 constructs were derived from
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129/SvJ and 129/SvEv genomic libraries, respectively. Likewise, AB2.2 ES cells were
derived from 129/SvEv mice (Soriano et al., 1991). The 129/SvEv and 129/Sv] strains do
differ (Simpson et al., 1997), and may have contributed to the low targeting frequency of
pRibl-TC.

The frequency of recombination events in murine ES cells is a function of the length of
the homologous DNA (Hasty er al., 1991; Deng & Capecchi, 1992). Bradley and co-workers
found that targeting efficiency increased dramatically as the total length of the homology
region was increased from 1-7 kb (Hasty et al., 1991). The targeting constructs, pRib1-TC
and pRib1-TC2, had identical 3° homology domains but differed in the length of their 5’
genomic DNA. pRib-TC had only 1.3 kb of 5’ genomic sequence, and had a 0%
recombination frequency. In contrast, pRib1-TC2 had 6.3 kb of 5’ genomic sequence, and
had a recombination frequency of 1.7% (3/176). Thus, a difference of 5 kb at the 5’
homology region allowed for successful recombination events.

Presently, the positive clones identified herein are being expanded for further
characterization. The clones that are the least differentiated will be injected into early
embryos using facilities at the University of Wisconsin—Madison Transgenic Animal
Facility. These experiments will lead to the generation of animals that do not produce
pancreatic ribonuclease or RI. Studies using these mice will provide the first insight into the

biological functions of pancreatic ribonuclease and RI.
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Targeted gene disruption of Ribl. (A) Targeting vector pRib1-TC2 was
constructed by using the pNT-3 vector (University of Wisconsin-Madison
Transgenic Animal Facility). A 6.3-kb 5" homology unit was inserted
upstream of Neo, and a 2.4-kb 5’ homology unit was inserted downstream of
Neo. Neo will act as a positive selector for recombined clones. 7K will act as a
negative selector to prevent the growth of clones with random, non-
homologous insertions within the genome. (B) The DNA from embryonic
stem cell colonies was digested with Sacl and screened for homologous
recombination with a 3’ probe. Colonies that were not targeted (lanes 1 and 3)
had a single band at 6.6 kb. A correctly targeted allele (lane 2) was identified

by its additional 3.9-kb band.
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Figure 6.2 Fluorescent in situ hybridization of Rnh. The Rnh BAC clone was used as a
FISH probe on metaphase karyotypes from NIH3T3 cells, which are triploid.

The D7Mitl45 BAC clone was used as a positive control for chromosome 7.
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Figure 6.3 Targeted gene disruption of Rnh. (A) Targeting vector pRnh-TC was
constructed by using the pNT-3 vector. A 3.0-kb 5° homology unit was
inserted upstream of Neo. A 4.4-kb 3’ homology unit was inserted
downstream of Neo. (B) DNA from embryonic stem cell colonies was
digested with HindIlI and screened for homologous recombination with a 5
probe. Colonies that were not targeted (lanes 2 and 3) had a single band at
6.4 kb. A correctly targeted allele (lane 1) was identified by its additional
3.9-kb band.
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Chapter 7

Prospectus
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In the 1940's, Armour, Inc. prepared 1 kg of crystalline bovine pancreatic ribonuclease A
(RNase A). In 1967, the crystalline structure of RNase A was solved (Kartha et al., 1967;
Wyckoff et al., 1967), and Barnard wrote in response: "The [ribonuclease] field will never be
the same again” (Barnard, 1969a). Indeed, the abundance of purified RNase A available in
the 1940's, along with this structural information set the stage for prolific structure and
function studies using RNase A. The advent of DNA technology, and the cloning and
purification of recombinant RNase A marked a new era in RNase A research. RNase A is
now, arguably, the most characterized enzyme. Today, scientists continue to use RNase A as
a tool for understanding other fields, such as evolution, protein chemistry, and cell biology.
For example, Ritter and Helenius used the structural knowledge of RNase S and S-peptide as
a basis for designing elegant experiments to investigate the recognition of misfolded proteins
in the endoplasmic reticulum (Ritter & Helenius, 2000).

In a 1969 review, Barnard wrote, "Bovine pancreatic RNase, on the other hand, has
yielded many of its secrets. ..it seems inevitable that the main interest in RNase will shift to
other proteins having this activity"(Barnard, 1969a). Yet, more than thirty years later,
scientists are still coaxing RNase A to reveal its secrets. As discussed in Chapter 6, the
biological role of pancreatic ribonuclease remains unresolved. The rediscovery of the
antitumor potential of ribonucleases, has reawakened the question: what is the physiological
function of ribonucleases? The biological role historicaily ascribed as a digestive aid is no
longer satisfactory, as the experiments in Chapter 2 reveal that ribonucleases are readily
internalized by cells. The physiological role of ribonuclease inhibitor (RI) is even more

intriguing, as RI functions in vitro to regulate many ribonucleases. The experiments in
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Chapter 6 describe efforts that will lead to the creation of Rnk and Rib! knockout mice. The
Rnh nullizygous mice will hold clues to the physiological roles of the pancreatic-type
ribonucleases, as well as that of RI. Likewise, RibI” animals could provide insight into the
role of RI.

The rich history of pancreatic-type ribonucleases will enable unprecedented
structure—function studies, where function is not limited to the walls of a cuvette. In future
experiments, the biochemical information of pancreatic ribonucleases can be used to probe
specific enzymatic activities in vivo. For example, replacing Lys41 of RNase A with an
alanine residue is known to reduce the k_ /K, value by 10*(Messmore et al., 1995), and this
substitution can be used to create hypomorph alleles of Rib] which have decreased
ribonucleolytic activity in vivo. Our understanding of RNase A conformational stability could
allow scientists to create transgenic mice with a destabilized (or more stabilized)
ribonuclease, of known T,, value. Cytotoxic variants of RNase A, such as
K7A/G88R RNase A (Chapter 3) (Haigis ez al., 2002b), could be utilized to create mice with
pancreatic-type ribonucleolytic activity that is not tightly regulated by RL

Likewise, the growing wealth of information on RI will be useful in structure—function
studies. As discussed in Chapter 4, RI can modulate the intracellular activity of a
ribonuclease (Haigis et al., 2002c). As expected from its modular gene structure (Chapter 5)
(Haigis er al., 2002a), truncated variants of RI can still bind ribonucleases, but perhaps with
weakened affinity (Lee & Vallee, 1990; Hofsteenge et al., 1991). As we predict the
phenotype of RI nullizygous animals to be severe, even lethal, a truncated RI variant could

be used to create viable animals that have attenuated RI function. RI uses different residues
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to bind RNase A than it does to bind angiogenin (ANG) (Shapiro et al., 2000). This
information can be useful for understanding the biological role of ANG, as the creation of an
Ang knockout animal has been impeded by its many pseudogenes (Brown et al., 1995).
Variants of RI can be made that resist oxidation (Kim ez al., 1999), and these substitutions
could be used to create mice that have a more redox-stable RI. The characterization of the
Rib1 and Rnh knockout animals could lead to a new era of ribonuclease study—one that

explores and exploits its in vivo function.
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