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Abstract

Ribonucleases are evoking medical interest because of their intrinsic cytotoxic activity. Most notably, ranpir-
nase, which is an amphibian ribonuclease, is in advanced clinical trials as a chemotherapeutic agent for the
treatment of cancer. Here, we describe a strategy to create a novel antiviral agent based on bovine pancreatic
ribonuclease (RNase A), a mammalian homologue of ranpirnase. Specifically, we have linked the N- and C-ter-
mini of RNase A with an amino acid sequence that is recognized and cleaved by human immunodeficiency
virus (HIV) protease. This linkage obstructs the active site, forming an HIV-specific RNase A zymogen. Cleav-
age by HIV-1 protease increases ribonucleolytic activity by 50-fold. By relying on the proper function of HIV-
1 protease, rather than its inhibition, our approach will not engender known mechanisms of resistance. Thus,
we report an initial step toward a new class of agents for the treatment of HIV/AIDS.

Introduction

SINCE THE FIRST CASES OF HUMAN IMMUNODEFICIENCY VIRUS
(HIV) were described in the early 1980s,' much has been
done to improve survival. Four classes of antiretroviral drugs
are now in clinical use, with protease inhibitors and two
types of reverse-transcriptase inhibitors comprising the three
major classes.? In addition, the first fusion inhibitor was ap-
proved in 2003.>* A combination of these chemotherapeutic
agents, known as highly active antiretroviral therapy, or
HAART, has led to a significant decline in the morbidity and
mortality of HIV patients.5¢ Although the number of deaths
among persons with AIDS in the United States declined sub-
stantially during the late 1990s, the rate of decline has since
decreased significantly. Declines in the numbers of new cases
have also leveled off.”

This slowing of progress against HIV/AIDS, combined
with several major problems with HIV/AIDS therapy, con-
tinues to motivate the design of new drugs.8® Side effects,
especially disturbances in lipid metabolism, are an increas-
ing problem as patients are living longer and developing car-
diac disease.>!? Rapid viral replication and the high error
rate of reverse transcriptase have led to high rates of resis-
tance to HAART,® with about 10% of newly acquired infec-
tions in the United States and Europe being resistant to at
least one of the three major drug classes.!! The rapid devel-
opment of resistance necessitates strict patient compliance

with therapy. Finally, AIDS remains a chronic disease due
to the existence of latent HIV infection in memory T cells and
other cells that are not pharmacologically accessible.!?13

One strategy for slowing viral progression and eliminat-
ing latent viral infection is to kill those cells that are infected
with HIV. Although cytotoxic cancer drugs could be used,
there is a risk of serious side effects that would compound
the side effects of HAART.!* To circumvent this problem,
toxins that are specific for HIV-infected cells have been de-
signed. One approach has been to use toxins that will be ac-
tivated by the HIV-1 protease (HIV PR), a virally encoded
protein that cleaves the viral polyprotein late in the life cy-
cle of HIV.'® In one case, an HIV PR-activated variant of cas-
pase-3 was constructed and its ability to kill HIV-infected
cells was demonstrated.!® In another case, diphtheria toxin
was modified such that a degradation signal was removed
by cleavage with HIV PR.' These “pro-drug” strategies have
the potential to reduce the problems with both side effects
and drug resistance.

Bovine pancreatic ribonuclease (RNase A) has been stud-
ied intensely by biochemists for decades.!81® Recently, in-
terest in RNase A has resurged with the discovery of the fa-
cinating biological properties of ranpirnase, angiogenin, and
bovine seminal ribonuclease, which are homologues of
RNase A.20-2% For example, ranpirnase®® is toxic to cancer
cells in vitro and in vivo in a manner that is dependent on its
catalytic activity,?” and is currently in Phase IIIb clinical tri-
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FIG. 1. Design of an HIV-specific ribonuclease A zymo-
gen. Circular permutation was used to block access to the
active site until activation by HIV PR.

als for the treatment of malignant mesothelioma.?® In addi-
tion, RNase A and other ribonucleases are known to inhibit
HIV replication.?30

Here, we describe the creation of an HIV-specific zymo-
gen from RNase A. Inspired by the design of zymogens spe-
cific for malaria and hepatitis C,3132 we sought to exploit the
activity of HIV PR to activate a cytotoxin. The N- and C-ter-
mini of RNase A were joined by circular permutation,
thereby occluding the active site with an amino acid se-
quence containing a cleavage site for HIV PR (Fig. 1). In the
presence of HIV PR, this sequence is cleaved and the cat-
alytic activity is unmasked. It is our hope that because a
chemotherapeutic strategy based on a ribonuclease zymogen
would rely on catalysis by HIV PR rather than merely an
affinity for that enzyme, the development of resistance
would be unlikely.

Materials and Methods
Materials

Escherichia coli strain BL21(DE3) was from Novagen (Madi-
son, WI). K-562 cells,3 which are human erythroleukemia
cells, were obtained from American Type Culture Collection
(Manassas, VA). HIV PR expression vector pET-HIVPR?*
was a kind gift from J. Tang (Oklahoma Medical Research
Foundation).

Enzymes were obtained from Promega (Madison, WI).
Protein purification columns and resin were from Amersham
Biosciences (Piscataway, NJ). Synthetic oligonucleotides, in-
cluding the ribonuclease substrate 6-FAM-dArU(dA),-6-
TAMRA,% were from Integrated DNA Technologies
(Coralville, TA). Poly(cytidylic acid) [poly(C)] was from
Sigma—Aldrich (St. Louis, MO) and was precipitated with
ethanol before use to remove short RNA fragments. [methyl-
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SH]Thymidine was from Perkin—Elmer (Boston, MA). MES
buffer (Sigma-Aldrich, St. Louis, MO) was purified by an-
ion-exchange chromatography to remove any contaminating
oligo(vinylsulfonic acid) (OVS).3¢ All other chemicals were
of commercial grade or better, and were used without fur-
ther purifications.

Phosphate-buffered saline (PBS) contained (in 1 liter) NaCl
(8.0 g), KCI (2.0 g), Na;HPOy - 7H,0 (1.15 g), and KH,PO,
(2.0 g), and had a pH of 7.4.

Zymogen expression and purification

Plasmids used to direct the production of HIV RNase A
zymogens were derived from the plasmid pET22b(+)/
19N.3! The region of the plasmid that encoded the linker was
replaced with DNA encoding the sequence GSTATIM-
MQRGNAG (Zymogen 1) or GGSTATIMMQRGNAG (Zy-
mogen 2) using the QuikChange mutagenesis kit (Stratagene,
La Jolla, CA). Zymogens were expressed and purified as de-
scribed previously.3? Zymogens were ~95% pure according
to SDS-PAGE, and zymogen identity was confirmed by
MALDI-TOF (Table 1).

Protease expression and purification

The substitutions Q7K /L331/L63I%7 and C67A/C95A38
were made with the Quikchange mutagenesis kit to improve
protease stability. The resulting plasmid, pET-HIVPRYV, was
transformed into E. coli BL21(DE3) cells for expression.
Transforming, plating, and subculturing were done in
Luria-Bertani medium containing glucose (1% w/v) to re-
duce leaky expression of HIV PR, which is toxic to E. coli.®
Protease expression was induced in Terrific Broth contain-
ing isopropyl-B-p-thiogalactoside (1 mM). The protease was
purified from inclusion bodies by methods described previ-
ously,* with the following modifications. Following two
passes through a French pressure cell (>16,000 psi), inclu-
sion bodies were collected by centrifugation at 16,000 X g
for 45 min, washed with extraction buffer, resuspended in
extraction buffer, and again collected by centrifugation. Ion-
exchange columns were poured from resin and run by grav-
ity at (23 = 2)°C.

Zymogen cleavage

Zymogens were activated by mixing them with 0.04-0.2
M equivalents of HIV PR in reaction buffer, which was 100

TABLE 1. BIOCHEMICAL PROPERTIES OF UNACTIVATED RIBONUCLEASE A ZYMOGENS
m/z4
T de ICs0°
Ribonuclease (°C) (nM) (uM) Expected Observed
Wild type 64¢ 44 x 1076f >25 13,682 13,692
Zymogen 1 46 150 = 10 >25 15,165 15,142
Zymogen 2 49 — >25 15,222 15,208

2Values of T, were determined in PBS by UV spectroscopy.

PValue of K4 (+ SE) was determined for the complex with hRI at (23 = 2)°C.
“Values of ICs are for the incorporation of [methyl-*H]thymidine into the DNA of K-562 cells.

4Values of m/z were determined by MALDI-TOF mass spectrometry.

eFrom Rutkoski et al 42
fFrom Lee et al. >3
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mM sodium acetate buffer, pH 5.0, containing NaCl (100
mM), EDTA (1 mM), glycerol (5% v/v), and PEG-8000 (0.1%
w/v), and incubating the resulting solution at 37°C for 1 h.
Activation was stopped by dilution into gel-loading buffer
to a final composition of 50 mM Tris-HCI, pH 6.8, contain-
ing DTT (100 mM), SDS (0.2% w/v), glycerol (10% v/v), and
bromophenol blue (0.75 mM), or by dilution (by 100-fold)
into 0.10 M MES-NaOH, pH 6.0, containing NaCl (0.10 M).
Following dilution, reaction mixtures were placed on ice.
SDS-PAGE in the presence of DTT was used to assess zy-
mogen cleavage (Fig. 2).

Ribonucleolytic activity

The ability of zymogens to catalyze the cleavage of the flu-
orogenic substrate 6-FAM-dArU(dA),-6-TAMRA, which ex-
hibits a 180-fold increase in fluorescence (excitation at 493
nm; emission at 515 nm) upon cleavage,® was assessed. As-
says were carried out at (23 = 2)°C in 2.0 ml of 0.10 M
MES-NaOH (OVS-free), pH 6.0, containing NaCl (0.10 M),
substrate (20 nM), and zymogen (5 pM-1 nM). Values of
kcat/ Km were obtained with Eq. (1):

AI/ At 1 )
Imax — Ip /) [ribonuclease]

where AI/At represents the initial reaction velocity, Imax is
the fluorescence following complete cleavage of the substrate
by excess RNase A, and Ij is the fluorescence prior to addi-
tion of ribonuclease.

In addition, the ability of zymogens to cleave poly(C)
(€268nm = 6200 M~ ! cm ™! per nucleotide) was monitored by
the change in UV absorption, which increases upon cleav-
age (Aeaspnm = 2380 M~ em™1). Assays were carried out at
(23 = 2)°C in 0.10 M MES-NaOH (OVS free), pH 6.0, con-
taining NaCl (0.10 M), poly(C) (10 uM-1.5 mM), and zymo-
gen (20 nM-1 uM). Initial velocity data were used to calcu-
late values of keat, Ky, and keae/ Ky with the program Prism
4 for Macintosh (GraphPad Software, San Diego, CA).

keat/ Ky = (
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FIG. 2. Activation of zymogens by HIV PR. Activation at
37°C was monitored by SDS-PAGE in the presence of DTT.
(A) Activation of zymogen 1 after addition of HIV PR at a
1:5 (protease:zymogen) molar ratio. (B) Activation of zymo-
gen 2 after addition of HIV PR at a 1:25 (protease:zymogen)
molar ratio. M is the protein molecular weight marker, p is
HIV PR, and z2 is zymogen 2.
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Conformational stability

The value of Ty, which is the temperature at the midpoint
of the thermal transition between the folded and unfolded
states, of each zymogen was determined by monitoring its
UV absorption at 287 nm. Zymogen solutions (~25 uM in
PBS) were heated incrementally (0.15°C/min from 25 to
75°C). Data were collected and analyzed with the program
THERMAL from Varian Analytical Instruments (Walnut
Creek, CA).

Inhibition by the ribonuclease inhibitor protein

Binding of unactivated zymogen 1 to the ribonuclease in-
hibitor protein was assessed via a microplate assay as de-
scribed previously.#!

Cytotoxic activity

K-562 cells were grown in RPMI 1640 medium supple-
mented with 10% (v/v) fetal bovine serum, penicillin (100
U/ml), and streptomycin (100 ug/ml). The effect of zymo-
gens on K-562 proliferation was measured by the incorpo-
ration of [methyl-*H]thymidine as described previously.*?

Results
Design of HIV-specific zymogen

The p2/NC recognition sequence of HIV PR (TATIM/
MQRGN) was chosen because it is cleaved initially and ef-
ficiently in vitro and in vivo.4344 It is desirable for a zymogen
to contain a linker that is long enough to allow for the flex-
ibility necessary to be cleaved by the protease, but also short
enough to prevent indiscriminate ribonucleolytic activity
prior to activation by the specific protease. We designed two
HIV-specific RNase zymogens, one with a 14-residue linker
(zymogen 1) and another with a 15-residue linker (zymogen
2). The 10-residue cleavage sequence was extended by a
linker designed for solubility and flexibility, containing
glycine and serine residues.

Circular permutation was done to produce new N- and C-
termini at residues 89 and 88 of RNase A (Fig. 1). These two
residues were linked by a new disulfide bond.?! In addition,
residues 4 and 118 (RNase A numbering) were replaced with
cysteine residues and linked by a disulfide bond in order to
improve stability.*>

Zymogen activation

Zymogens 1 and 2 were incubated with protease in a 1:25
to 1:5 (PR:zymogen) ratio at 37°C. Activation was monitored
by SDS-PAGE. Following reduction with DTT, zymogen
fragments of 10,548 Da and 4635 Da are formed from zy-
mogen 1. The formation of a 10.5-kDa fragment from a 15.2-
Da fragment can be followed by SDS-PAGE. (The 4.6-kDa
fragment runs off the gel and was not observed.) Both zy-
mogens 1 and 2 were more than 95% cleaved by HIV PR af-
ter an incubation of 60 min at 37°C (Fig. 2). Control incuba-
tions of zymogens 1 and 2 without protease for 1 h did not
result in any cleavage (data not shown). Native RNase A has
been shown not to be a substrate of HIV PR.46

The ability of zymogens to cleave two RNA substrates was
measured (Tables 2 and 3). The shorter substrate was a flu-
orogenic tetranucleotide that increases in fluorescence upon
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TABLE 2. KINETIC PARAMETERS OF RIBONUCLEASE A ZYMOGENS
WITH AN OLIGONUCLEOTIDE SUBSTRATE?®

(kcat/KM) unactivated (kcat/KM)activated M
Ribonuclease 13 M 1571 106 M~1 571 (Keat/Knp) unactivated
Wild type N/AP 52 + 4¢ N/A
Zymogen 1 290 + 40 14 +1 48
Zymogen 2 870 = 220 76 =5 9

aValues of Kot/ Ky (* SE) were determined for catalysis of 6-FAM-dArU(dA),-6-TAMRA cleavage at 25°C
in 0.10 M MES-NaOH buffer (OVS free), pH 6.0, containing 0.10 M NaCl.

PN/ A, not applicable.
“From Rutkoski et al 42

cleavage (Table 2).3 The catalytic efficiency (keat/Knm) of zy-
mogen 1 increases from 2.9 X 10° to 1.4 X 107 M~! s~ upon
activation, an increase of 48-fold. The k.../Ky value of the
activated zymogen is nearly that of wild-type RNase A. For
zymogen 2, the increase is more modest, from 8.7 X 10° to
7.6 X 106 M~1s~1 or 9-fold.

This sensitive assay for ribonucleolytic activity might not
be an accurate reflection of the ability of ribonucleases to
cleave therapeutically relevant substrates.*” Hence, we
measured the ribonucleolytic activity of zymogen 1 with a
longer polynucleotide substrate, poly(C) (Fig. 3 and Table
3). This assay also allows for delineation of the contribu-
tions of the k..t and Kyt values to catalytic efficiency. Upon
activation, the k., value increased from 3.2 to 38 s~ 1. The
Ky value decreased from 1.2 X 1074 to 6 X 107> M, result-
ing in a change in kcat/ Ky of 24-fold, from 2.7 X 10* to 6.5 X
10° M~ 1s7 1,

Conformational stability of zymogens

The ability of a cytotoxic ribonuclease to retain its confor-
mation at physiological temperatures is an important factor
in determining its potential as a chemotherapeutic agent.*>

activated __
zymogen @
—
o
£
o
o E
LR
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...: ~~
e
% unactivated
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%. I 1.0 I
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FIG. 3. Enzyme kinetics of unactivated zymogen 1 (O; 1.0
uM) and activated zymogen 1 (®; 20 nM). Initial velocity
data (=SE) at increasing amounts of poly(C) are normalized
for zymogen concentration. Data were used to determine val-
ues of keat, Ky, and keat/ Ky (Table 3).

Zymogens 1 and 2 are stable above physiological tempera-
ture (37°C). Both, however, are less stable than wild-type
RNase A (Table 1).

Binding of ribonuclease inhibitor protein

The ability of a ribonuclease to evade binding by the cy-
toplasmic ribonuclease inhibitor protein (RI), which binds
RNase A with femtomolar affinity, is essential for its cyto-
toxicity.*2484° The active site of the ribonuclease comprises
a large portion of the buried surface area in the ribonucle-
ase—inhibitor complex.>%5! We would expect that the unac-
tivated RNase A zymogen would have diminished affinity
for RI, and indeed the K4 value for the ribonuclease-RI com-
plex with the unactivated zymogen is >10°-fold greater than
that for wild type RNase A (Table 1).

Cytotoxicity of unactivated zymogen

A cytotoxic therapeutic agent must have little or no tox-
icity to healthy cells—those that are not infected with HIV.
To assess this attribute, unactivated zymogens were assayed
for their ability to inhibit the proliferation of K-562 cells,
which are human cells that are not infected with HIV. Nei-
ther zymogen 1 nor zymogen 2 was toxic to K-562 cells up
to a concentration of 38 uM (Table 1).

Discussion

We have created two HIV-specific RNase A zymogens.
Their activation by HIV PR is 95% complete following a 1-h
incubation with a substoichiometeric amount of HIV PR (Fig.
2). One factor that determines the efficiency of this cleavage
reaction is the ability of the protease to bind to the zymo-
gen. HIV PR and zymogens 1 and 2 are highly cationic pro-
teins, having theoretical isoelectric points of pI = 9.3, 8.8, and
8.8, respectively.’? Coulombic repulsion between HIV PR
and a zymogen could diminish the efficiency of activation,
a problem that could be overcome by additional mutagene-
sis.

The two zymogens differ as catalysts of RNA cleavage.
The ribonucleolytic activity of zymogens 1 and 2 toward a
tetranucleotide substrate was measured before and after ac-
tivation with HIV PR (Tables 2 and 3). Prior to activation,
both zymogens had low catalytic efficiency (10° M~1s™1),
with zymogen 2 having 3-fold higher activity than zymogen
1. This difference is likely due to the longer length of the
linker of zymogen 2, which could alter the ability of sub-
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strates to access the active site prior to activation. Following
activation, zymogen 1 regains a catalytic efficiency that is
close to that of wild-type RNase A, suggesting that the
cleaved linker no longer obscures the active site. Zymogen
2, however, does not regain as much activity, which suggests
that the longer linker continues to interact with the active
site after activation.

The use of a longer RNA substrate revealed additional in-
formation. Using poly(C) as a substrate, unactivated zymo-
gen 1 has a Ky value that is 36-fold higher than that of wild-
type RNase A, confirming that the linker inhibits the binding
of RNA substrates (Table 3). Yet, the k.,; value of the unac-
tivated zymogen is also decreased by 88-fold, suggesting that
the linker also prevents the turnover of RNA substrates by
disturbing active-site residues.>?> Upon activation of zymo-
gen 1 with HIV PR, the Ky value decreases by 2-fold and the
kcat value increases by 10-fold. Neither value was similar to
that of wild-type RNase A, suggesting that, after cleavage,
the linker continues to interfere with the binding and turn-
over of a longer RNA substrate.

The development of a therapy that kills HIV-infected cells
is highly attractive. Such a therapy could eradicate com-
pletely the viral reservoir in patients, a challenge that re-
mains in the era of HAART.'® Drugs that are used to kill can-
cer cells could be used for this purpose but would result in
the side effects typical of cancer chemotherapy, including
bone marrow suppression. Any potential for decreasing
white blood cells in a patient with a weakened immune sys-
tem should be avoided. As an alternative, our strategy seeks
the selective destruction of HIV-infected cells.

Ribonuclease zymogens have other desirable attributes.
Ribonucleases that evade the endogenous ribonuclease in-
hibitor protein are known to be potent cytotoxins.* In con-
trast, we have shown that ribonuclease zymogens have no
observable toxicity toward a human cell line that does not
contain HIV PR (Table 1). This absence of cytotoxicity sug-
gests that a drug based on a ribonuclease zymogen could
have a high therapeutic index. Another attractive feature is
the potential difficulty in the development of viral resistance
to a ribonuclease zymogen. Rapid viral replication and the
high error rate of reverse transcriptase have led to the rapid
development of resistance to reverse transcriptase inhibitors
and protease inhibitors, small-molecule drugs that rely on
binding to these enzymes. It is reasonable to anticipate that
resistance to a drug that requires the catalytic activity of HIV
PR toward a native substrate would be significantly more
difficult for a virus to develop. Moreover, resistance derived
from a protease variant with altered specificity could be
countered by replacing the linker sequence with one that is
recognized by the protease variant. Finally, we note that a
chemotherapeutic agent based on a ribonuclease zymogen
would not be used concurrently with protease inhibitor ther-
apy, which would likely diminish zymogen activation and
hence efficacy.

In conclusion, we have described the creation of an HIV-
specific RNase A zymogen that increases in catalytic effi-
ciency by approximately 50-fold upon activation with HIV
PR, is stable at physiological temperature, and is not toxic to
uninfected cells. These data establish a proof of principle for
a new class of agents for the treatment of HIV/AIDS. We
anticipate testing our strategy with human cells containing
HIV PR.
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