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Ribonuclease (RNase) Sa3 is secreted by the Gram-
positive bacterium Streptomyces aureofaciens. The en-
zyme catalyzes the cleavage of RNA on the 3’ side of
guanosine residues. Here, x-ray diffraction analysis was
used to determine the three-dimensional structure of
two distinct crystalline forms of RNase Sa3 to a resolu-
tion of 2.0 and 1.7 A. These two structures are similar to
each other as well as to that of a homolog, RNase Sa. All
of the key active-site residues of RNase Sa (Asn*2, Glu*?,
Glu®?, Arg”?, and His®®) are located in the putative active
site of RNase Sa3. Also herein, RNase Sa3 is shown to be
toxic to human erythroleukemia cells in culture. Like
onconase, which is an amphibian ribonuclease in Phase
III clinical trials as a cancer chemotherapeutic, RNase
Sa3 is not inhibited by the cytosolic ribonuclease inhib-
itor protein. Thus, a prokaryotic ribonuclease can be
toxic to mammalian cells.

RNase Sa was the first ribonuclease to be isolated from the
growth medium of a Gram-positive microorganism, Streptomy-
ces aureofaciens (1). Streptomycete ribonucleases belong to the
prokaryotic subfamily of microbial ribonucleases of the T1 fam-
ily, which was identified by Hartley over twenty years ago (2).
Amino acid sequence identity between Streptomycete ribonucle-
ases and barnase, the best characterized member of the family,
is low. Yet, their active sites have a similar structure (3).

After its amino acid sequence was determined (4), RNase Sa
became the object of intense structural studies designed to
reveal its catalytic mechanism (5-8) and conformational prop-
erties (9—12). The level of the enzyme in its natural source is
low, and its isolation is tedious. Approaches using recombinant
DNA were necessary to obtain adequate quantities of RNase
Sa. Consequently, genes encoding two RNase Sa homologs,
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RNase Sa2 (13) and RNase Sa3 (14), were cloned from
S. aureofaciens strains R8/26 and CCM 3239, respectively.

Isolation of Sa ribonucleases after the expression of their
genes in Escherichia coli has not been successful. Apparently,
the enzymes are toxic to host cells despite their being directed
for secretion. Successful heterologous production has been
achieved only by the simultaneous expression of an Sa ribonu-
clease gene together with a gene encoding barstar, a protein
inhibitor from Bacillus amyloliquefaciens (15). The yields
range from 10 to 50 mg of protein/liter of culture medium (16).
Barstar inhibits the enzymatic activity of Sa ribonucleases as it
does barnase, its native partner, by sterically blocking the
active site (17, 18). Dissociation constants of the complexes of
RNase Sa, Sa2, and Sa3 with barstar are 2 X 10 1°, 4 x 10 1°,
and 2 X 1012 v, respectively. For comparison, the dissociation
constant for the barnase/barstar complex is 10~ 1% m (15).

The cytosol of mammalian cells contains a ribonuclease in-
hibitor (RI)! protein that binds tightly to mammalian secretory
ribonucleases (19, 20). The ability of secretory ribonucleases
from human (21), cow (22-24), bull (25-27), and frog (28) to
evade RI endows them with toxicity for mammalian cells. These
secretory ribonucleases from vertebrates are not homologous to
microbial ribonucleases. We suspected that a microbial secretory
ribonuclease, such as RNase Sa3, could likewise be toxic to mam-
malian cells if its structure enables it to evade RI.

Here, we report the atomic structure of two crystalline forms
for RNase Sa3. We also report that RNase Sa3 does indeed
have the ability to evade RI and is cytotoxic for human eryth-
roleukemia cells. Thus, RNase Sa3 is a prokaryotic ribonucle-
ase with demonstrable cytotoxic activity.

EXPERIMENTAL PROCEDURES

Protein Crystallization—Protein production, purification, and crys-
tallization were performed as described previously (29). The hanging-
drop vapor-diffusion method was used to prepare two crystalline forms.
Trigonal crystals (crystal I) in the P3,21 space group with unit-cell
dimensions of @ = b = 64.72 A, ¢ = 69.57 A, and B = 120° were grown
using 0.10 M Hepes buffer, pH 7.6, containing Li,SO, (1.6 M) as the
precipitant solution. Hanging drops consisted of 0.05 M Tris-HCI buffer,
pH 8.2, containing protein (7.5 mg ml ), Hepes (0.05 M), and Li,SO,
(0.8 m). Tetragonal crystals (crystal II) in the P4,2,2 space group with
unit-cell dimensions of a = b = 34.05 A and ¢ = 147.22 A were grown
using 2-methyl-2,4-pentanediol (10%, v/v) and ammonium sulfate (40
mM) as the precipitant solution. Hanging drops consisted of 20 mm
sodium acetate, 2 mM calcium acetate buffer, pH 4.2, containing protein
(10 mg ml™ 1), 2-methyl-2,4-pentanediol (5%, v/v), and ammonium sul-
fate (20 mm).

Crystallography Data Collection and Processing—X-ray diffraction
data collection and processing were performed as described previously
(29). Data from crystal I were collected to 2.0 A at 100 K using syn-
chrotron facilities at EMBL (Hamburg, Germany), and data from crys-

! The abbreviations used are: RI, ribonuclease inhibitor; hRI, human
ribonuclease inhibitor; r.m.s., root mean square.
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TABLE 1
Summary of crystallographic refinement and model statistics

ESU, estimated standard uncertainty.

Structure I Structure II

Resolution range (A)

Temperature (K)

Unique reflections

Ry (%)

R (%)

Protein atoms

Solvent molecules

Li* ion

SO?%” ion .

Average B-factors (A?)
Main chain
Side chain
Protein atoms
Solvent molecules

Wilson plot estimate (A?)

ESU based on R (&) _

ESU based on R, (A)

r.m.s. deviation from ideal geometry (target values in parentheses)
Bond distances (A)
Bond angles (°) _
Chiral centers (A?)
Planar groups (A) .
Main-chain bond B values (A%
Main-chain angle B values O(AQ)
Side-chain bond B values (A?)
Side-chain angle B values (A?%)

29.6-2.0 20.0-1.7
100 293
11,779 10,355
214 22.4
15.4 18.6
782 774
145 49
1 —
— 1
28.82 24.75
31.31 27.42
30.05 26.08
42.34 35.82
28.50 22.23
0.176 0.188
0.125 0.112

0.021 (0.021)
1.831(1.931)
0.105 (0.200)
0.008 (0.020)
1.642 (1.500)
2.560 (2.000)
3.836 (3.000)
5.842 (4.500)

0.020 (0.021)
1.783 (1.932)
0.119 (0.200)
0.008 (0.020)
2.067 (1.500)
3.129 (2.000)
3.880 (3.000)
5.728 (4.500)

Residues in Ramachandran plot regions (excluding Pro, Gly, and terminal residues)

Most favored (%)
Additional allowed (%)

tal II were collected likewise to 1.7 A at room temperature. Data were
processed with the HKL package (30). Data sets from both crystalline
forms were 100% complete with R, .. values of 6.0 and 3.6% for
crystals I and II, respectively.

Protein Structure Determination and Refinement—The structures from
crystals I (structure I) and II (structure II) were determined by molecular
replacement using the program AMoRe (31) and the structure of RNase
Sa as a search model (Protein Data Bank entry 1RGG). The initial model
yielded for structure I an R-factor of 46% and a correlation coefficient of
51.7% for data at 10—3 A. The initial model yielded for structure II an
R-factor of 47% and a correlation coefficient of 45.0% for data at 10—-3 A.
Molecular replacement showed clearly that there was one protein mole-
cule in the asymmetric unit in both structures (29).

Individual atomic refinement was performed against 95% of the data
by using the maximum likelihood program REFMAC5 (version 4.1)
from the CCP4 package (32) against 95% of the data. The remaining 5%
of the data randomly excluded from the full data set by the program
Uniqueify from the CCP4 package was used for cross-validation by
means of the R, factor (33). The last refinement cycle was carried out
against all of the data. The Sparse Matrix method was used for mini-
mization. After each refinement cycle, the automated refinement pro-
cedure ARP/wWARP (34) was applied for modeling and updating the
solvent structure. The models were inspected against 3F, — 2F, and F,
— F. maps and adjusted manually between the cycles of refinement
with the program O (35).

Both structures were refined with isotropic and, in later stages,
anisotropic temperature factors including contributions to the structure
factors from the hydrogen atoms, which were generated in standard
geometries. The inclusion of hydrogen atoms lowered the values of R
and R, by >1 unit. Isotropic and anisotropic temperature factors,
bond lengths, and bond angles were restrained according to the stand-
ard criteria employed by REFMACS.

Assay of Ribonuclease Inhibitor Binding—Human ribonuclease in-
hibitor (hRI) and RNase A were from Sigma. hRI was stored in 20 mm
Hepes-KOH buffer, pH 7.6, containing glycerol (50%, v/v), KCI1 (50 mm),
and dithiothreitol (8 mm). The effect of hRI on ribonucleolytic activity
was measured as described previously (36) with minor modifications.
RNase Sa3 was incubated with hRI for 5 min at room temperature. The
enzymatic reaction was initiated at 37 °C by the addition of substrate.
The reaction mixture (1.0 ml) was 0.10 M sodium phosphate buffer, pH
7.5, containing a ribonuclease (RNase Sa3, RNase Sa, or RNase A), hRI,
yeast RNA (3 mg), EDTA (1.0 mm), and dithiothreitol (5 mm). After 15
min, the enzymatic reaction was terminated by cooling the reaction
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FiG. 1. Average temperature factors of RNase Sa3 structures I
and II as a function of residue number.

mixture on ice for 2 min and then adding a solution (0.25 ml) of
uranylacetate (0.75% w/v) in aqueous perchloric acid (25% v/v). The
quenched reaction mixture was subjected to centrifugation, and the
supernatant was diluted by 25-fold with distilled water before recording
its absorbance at 260 nm. The concentration of ribonuclease in the
reaction mixture was adjusted to give an increase in absorbance at 260
nm of 0.2-0.3 cm ! in the absence of hRI.

Assay of Cytotoxicity—Onconase (22) and RNase Sa3 (16) were pre-
pared as described previously. K-562 cells, which are from a continuous
human chronic myelogenous leukemia line, were from the American
Type Culture Collection (Manassas, VA). The effect of ribonucleases on
the proliferation of K-562 cells was determined by measuring the in-
corporation of [methyl-*H]thymidine into cellular DNA as described
previously (22, 37) with the exception that the stock solution of ribo-
nucleases was in 10 mM sodium phosphate buffer, pH 8.0, containing
NaCl (0.10 m). Data represent the average of quadruplicate samples
within an individual assay. The IC;, value of each cytotoxic ribonucle-
ase was calculated by using the equation: S = 100 X IC/(IC,, +
[ribonuclease]) where S is the percent of total DNA synthesis after the
incubation period (24).

RESULTS AND DISCUSSION

Quality of Final Protein Structure Models—The starting
R-factors in the refinement were 46.5% (48.3%) for structure I
(structure II). Refinement converged with R- and Ry, factors
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Fic. 2. Three-dimensional structure of RNase Sa3. A, electron density of lithium ion of RNase Sa3 structure I in the middle of a tetrahedron
formed by four water molecules. Putative hydrogen bonds are denoted by broken lines. Ser®* is from a molecule related by symmetry. B, electron
density of sulfate anion of RNase Sa3 structure II at the 1o level and putative hydrogen bonds with neighboring residues. For clarity, electron
density of the residues is omitted. C, two views of the interaction of two adjacent RNase Sa3 molecules in structure I. D, contact region of four
RNase Sa3 molecules in structure II. For clarity, electron density at the 0.30 level for residues from only two molecules is shown. E, superposition
of RNase Sa (red) (8) and RNase Sa3 structure I (green) based on 37 core C_ atoms. Panels A, B, and D were produced with the program Bobscript

(57). Panels C and E were produced with Molscript (58).

of 15.4% (18.6%) and 21.4% (22.4%), respectively. Both models
have good geometry with r.m.s. deviations from ideal bond
lengths and angles of 0.021 A (0.020 A)and 1.831° (1.783°). 93.9%
(93.6%) of the ¢y and ¢ dihedral angles were in the most favored
region of the Ramachandran plot (38) as calculated with the
program Procheck (39). None of the residues was in a disallowed

region. For both structures, the dispersion precision indicator
(59, 60) based on the values of R- and Ry, factors yields esti-
mated standard uncertainty (ESU) <0.19 and <0.13 A, respec-
tively. The atomic coordinates of structure I and structure II of
RNase Sa3 have been deposited in the Protein Data Bank with
accession codes IMGW and 1MGR, respectively.
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Sa3 ASVKAVGRVCYSALPSQAHDTLDLIDEGGPFPY 33

Sa  -DVS--GTVCLSALPPEATDTLNLIASDGPFPY 30
* *

Sa3 SQODGVVFONREGLLPAHSTGYYHEYTVITPGSP 66

Sa SQDGVVFQNRESVLPTQSYGYYHEYTVITPGAR 63

* * K*k% * % *

Sa3 TRGAREI I TGQQWQEDYYTADEYAS FRRVDFAC 99
Sa TRGTRRIITGEATQEDYYTGDHYATFSLIDQTC 96
* *

*  kkk *

Fic. 3. Amino acid sequences of RNase Sa3 and RNase Sa.
Residues conserved in all microbial ribonucleases are denoted by “—,”
and those conserved in the prokaryotic subfamily are denoted by an
asterisk.

The crystallographic refinement and model statistics are listed
in Table I. The average temperature factors for main-chain atoms
for both structures as a function of residue number are shown in
Fig. 1. Surprisingly, the B-factors are lower for structure II (room
temperature data) than for structure I (100 K data), which can be
explained by the lower water content in crystal forms II (34%)
and I (68%). The average B-factors agree well with estimates
from the Wilson plot (61). The pattern of variation is similar for
both structures, but the amplitude of variation is larger for struc-
ture II. The quality of the electron density in the interior of both
structures is approximately equal despite the different resolu-
tions and conditions for data collection.

Description of Protein Structures—Recombinant RNase Sa3
consists of 99 amino acid residues. The main secondary struc-
ture elements are an a-helix (residues 18-28) and a three-
stranded antiparallel B-sheet (residues 55—-61, 72—-78, and 82—
87). The protein belongs to the Alpha Beta Roll group of the
CATH classification of protein domain structures (40). The
final model for structure I contains 782 protein atoms and 145
water molecules. The final model for structure II contains 774
protein atoms and 49 water molecules. The peptide bond preced-
ing Pro®® is in the cis-conformation. The enzyme contains two
cysteine residues in positions 10 and 99, which form a disulfide
bond.

In structure I, all residues were built, and there are no
residues with alternative conformations. A difference electron
density was seen after all refinement cycles in the middle of four
water molecules arranged in the corners of a tetrahedron. A
lithium cation was modeled at the site of difference electron
density and refined as shown in Fig. 2A. The distances to respec-
tive water molecules are 1.8—2.0 A. The B-factors of water mol-
ecules and the Li* ion are 30-36 and 16 A2, respectively.

In structure II, residues Alal, Ser?, and the side chain of Val®
(which together form an N-terminal tail) are missing, because
there was no electron density clear enough to model these
residues. The electron density for Lys* and Trp”® side chains
was poor, resulting in temperature factors of up to 60 AZ.
Alternative conformations were built for the O, atom of Ser'?,
A sulfate anion SO5~ was modeled at the putative phosphoryl
group binding site as shown in Fig. 2B in analogy to one found
in RNase Sa (8). The average S—O bond length was 1.45 A.

The room temperature and low temperature structures are
almost identical. An overlap of the two structures based on the
minimization of distances between 94 C_ atoms (excluding the
five N-terminal C,, atoms) yields an r.m.s. displacement of 0.50 A
with a maximum displacement of 1.75 A at the Trp”® side chain.

Crystal Packing and Lattice Interactions—In structure I,
each molecule makes intermolecular contacts with three neigh-
bors. The crystal consists of a lattice of molecules that form
continuous parallel chains between those that are large chan-
nels of the solvent corresponding to 68% crystal volume. Be-
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Fic. 4. Effect of onconase, RNase Sa3, and RNase Sa on the
proliferation of K-562 cells. Cell proliferation was measured by in-
corporation of [methyl-*H]thymidine into cellular DNA after a 48-h
incubation at 37 °C with a ribonuclease. Each value is the mean (=S.E.)
of at least three independent experiments with triplicate samples and is
expressed as a percentage of the control, which lacked a ribonuclease.
IC;, values are 0.43 + 0.04 uM (onconase), 5 = 1 uM (RNase Sa3), and
>35 uM (RNase Sa).

tween each pair of chains, every third molecule forms close
intermolecular contacts with its partner from the neighboring
chain. As shown in Fig. 2C, the N-terminal loops of two neigh-
boring molecules are intertwined and trapped between the two
molecules, forming a number of contacts that prevent disorder.

In structure II, each molecule makes intermolecular contacts
with 12 neighboring molecules. The molecules are packed
closely, which results in a solvent content of only 34%. It is
interesting to note that four neighboring molecules in the crys-
tal face each other with disordered regions. As shown in Fig.
2D, this interface contains N-terminal residues of two mole-
cules and Trp”® residues of two other molecules. The disorder of
these regions is surprising as the space in the interface does not
seem to be large enough to allow for substantial atomic motion.

Comparison with Other Ribonuclease Structures—Sa ribo-
nucleases catalyze the cleavage of the P—-O° bonds of single-
stranded RNA on the 3’ side of guanosine nucleotides (62). The
most thoroughly studied Streptomycete ribonuclease is RNase
Sa, the structure of which was determined at various resolu-
tions, including atomic. As shown in Fig. 3, a comparison of the
amino acid sequences of RNase Sa and RNase Sa3 reveals that
there are 67 identical residues (69% identity), 17 of which are
conserved in all enzymes belonging to the prokaryotic subfamily
of microbial ribonucleases. There are five key residues: Asn*?,
Glu**, Glu®’, Arg™, and His®® (Sa3 numbering) that are con-
served strictly in all microbial ribonucleases of the T1 family. By
analogy, Glu®” and His®® participate in general acid base catal-
ysis. Glu** and Arg” participate in nucleobase and phosphoryl
group binding, respectively. The side chain of Asn*? plays an
important role in stabilizing the main-chain loop that forms the
binding site for the nucleobase of a substrate. Replacing an equiv-
alent asparagine residue in RNase Sa with aspartate, alanine, or
serine decreases the conformational stability of the enzyme by
1.5-2.3 keal/mol (9) and decreases the catalytic activity by 85%.2
The N39S variant of RNase Sa also shows unexpected changes in
structure (Protein Data Bank code 1BOX).

An overlap of RNase Sa3 structure I with the structure of
RNase Sa based on minimization of distances between those
corresponding C, atoms that form the core of the molecules (37

2 L. Urbanikova, unpublished data.
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atoms) yields an r.m.s. deviation of 0.35 A and a maximum
deviation of 0.84 A, which is the distance between the C, atoms
of Gly?® (Sa3) and Asp?® (Sa). This superposition reveals a high
degree of similarity as depicted in Fig. 2E. Differences in the
main-chain fold are seen only at the N and C termini and
reached 5 and 2 A, respectively. The N-terminal residues of
RNase Sa are well determined as they are laid on the surface of
the molecule. The situation is different in RNase Sa3 in which
the N-terminal residues form a tail that does not contact the
remainder of the molecule but instead points to the solution.

Ribonuclease Inhibitor Binding—Previously, the ribonucle-
ase inhibitor protein was demonstrated to have no effect on the
ribonucleolytic activity of microbial ribonucleases T1 and Ul
(41). In the conditions used herein, hRI was able to fully inac-
tivate RNase A but had no effect on the activity of RNase Sa
and Sa3, even at a 10-fold greater concentration. Thus, strep-
tomycete ribonucleases Sa and Sa3 bind tightly to barstar (15)
but evade hRI.

Cytotoxicity—RNase Sa3 exhibits dose-dependent toxicity to
K-562 cells as shown in Fig. 4. The IC;, value for RNase Sa3 is
(5 = 1) uM, which is only 10-fold greater than that of onconase.
In contrast to RNase Sa3, RNase Sa does not exhibit significant
cytotoxic activity.

Ribonucleases can be cytotoxic by virtue of their ribonucleo-
lytic activity. The cytotoxic activity of some vertebrate ribo-
nucleases has led to their development as cancer chemothera-
peutics (42—44). For example, onconase, which is the homolog
of RNase A in the Northern leopard frog (Rana pipiens), is now
in Phase III clinical trials for the treatment of malignant me-
sothelioma, a form of lung cancer (45). A few fungal ribonucle-
ases are also known to have antitumor activity (46). Specifi-
cally, the Aspergillus ribonucleases a-sarcin (47), mitogillin
(48), restrictocin (49), and Asp-fl (50) kill cells by cleaving a
specific phosphodiester bond in 28 S rRNA, thereby disrupting
the ribosome and impairing protein biosynthesis (51).

To our knowledge, RNase Sa3 is only the second prokaryotic
ribonuclease to have demonstrable cytotoxic activity (63). The
mechanism by which RNase Sa3 manifests its cytotoxicity is
unclear but probably relies on its ribonucleolytic activity as
does the cytotoxicity of other ribonucleases (52). The three-
dimensional structure of RNase Sa3, which is highly similar to
that of its non-toxic homolog RNase Sa (Fig. 2E), provides no
obvious clues. Likewise, the conformational stability of the two
ribonucleases, which can correlate with cytotoxicity (53), is
similar (11). However, the endogenous ability of RNase Sa3 to
evade RI is reminiscent of that of onconase (28) and bovine
seminal ribonuclease (54), two mammalian ribonucleases with
cytotoxic activity. This ability is also probably critical for the
cytotoxicity of RNase Sa3. Furthermore, RNase Sa3 is more
cationic than is RNase Sa (pI = 5.4 and 3.5, respectively) (16),
and more cationic ribonucleases are more cytotoxic (55). Addi-
tional studies are necessary to reveal the basis as well as the
mechanism of RNase Sa3 cytotoxicity. These studies are com-
pelled by the need to develop new cytotoxins for use in cell
biology and medicine (43, 56).
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