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ABSTRACT: The base cleavage specificity of angiogenin toward naturally occurring polyribonucleotides has
been determined by using rapid RNA sequencing technology. With 5S RNAs from Saccharomyces cerevisiae
and Escherichia coli, angiogenin cleaves phosphodiester bonds exclusively at cytidylic or uridylic residues,
preferably when the pyrimidines are followed by adenine. However, not all of the existent pyrimidine bonds
in the 5S RNAs are cleaved, likely owing to elements of structure in the substrate. Despite the high degree
of sequence homology between angiogenin and ribonuclease A (RNase A), which includes all three catalytic
as well as substrate binding residues, the cleavage patterns with natural RN As are unique to each enzyme.
Angiogenin significantly hydrolyzes certain bonds that are not appreciably attacked by RNase A and vice
versa. The different cleavage specificities of angiogenin and RNase A may account for the fact that the

former is angiogenic while the latter is not.

Recent reports from this laboratory have described the
isolation, characterization, and cloning of angiogenin, a protein
that induces neovascularization (Fett et al., 1985; Strydom
et al., 1985; Kurachi et al., 1985). The primary sequence of
angiogenin is highly homologous to that of the pancreatic
ribonucleases (RNases),! and, indeed, angiogenin exhibits
ribonucleolytic activity, albeit distinct from that of the deg-
radative RNases (Shapiro et al., 1986). It does not display
significant activity in standard RNase A assays with substrates
such as C>p or poly(C), but it does catalyze the cleavage of
isolated 28S and 18S rRNA.

Evidence is accumulating that an RNA substrate may be
involved in the mechanism of angiogenin action (Shapiro et
al., 1986; St. Clair et al., 1987). This and other physiologically
important proteins that hydrolyze RNA (Gleich et al., 1986;
Gullberg et al., 1986) may indeed represent a class of RNases
with metabolic as contrasted with degradative or processing
functions (Barnard, 1969). Although the primary target of
angiogenin is still unknown, its characteristic activity toward
naturally occurring polyribonucleotides has been recognized
(Shapiro et al., 1986), and its base specificity with such sub-
strates is of obvious importance. We have therefore examined
the cleavage sites in 5SS RNAs of known sequence to define
the specificity and confirm the characteristic ribonucleolytic
activity of angiogenin.

MATERIALS AND METHODS

Materials. Angiogenin, free of any nonspecific ribonuclease,
was purified from conditioned medium of a human colon
adenocarcinoma cell line (HT-29) as described by Shapiro et
al. (1986). Bovine pancreatic RNase A was purchased from
Cooper Biomedical (Freehold, NJ). Escherichia coli 5S RNA
and tRNAP" were obtained from Boehringer Mannheim
(Indianapolis, IN). Reovirus RNA was a gift from Dr. B.
Fields. Dephosphorylated yeast 5SS RNA, T, polynucleotide
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kinase, T, RNA ligase, and alkaline phosphatase were obtained
from Bethesda Research Laboratories (Gaithersberg, MD).
[v-¥*P]ATP (3000 Ci/mol) and [5’-32P]pCp (3000 Ci/mmol)
were purchased from New England Nuclear (Boston, MA).
Base-specific endonucleases were obtained in RNA sequencing
kits from Pharmacia (Piscataway, NJ).

Preparation of 3*P-Labeled RNA Substrates. E. coli 58
RNA or tRNAP was dephosphorylated with alkaline phos-
phatase at 65 °C for 30 min and purified by electrophoresis
on a 1.5-mm-thick polyacrylamide gel [10% acrylamide/0.6%
N,N’-methylenebis(acrylamide) /7 M urea/50 mM Tris-borate
(pH 8.3)/1 mM EDTA] for 12-15 h at 250 V. The RNA
was located by UV shadow casting and the intact material
excised. The gel was placed in siliconized, plugged, blue
Eppendorf tips and crushed, and the RNA was eluted into 0.5
M ammonium acetate/1 mM EDTA by incubation at 37 °C
for 6-12 h. The RNA was recovered by precipitation with
ethanol. Dephosphorylated RNAs were labeled at the 5
termini with [y-3?P]JATP and T, polynucleotide kinase (Sil-
berklang et al., 1979) and at the 3’ termini with [5’-3?P]pCp
and RNA ligase as described by Peattie (1979). The 3?P-la-
beled RN As were repurified as described above except that
tRNA was added as a carrier in the final precipitation. RNA
was suspended in autoclaved water and stored at —20 °C. All
reagents and glassware were treated to destroy contaminating
ribonucleases to ensure the integrity of the RNA.

Polyacrylamide Gel Analysis. 3*P-Labeled RNA (ap-
proximately 50000-100000 cpm/reaction) was digested with
base-specific enzymes according to the protocol supplied by
the manufacturer. For each experiment, the same amount
(micrograms per milliliter) of 32P-labeled RNA was digested
with angiogenin or RNase A under nondenaturing conditions

! Abbreviations: RNase(s), ribonuclease(s); T;, ribonuclease Ty; U,,
ribonuclease U,; BC, ribonuclease Bacillus cereus; C>p, cytidine cyclic
2’,3’-phosphate; poly(C), poly(cytidylic acid); ATP, adenosine 5’-tri-
phosphate; pCp, 3’-phosphocytidine 5’-phosphate; Py(s), pyrimidine(s);
PyN, pyrimidine where N represents A, C, G, or U; XC, xylene cyanol;
BPB, bromphenol blue; Tris, tris(hydroxymethyl)aminomethane; Hepes,
N-(2-hydroxyethyl)piperazine- N’-2-ethanesulfonic acid; EDTA, ethyl-
enediaminetetraacetic acid.
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in 25 mM Hepes, pH 7.2, 37 °C, for 15 min unless otherwise
indicated. The reaction was stopped by addition of gel-loading
buffer (10 M urea/1.5 mM EDTA/0.05% each of XC and
BPB) and freezing on dry ice. A reference ladder was gen-
erated by alkaline hydrolysis with [*2P]RNA using 0.5 M
sodium bicarbonate, pH 9. Five microliters from each reaction
was electrophoresed through 10% acrylamide sequencing gels
(0.4 mm thick, 40 cm long) at 40-50 W, initial voltage of
about 1800 V. Low-voltage analysis was accomplished on 20
cm X 0.75 mm gels at 250 V. Under these conditions, XC
comigrates with a 55-nucleotide fragment and BPB with a
12-nucleotide fragment. After electrophoresis, the gels were
either covered with plastic wrap and directly exposed to Kodak
XAR-5 film at =70 °C or soaked in 10% acetic acid/10%
methanol and dried before exposure to the film. Autoradio-
grams were scanned in a Quick Scan R & D densitometer
(Helena Laboratories, Beaumont, TX) or an LKB Ultrascan
XL laser spectrophotometer.

RESULTS

Base-Specific Cleavage Pattern of Angiogenin toward
Natural Polyribonucleotides. Direct RNA sequence analysis
(Donis-Keller et al., 1977; Simoncsits et al., 1977) of 3P
end-labeled 5S RNA from Saccharomyces cerevisiae or E.
coli served to determine the sites of cleavage preference for
angiogenin in a natural polyribonucleotide. 5S RNAs labeled
at the 3" or 5’ termini, respectively, present alternative cleavage
points. Since the primary sequences of these RNAs are known
(Barrell & Clark, 1974), the gel patterns generated by the base
cleavage resulting from angiogenin can be compared with those
of pancreatic and other ribonucleases to determine the spe-
cificity of angiogenin.

Limited digestion with angiogenin, 0.14-0.56 uM for 15 min
at 37 °C, hydrolyzes only Py phosphodiester bonds as shown
in autoradiograms of representative sequencing gels of 5S
[3-2P]RNAs (Figures 1 and 2). Major angiogenin cleavage
sites (arrows) in S. cerevisiae 5S RNA are identified between
bases C,,; and U, (Figure 1) and between U,y; and Cg, in
E. coli 5S RNA (Figure 2). In Figure 3a,b, heavy (major)
and thin (minor) arrows have been employed to depict both
major and minor cleavages, respectively, determined by se-
quencing both 3’- and 5'-labeled 5S RNA, in secondary
structure models for S. cerevisiae (Figure 3A; Luehrsen &
Fox, 1981) and E. coli (Figure 3B; Fox & Woese, 1975;
Douthwaite & Garret, 1981). Since the amount of label
accumulated at a particular site can vary for different limit
digests, no attempt at quantitation was made. However, in
order to indicate the degree of cleavage, arrows of different
widths have been employed. The controls, i.e., undigested
3P.labeled RNA in Figures 1 and 2, indicate some of the
technical problems that interfere with quantitation. Thus,
radiolytic damage generates bands in undigested controls, a
phenomenon which repurification of the substrate does not
alter. In E. coli (Figure 2), this occurs predominantly at U-A
sites (Douthwaite & Garrett, 1981), and although Uy, U,
and U,,; appeared to be major angiogenin cleavage sites,
corresponding bands in the undigested material put this in
question. This also occurs at Uy in S. cerevisiae 5S RNA
(Figure 1). Hence, we designate these cleavages as “weak”
since angiogenin apparently merely enhances the base-line rate.
This problem is not as evident with 58 RNA labeled at the
5’ end, since the specific activity of this labeled RNA is lower.

The assignments in Figure 3 are the consequence of at least
three experiments for each labeled 5S RNA. They portray
the cleavage generated by angiogenin from bases C;y to C,;
in §. cerevisiae and from C |, to C,,,in E. coli 5S RNA. Of
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FIGURE 1: Cleavage pattern of angiogenin using S. cerevisiae 5S
[37-32P]RNA as substrate. (Lanes 3, 4, 5, and 6) Cleavage of RNA
(20 ug/mL) by 0.14, 0.28, 0.56, and 1.4 uM angiogenin, respectively,
in a total volume of 5 uL. Hydrolysis was performed under nonde-
naturing conditions in 25 mM Hepes, pH 7.2 at 37 °C, for 15 min.
The reactions were stopped and subjected to high-voltage poly-
acrylamide gel electrophoresis as described under Materials and
Methods. (Lane —E) RNA incubated without angiogenin. (Lane
OH) A reference ladder generated by alkaline hydrolysis as described
under Materials and Methods. (Lanes T,, U,, and BC) Cleavage
of RNA with RNase T;, U,, and BC, which cut preferentially after
G, A, and Py’s, respectively. One setiuencing unit of each enzyme
was used to obtain a partial digest of [**P]JRNA. Bases are numbered
from the 5’ end of the RNA to the 3’ end according to the convention
of Luehrsen and Fox (1981). Arrows represent major angiogenin
cleavage sites. The **P-labeled RNA used in this experiment was
gel purified twice, but fragments due to radiolytic damage persisted
in the control (-E). The asterisk denotes bonds particularly sensitive
to radiolytic damage.

the 16 major cleavage sites, 13 occur when A follows a Py.
Further, it does not seem to matter whether C or U is the base
preceding A. The fact that not all Py bonds are cleaved likely
reflects the accessibility of the bond.

Relationship of Cleavage Pattern to Structure. Although
the studies with angiogenin were performed under nondena-
turing conditions, special care was not taken to reconstitute
the native structure of the RNA (Douthwaite & Garret, 1981).
The tertiary structure of these 5S RNAs is not known, and
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FIGURE 2: Cleavage pattern of angiogenin using E. coli 58 [3'-
3P|RNA as substrate. (Lanes 3, 4, and 5) Cleavage of RNA (200
pg/mL) by 0.56, 0.28, and 0.14 uM angiogenin, respectively. The
asterisks denote bonds particularly sensitive to radiolytic damage, and
the arrows represent major angiogenin cleavage sites. Other conditions
are as in Figure 1 and under Materials and Methods except that the
numbering of bases follows the convention of Fox and Woese (1975).

there is no universal agreement regarding their secondary
structures (Chen & Marshall, 1986). Therefore, our attempts
to correlate specific structural elements to cleavage points must
be considered a preliminary indication that structure may be
important to the ribonucleolytic specificity of angiogenin.
In S. cerevisiae 5S RNA, weak cleavage occurs in a long
Py stretch from Cy to Cy. There is also weak cleavage in
a comparable region of E. coli 58 RNA. This suggests that
angiogenin does not cut well in Py-rich regions. In E. coli 5S
RNA, C,,, Cy,, and Uy also occur in a cluster of Py’s close
to very strong cleavages, which necessarily affects cleavage
of adjacent bases (Douthwaite & Garret, 1981). In S. cere-
visiae, there is a cluster of refractory Py’s from Cg; to Cjgp
in a GC-rich helical region of the molecule, and in E. coli,
refractory Py’s occur from C,g to Us,, another GC-rich region.
These constellations can cause base stacking which may render
the bonds inaccessible to the enzyme (Peattie, 1979). Ugg and
Us, in E. coli occur in a region which causes compressions in
the gel (Figure 2), indicating the occurrence of a “snap back”
structure. Ug;, Cgg, and Uy are resistant to ribonuclease when
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FIGURE 3: Secondary structural model of (A) S. cerevisiae 5S RNA
drawn according to Luehrsen and Fox (1981) and (B) E. coli 5S RNA
according to Fox and Woese (1975) with modifications by Douthwaite
and Garrett (1981). The arrows mark the cleavage sites of angiogenin
as determined by at least three sequencing experiments of both 5’
and 3'-labeled 58 RNA. The heavy arrows correspond to major
cleavage sites and the thin arrows to minor cleavage sites.

E. coli 5S RNA is in the low-salt form (Christensen et al.,
1985) as would likely be the case in the digestion buffer used
in these studies.

E. coli tRNAP" was also subjected to RNA sequence
analysis after digestion by angiogenin. The results are entirely
consistent with the present data and establish the cleavage
preference of angiogenin on naturally occurring polyribo-
nucleotides to be Py specific with major cleavages occurring
mainly after PyA bonds. The susceptibility of PyN bonds to
angiogenin depends on their position in the molecule relative
to structure or neighboring bases, i.e., Py stretches.

Hydrolysis of Naturally Occurring Polyribonucleotides by
Angiogenin. The 3?P-labeled fragments generated by ang-
iogenin digestion of yeast 5S RNA (Figure 4) and tRNAP™
(Figure 5) were analyzed by low-voltage urea—polyacrylamide
gel electrophoresis. Since the latter has a more highly ordered
structure than the former (Tewari & Burma, 1982), a com-
parison of the gel patterns should indicate the extent to which
RNA structure may influence the ribonucleolytic activity of
angiogenin. Equal quantities of RNA (25 pg/mL) were di-
gested with angiogenin, and the fragments generated in each
case were analyzed. Those fragments containing a **P label
were visualized by autoradiography. Their sizes, estimated
from a standard curve, determine the distance from the
cleavage site to the labeled end of the molecule.
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FIGURE 4: Fragments of S. cerevisiae 5S [3’-3?P]RNA separated by
low-voltage electrophoresis. (Lanes 2, 3, 4, and 5) Cleavage of RNA
(25 pg/mL) by 0.14, 0.28, 0.56, and 1.7 uM angiogenin, respectively.
The digestion conditions correspond to those described in the legend
to Figure 1 and under Materials and Methods. (Lane -E) RNA
incubated without angiogenin. The positions of XC (55; nucleotides)
and BPB (12; nucleotides) are indicated. The identification of the
fragments is deduced from the sequencing gels after determining
approximate sizes from a standard plot according to the migration
of the intact material and the two dyes. The autoradiogram was
scanned with the R & D Quick Scan densitometer.
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FIGURE 5: Fragments of E. coli [5'-3?P]tRNAPb separated by low-
voltage electrophoresis. (A) (Lanes 2, 3, 4, and 5) Cleavage of tRNA
(25 pg/mL) by 0.14, 0.42, 1.71, and 3.43 pM angiogenin, respectively.
The digestion conditions correspond to those described in the legend
to Figure 1 and under Materials and Methods. (Lane -E) RNA
incubated without angiogenin. Assignment of fragment sizes is de-
scribed in the legend to Figure 4. (B) (Lanes 1, 2, and 3) Cleavage
of tRNA by 0.28, 8.50, and 17.10 M angiogenin, respectively. (Lane
4) Digestion of RNA by 0.28 4M RNase A.

Increasing concentrations of angiogenin progressively de-
grade intact 5S RNA until a limit digest is reached (Figure
4). With 1.7 uM angiogenin, 80% of the total oligonucleotide
product appears in fragments of from five to eight bases
(Figure 4, lane 5). The remaining 20% appears in a 14-nu-
cleotide fragment which resists further digestion by up to 8.5
puM angiogenin (not shown). This fragment, which derives
from the 3" end of the molecule by cleavage at C,q7, may fold
back on itself by complementary base pairing to form dou-
ble-stranded RNA which resists digestion. Angiogenin is
known to prefer single-stranded RNA as a substrate (Shapiro
et al., 1986). Alternatively, the fragment may be double
stranded by remaining hybridized to its complementary RNA
at the 5* end of the 58 RNA, since a cleavage site is also
located 10-12 nucleotides from the 5 end of the molecule.

The cleavage pattern obtained on digestion of E. coli
tRNAP with angiogenin is shown in Figure 5A. Angiogenin
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FIGURE 6: Comparison of fragments of S. cerevisiae 5S [¥-*P]RNA
generated by angiogenin (top panel) or RNase A (bottom panel). The
arrows denote regions of the figure which are superimposed (insert,
top panel; angiogenin, solid line; RNase A, dashed line). The RNA
preparation, digestion, and electrophoresis are described in the legend
to Figure 4 and under Materials and Methods. Concentrations of
angiogenin and RNase A which generated comparable partial digests
are 2.8 X 107! uM and 1.4 X 10™* uM, respectively. The autora-
diograph was scanned with the LKB Ultrascan XL laser spectro-
photometer. The gel origin is to the right.

generates fragments that range in size from 5 to 25 nucleotides
which are quite resistant to further digestion with concen-
trations up to 17 uM angiogenin (Figure 5B). In contrast,
0.28 uM RNase A digests tRNAPH to fragments smaller than
pentanucleotides (Figure 5B, lane 4). The angiogenin-resistant
fragments derive from a GC-rich region of tRNAP", and this
resistance most likely reflects the stability of specific tertiary
structure regions within the tRNA since other regions of the
tRNA do undergo significant cleavage.

Comparison of Cleavage Patterns of 58 RNA Generated
by Angiogenin or RNase A. Angiogenin and RNase A gen-
erate completely different cleavage patterns from yeast 5S
RNA (Figure 6). A scan of the autoradiograph readily
reveals both qualitative and quantitative differences. Figure
7 is a high-voltage separation of the same labeled RNA
fragments, and Py’s cleaved by angiogenin are indicated.
Although regions of the 5S RNA are inaccessible to hydrolysis
by either enzyme, these regions are not identical. Thus, RNase
A generates strong cleavages in a region from Ugg to Ceg, where
angiogenin is barely active. Conversely, angiogenin makes a
strong cut after Csg, indicated by an arrow in Figure 7.2 In
contrast, RNase A does not cleave this bond as well. Ang-

2 Although Csg and Uy are not distinguished in the 3'-labeled 58
RNA shown in Figure 7, the identification of CsgU as the bond cleaved
is clearly evident with 5’-labeled molecules.



2292 BIOCHEMISTRY

BCU,T, 4 56 78 9101l OH-E

-
-
-
. Usg/ Css
- Usz
-~
- _c“
.- ==, C7s
N T4
- —Uzsg
-e Uss
- = —Uss
b e —Uso
:\
-
-
-
i e
‘ e |-'It.'ns
5 G
‘ ‘: o7

FIGURE 7: High-voltage electrophoresis of fragments of S. cerevisiae
5S [3’-3?P]RNA generated by angiogenin or RNase A. The RNA
preparation is described in the legend to Figure 4. Digestion and
electrophoresis are described in the legend to Figure 1 and under
Materials and Methods. (Lanes 4, 5, 6, and 7) Digestion of 58 RNA
by 2.8 X 1075, 2.8 X 10, 2.8 X 107, and 1.4 X 10~* uM RNase A,
respectively. (Lanes 8, 9, 10, and 11) Digestion of 5S RNA by 1.4,
0.56, 0.28, and 0.14 uM angiogenin, respectively. (Lane —-E) RNA
incubated without enzyme; (lane OH) an RNA ladder generated by
alkaline hydrolysis; (lanes BC, U,, and T,) digestion by base-specific
(Py’s, A, and G, respectively) ribonucleases. Py’s cleaved by angiogenin
are indicated to the right of the gel. The arrow indicates a bond
preferentially cleaved by angiogenin.

iogenin strongly cleaves Cq, in E. coli 58 RNA, a bond af-
fected insignificantly by RNase A under standard digestion
conditions at 37 °C (Figure 8A). The amount of label in a
particular band can also vary with the extent of the limit digest.
Therefore, to ensure equal partial digests and confirm the
strong cleavage of Cgy, by angiogenin, limited digests of E. coli
558 RNA by angiogenin or RNase A were performed at 0 °C.
The results in Figure 8B demonstrate that angiogenin indeed
cleaves Cgy but RNase A does not.

Hydrolytic Activity of Angiogenin toward Other Nucleic
Acids. Since some nucleases hydrolyze both RNA and DNA
(Barnard, 1969), the cleavage activity of angiogenin toward
other naturally occurring nucleic acids was examined under
the conditions used in these studies to digest 5SS RNA.
Double-stranded reovirus RNA is not degraded by concen-
trations of angiogenin that digest 5S RNA, although some
degradation was evident at higher concentrations, i.e., 14 uM.

The nucleolytic activity of angiogenin toward single-stranded
DNA was tested by using the plus strand of M13mp19 viral
DNA. Cleavage was not observed, even with higher concen-
trations of angiogenin. Interestingly, angiogenin appears to
bind both to single-stranded DNA and to double-stranded
plasmid or high molecular weight DNA, as will be reported
in detail.

RYBAK AND VALLEE

DiscussioN

Recent studies of the specificities of RNases have been
facilitated by the application of rapid RNA sequencing
technology (Smith et al., 1981; Wreschner et al., 1981; Boguski
et al., 1980; Saha, 1982). Using an RNA molecule of known
sequence, RNase specificity may be determined by comparing
a partial digest of this substrate by the enzyme under exam-
ination with partial digests derived from RNases of known base
preference. The fact that angiogenin does not exhibit activity
toward standard RNase A substrates (Shapiro et al., 1986)
called for the determination of the cleavage pattern of ang-
iogenin on natural polyribonucleotides, hence the approach
in the present work. Further, the specific activity of angiogenin
toward natural RNAs differs from that of RNase A (Shapiro
et al., 1986), indicating differences in the sites and /or nature
of the cleavages of the two enzymes.

The present study demonstrates that angiogenin cleaves a
natural RNA exclusively after pyrimidines, most frequently
when the pyrimidine is followed by adenine. Therefore, the
difference in cleavage specificity between angiogenin and
RNase A is not due to base preference since both cleave only
after pyrimidines. Actually, this is not surprising since the
catalytic residues and those that constitute the substrate
binding region are all highly conserved in angiogenin (Strydom
et al., 1985).

We have no evidence thus far that cleavage by angiogenin
requires a specific recognition element in terms of the primary
nucleotide sequence of 5S RNNAs. Therefore, elements of
RNA structure likely confer specificity consistent with the
properties of some processing endonucleases (Stahl et al., 1980;
Eichler & Eales, 1983).

Any correlation of angiogenin cleavage sites with specific
structural elements can only be interpreted in general terms.
No efforts were made to reconstitute the native structure of
55 RNAs or to determine primary cleavage sites by angiogenin
precisely. Nevertheless, under the conditions of moderate ionic
strength and low temperature employed here, 60-70% of the
nucleotide residues in 58 RNAs would be expected to be
involved in base pairing (Attardi & Amaldi, 1970). Therefore,
it is reasonable to assume that the restricted cleavage spe-
cificity, i.e., the failure of all PyN bonds to be cleaved by
angiogenin, is a consequence of the imperviousness of certain
regions to attack imposed by their secondary structure.> The
effects of structure are also evident in the low-voltage analysis
of limit digests, since regions in 5S RNA and tRNA that are
not digested easily derive from areas of the RNAs presumed
to form stable, base-paired structures.

Interestingly, two major cleavage sites after Cyy in E. coli
58 RNA and Csg in S. cerevisiae 5S RNA, respectively, are
not followed by adenine and are not cleaved efficiently by
RNase A. Both pyrimidines are in putative double-stranded
regions of the molecule, and both enzymes prefer single-
stranded RNA as substrate. This strongly implies that some
element of structure is crucial to cleavage specificity by
angiogenin. The possibility exists that after binding to a
specific site on RNA angiogenin could alter the local con-
formation to induce susceptibility to cleavage.

These views are supported by recent work from this labo-
ratory which describes a limited, selective cleavage of rabbit
reticulocyte ribosomes by angiogenin as opposed to the random
nicking engendered by RNase A (St. Clair et al., 1987).

3 Under other conditions of pH and temperature used to minimize
effects of RNA structure, angiogenin cleavage sites were enhanced and
more evenly distributed.
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FIGURE 8: High-voltage electrophoresis of fragments of E. coli 58
[3-2P]RNA generated by angiogenin or RNase A. (A) (Lanes 1,
2, and 3) 55 RNA (10 pg/mL) digested at 37 °C with 1.4, 0.56, or
0.28 uM angiogenin, respectively; or (lanes 4, 5, and 6) with 3.3 X
107, 1.6 X 1075, or 8.3 X 107 uM RNase A, respectively, under
conditions described in the legend to Figure 1 and under Materials
and Methods. (B) (Lanes 1 and 2) 58S RNA was digested at 0 °C
with 0.28 uM angiogenin for 15 min or 2 h, respectively, or (lanes
3 and 4) with 3.3 X 10™* uM RNase A for 15 min or 2 h, respectively.
Other symbols as in Figure 7.

o
.

Cleavage of the ribosome by angiogenin completely inhibits
protein synthesis when ribosomes are translated in an in vitro
reticulocyte lysate system. The results of the present study
support the idea that the intricate architecture of rRNA in
the ribosome can present a cleavage site(s) specifically rec-
ognized by angiogenin.

While the exact specificity and precise substrate as well as
the functional implications of angiogenin’s enzymatic activity,
with regard to its physiological potential, remain to be de-
termined, this study establishes some features of the sites where
angiogenin cleaves in a natural polyribonucleotide. There is
compelling evidence that some form of RNA will turn out to
be the specific substrate for angiogenin since its ribonucleolytic
activity correlates with its angiogenic activity (Shapiro et al.,
1986). The angiogenin gene codes for a leader sequence,
suggesting that this protein is a secreted enzyme (Kurachi et
al,, 1985), consistent with its presence in human plasma
(Shapiro et al., 1987). However, there is no information as
yet regarding either the nature or the locale of a putative,
native substrate. Small nuclear RNAs, naturally occurring
antisense RNAs (Haywood, 1986), and yet other oligo-
nucleotides (Plesner et al., 1987) have not been ruled out as
possible substrates. Further, angiogenin also is a potent in-
hibitor of reticulocyte ribosomal function (St. Clair et al.,
1987). The mechanism of the interaction of angiogenin with

VOL. 27, NO. 7, 1988 2293

cellular and/or extracellular RNAs and the identification of
an angiogenin target promise to elucidate a new pathway for
the induction and regulation of neovascularization.
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Steric Course of the Hydration of D-gluco-Octenitol Catalyzed by a-Glucosidases
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ABSTRACT: Crystalline Aspergillus niger a-glucosidase and highly purified preparations of rice a-glucosidase
II and Trichoderma reesei trehalase were found to catalyze the hydration of [2-2H]-D-gluco-octenitol, i.e.,
(Z)-3,7-anhydro-1,2-dideoxy-[2-2H]-D-gluco-oct-2-enitol, to yield 1,2-dideoxy-[2-*H]-D-gluco-octulose. In
each case, the stereochemistry of the reaction was elucidated by examining the newly formed centers of
asymmetry at C-2 and C-3 of the hydration product. The C-1 to C-3 fragment of each isolated [2-
2H}-p-gluco-octulose product was recovered as [2-?H]propionic acid and identified by its positive optical
rotatory dispersion as the S isomer, showing that each enzyme had protonated the octenitol (at C-2) from
above its re face. 'H NMR spectra of enzyme/D-gluco-octenitol digests in D,0 showed that the a-anomer
of [2-2H]-D-gluco-octulose was exclusively produced by each a-glucosidase, whereas the 8-anomer was formed
by action of the trehalase. The trans hydration catalyzed by the a-glucosidases was found to be very strongly
inhibited by the substrate; the cis hydration reaction catalyzed by the trehalase showed no such inhibition.
Special importance is attached to the finding that in hydrating octenitol each enzyme creates a praduct
of the same anomeric form as in hydrolyzing an a-D-glucosidic substrate. This result adds substantially
to the growing evidence that individual glycosylases create the configuration of their reaction products by
a means that is independent of donor substrate configuration, that is, by a means other than “retaining”

or “inverting” substrate configuration.

In recent years much new insight into the catalytic capa-
bilities of glycosidaes and glycosyltransferases has been ob-
tained through the study of reactions catalyzed without gly-
cosidic bond cleavage. Studies with glycosyl fluorides and
enolic glycosyl donors have, for example, provided several
converging lines of evidence for the ability of individual gly-
cosylases to promote different stereochemical reactions. En-
zymes that hydrolyze glycosidic substrates with configurational
inversion have been found to hydrolyze the corresponding
anomer of a glycosyl fluoride but also to catalyze stereocom-
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plementary nonhydrolytic reactions with the other anomer
(Hehre et al., 1979, 1982; Kitahata et al., 1980; Kasumi et
al., 1986, 1987). Glycosidases and certain glucanases (i.e.,
B-amylase and cellulases) that catalyze glycal hydration have
been shown to protonate that type of substrate from a direction
opposite that generally assumed for their glycosidic substrates
(Lehmann & Zieger, 1977; Hehre et al., 1977, 1986; Kanda
et al., 1986). Other evidence for the functional versatility of
glycosylases comes from the finding that an inverting exo-a-
glucanase (glucodextranase) catalyzes the hydration of 2,6-
anhydro-1-deoxy-D-gluco-hept-1-enitol (D-gluco-heptenitol)
to form 1-deoxy-8-D-gluco-heptulopyranose (3-D-heptulose),
while promoting reactions leading to a-D-heptulosyl transfer
products (Hehre et al., 1980; Schlesselmann et al., 1982).
Finally, a clear example of protonation by two diferent cata-
lytic groups of 3-galactosidase was obtained with the aid of
a new type of enolic glycosyl donor, (Z)-3,7-anhydro-1,2-di-
deoxy-D-galacto-oct-2-enitol. Lehmann and Schlesselmann
(1983) found B-galactosidase to promote hydration of this
octenitol by protonating it from the top (re) face, whereas the
same enzyme had been shown to protonate D-galactal from
below its si face (Lehmann & Zieger, 1977).

In view of the significant information obtained about §-
galactosidase through its reaction with D-galacto-octenitol, the
D-gluco analogue was prepared (Brewer et al., 1984) in the

© 1988 American Chemical Society



