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Abstract—In this study, we report the inhibition of ribonuclease A (RNase A) by certain aminonucleosides. This is the first such
instance of the use of this group of compounds to investigate the inhibitory activity of this protein. The compounds synthesized
have been tested for their ability to inhibit the ribonucleolytic activity of RNase A by an agarose gel-based assay. A tRNA precip-
itation assay and inhibition kinetic studies with cytidine 2’,3’-cyclic monophosphate as the substrate have also been conducted for
two of the compounds. Results indicate substantial inhibitory activity with inhibition association constants in the micromolar range.
The experimental studies have been substantiated by docking of the aminonucleoside ligands to RNase A using AutoDock. We find
that the ligands preferentially bind to the active site of the protein molecule with a favorable free energy of binding. The study has
been extended to a member of the ribonuclease superfamily, angiogenin, which is a potent inducer of blood vessel formation. We
show that the aminonucleosides act as potent inhibitors of angiogenin induced angiogenesis.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The design of small molecule inhibitors of ribonuclease
A (RNase A) provides a meaningful way to probe the
biological actions of related enzymes of the ribonuclease
superfamily. Angiogenin, a member of the RNase super-
family, is unique among RNases in that it is a potent
inducer of angiogenesis in vivo.!"® It has 33% sequence
identity and 65% homology to that of RNase A.* Its
enzymatic properties are also distinctive, most remark-
ably, the ribonucleolytic activity of angiogenin toward
standard RNase substrates is extremely weak and al-
most 10°-10° times lower than that of RNase A.57
In spite of its weak enzymatic activity, evidence from
studies with variants and inhibitors indicates that the
ribonucleolytic activity of angiogenin is crucial for its
angiogenic activity.®'° Targeting the enzymatic site of
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angiogenin by designing low molecular weight inhibitors
would thus be an indirect way to curb its angiogenic
activity.

We choose bovine pancreatic RNase A as a convenient
model system in the design of potential low molecular
weight synthetic inhibitors of angiogenin. The ribonuc-
leolytic center of RNase A/angiogenin is constituted of
multiple subsites!!"!# that bind to the phosphate, base,
and sugar components of the RNA molecule. The most
important binding sites are the P; binding site where
cleavage of the phosphodiester bond occurs. The B
binding site serves as a base recognition site whose ri-
bose sugar unit is attached to the phosphate group via
the 3’-oxygen atom. The B, site is the recognition site
for the base in which the ribose sugar is attached to
the phosphate bond via the 5’-oxygen atom. Generally
the B; site has specificity toward pyrimidines and the
B, site toward purines.!> A schematic diagram of dinu-
cleotide binding with RNase A and angiogenin is given
in Figure 1. To date, many nucleotide-based small mol-
ecule inhibitors of RNase A have been identified.'®!°
These nucleotide-based inhibitors have close resem-
blance to the substrate of RNase A and thus act as sub-
strate mimics. Recently, Kao et al.?’ and Jenkins and
Shapiro?! identified some non-nucleoside-based inhibi-
tors of RNase A/angiogenin that are functionalized with
carboxylic acid or sulfonic acid groups.
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Figure 1. Schematic representation of the active center cleft in the (a) angiogenin—substrate complex and (b) RNase A—substrate complex. B, R, and
P represent the base, ribose sugar, and phosphate binding subsites, respectively. B;, R, and P, are the main binding sites at which the catalytic
reaction takes place. In case of both proteins, B, prefers pyrimidines and B, prefers purines.

In the present study, we have synthesized specific amino-
nucleosides, which act as potent inhibitors of RNase A
and angiogenin. Earlier reports indicate that the pK,
values of histidine residues present at the active site
(His12 and Hisl119) of RNase A change from ~5.22/
6.78 for free enzymes to ~6.30/8.10 for enzyme-sub-
strate complexes.!? It is important to note that an over-
whelming majority of small molecule-based RNase
Alangiogenin inhibitors are functionalized with acidic
groups such as phosphate, carboxylic or sulfonic acid
moieties.?! It is expected that at physiological pH these
acidic groups would exist in the deprotonated form
and would therefore interact electrostatically with the
protonated basic groups present at the P; site.?> In a
departure from the standard approach of using acidic
compounds, we opined that a uridine derivative func-
tionalized with amino groups having basicities compara-
ble (or higher) to those of the imidazole moiety of His12
and His119 should be able to perturb the protonating/
deprotonating environment of the Py site. This phenom-
enon would, in turn, diminish the ribonucleolytic activ-
ity of RNase A. Moreover, it has been reported that the
protonated forms of His12 and His119 contribute signif-
icantly to the stability of the RNase A-single stranded
nucleic acid complex. Therefore, the presence of exter-
nally delivered stronger amino groups at the P; site
may scavenge protons from Hisl12 and His119, thereby
adversely affecting the contributions of these amino acid
residues toward the stability of the enzyme—natural sub-
strate complex.

Here we report for the first time the use of amino-
nucleosides as effective inhibitors of the ribonucleolytic
activity of RNase A. This has been extended to under-
standing the effect on the ribonucleolytic activity of
angiogenin which, in turn, affects the biological activity
of the protein. The potential antiangiogenic activity of

the aminonucleosides has also been checked in a preli-
minary assay wherein blood vessel formation was inhib-
ited. We believe that aminonucleosides could be used as
effective model compounds to further design inhibitors
in an attempt to check undesirable vascularization.

2. Results and discussion

A specific class of aminonucleosides carrying amino
groups of pK, values ranging from 8.70 to 10.92 was
synthesized to study their efficacy as RNase A inhibi-
tors. Compounds 3a—c were synthesized as described
in Scheme 1 following a reported procedure. Com-
pounds 3d and 3e were synthesized from the known
aminonucleoside 2d. Inhibition of the ribonucleolytic
activity of RNase A was initially checked by an aga-
rose gel-based assay, where we monitored the degrada-
tion of tRNA by RNase A. Known inhibitors of
RNase A, cytidine-2’-monophosphate (2’-CMP) and
cytidine-3’-monophosphate (3'-CMP) were used to
compare the inhibitory activities of the compounds in
an agarose gel (Fig. 2). The most intense band ob-
served is due to the presence of the control tRNA.
The faint intensity of the band in lane 2 is due to the
degradation of tRNA by RNase A alone. The differen-
tial intensity of bands in lanes 2, 3, and 5 qualitatively
indicates the degree of RNase A inhibition of the com-
pounds. In each case, lane 5 contains the synthesized
compound. The relative intensity in lane 5 with the
compounds is higher compared to that in lane 2 but
less intense compared to those in lane 3 (2’-CMP)
and lane 4 (3'-CMP). These results show, albeit quali-
tatively, that these compounds can act as effective
inhibitors of RNase A. The efficacy of the inhibitors
is in the order 2’-CMP > 3’-CMP > aminonucleosides
for all the cases. Out of five aminonucleosides we
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Figure 2. Agarose gel-based assay for the inhibition of RNase A by the
synthesized compounds. Lane 1, tRNA; lane 2, RNase A + tRNA;
lane 3, 2’-CMP, RNase A + tRNA; lane 4, 3'-CMP, RNase A + RNA;
lane 5, synthesized compounds, RNase A + tRNA.

selected 3d and 3e for further analysis because: (a) 3d
in its ester form would behave more like a basic nucle-
oside and (b) the 3’ substitution in 3e would exist in
one of the three possible forms (basic/neutral/acidic)
depending on the local pH of the P; site; other factors
such as ring size, etc., would be comparable to those of
3d. Moreover 3e, in the deprotonated form, would be
able to interact electrostatically with the protonated
base residues present at the P; site.

The inhibition of ribonucleolytic activity of 3d and 3e
was further checked by the precipitation assay. The
plots of relative activity versus inhibitor concentration
give us an idea of the relative inhibitory power of the
inhibitors. Figure 3 shows the relative inhibitory efficacy
of 2’-CMP, 3’-CMP, and 3d and 3e. The activity of
RNase A is reduced by 30% with the following concen-
trations of each inhibitor, 3.55x 107> M of 2’-CMP,
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Figure 3. Relative activity plots of inhibition of RNase A by 2’-CMP
(-@-), 3-CMP (-W-), 3d (-4-), and 3e (-A-).

1.21 x 107*M of 3’-CMP, 4.03x 10~*M for 3d, and
8.47 x 1074 M for 3e.

For determination of the inhibition constants of 3d and
3e by kinetic experiments, the reciprocal of reaction
velocity has been plotted against inhibitor concentration
for three different substrate concentrations (Fig. 4). The
linear Dixon plot for the three different concentrations
of the same substrate intersects at an inhibitor concen-
tration equal to the negative reciprocal of the inhibitor
association constant. For 3d, the inhibition constant
is found to be 120 uM. The inhibition constant for 3e
is 103 uM. Values for 2’-CMP and 3’-CMP are 7 and
103 uM, respectively. From these results we may
conclude that 3d and 3e exhibit comparable activity
toward RNase A as 3'-CMP.

To further substantiate this, we have performed dock-
ing studies with AutoDock. In the AutoDock docking
procedure, the change in the receptor structure associ-
ated with ligand binding is not considered. We have
docked both 2'-CMP and 3’-CMP along with 3d
and 3e to wild type RNase A. The docked structures
obtained from AutoDock agree well with the struc-
tures of RNase A complexed with 2'-CMP and
3’-CMP obtained from the Protein Data Bank (PDB
entries 1JVU and 1RPF, respectively). From the dock-
ing studies we obtain the final docked energies as well
as the estimated inhibition constants. The results are
summarized in Table 1. Both the theoretical and
experimental inhibition constants are found to be in
the micromolar range. The difference between the
experimental and theoretical values may be attributed
to the fact that the AutoDock program treats the
receptor molecule as rigid, whereas the ligand is flexi-
ble. The experimental inhibition constants for 3d and
3e are close to that of 3’-CMP. We expect the com-
pounds to dock to the active site of the protein based
on the competitive nature of inhibition obtained from
the kinetic studies. As anticipated, 3d and 3e dock to
the active site of the protein molecule that comprises
His12, Lys41, Thr45, and His119. A surface represen-
tation of the protein molecule is shown with the com-
pounds docked to the active site in Figure 5. The
most conspicuous feature of the docked compounds
is the reversed orientation of the two compounds with
respect to each other. With the phosphate position
modified, the recognition of the base appears to be
less important for the accommodation of 3d in the ac-
tive site. For 3d, Thr45, one of the key residues of the
base recognition site, (Fig. 1b), is within hydrogen
bonding distance of the C=O of the ester moiety of
3d. The base is within interacting distance of Lys7
and GlInll. In contrast, 3e, with a carboxylic acid
moiety, is hydrogen bonded to GIn 11 through the
carboxylic —-OH. The P; recognition site comprising
residues Hisl2, Lys4l, and Hisl19 also recognizes
3e. Of these, His12 and Lys41 are within hydrogen
bonding distance of the carboxylic -OH. Even with
the six-membered ring spanning the region between
the sugar and the acid group Thr45 and Ser123 of site
B, are able to serve as the recognition site for the base
(Fig. 6). The flexible structure of 3e with additional
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Figure 4. (a) Dixon plot for inhibition of RNase A (1.58 ptM) by compound 3d. Substrate concentrations are 0.4065 mM (M), 0.5421 mM (@), and
0.6775 mM (A). (b) Dixon plot for inhibition of RNase A (0.64 uM) by compound 3e. Substrate concentrations are 0.3423 mM (H), 0.4108 mM (@),

and 0.6984 mM (A).

Table 1. Comparison of binding constants and binding energies of the listed compounds

2'-CMP 3'-CMP 3d 3e
Experimental K; (M) 7.0x 1072 103 % 10762 120.0x 107¢® 103.0x 107¢®
Theoretical K; (M) 10.1x 1076 30.6 x107° 36.0x 107° 0.09x107°

“Ref. 19.
° This study.

Figure 5. Surface representation of RNase A with 3d (blue) and 3e
(red) docked. The cleft to which the compounds are bound is the
substrate binding site of the protein. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web
version of this paper.)

puckering/bending of the backbone appears to permit
this.

Encouraged by these findings, we checked whether the
synthesized compounds were capable of inhibiting the
ribonucleolytic activity of angiogenin. In a precipitation
assay for monitoring the inhibition of the ribonucleoly-
tic activity of angiogenin, we observed that compounds
3d and 3e inhibit 35% and 38% of the enzymatic activity,
respectively. This implies that the angiogenic activity of
angiogenin should also be affected owing to a disruption
in the enzymatic activity due to the aminonucleosides.
The chorioallantoic membrane assay was then conduct-

ed to verify the inhibition of angiogenin induced angio-
genesis by 3d and 3e. Results of the CAM assay with the
synthesized compounds, 3d and 3e, are shown in Figure
7. The assay shows that 3d and 3e are indeed capable of
reducing blood vessel formation in the chorioallantoic
membrane. We observe that compared to the control
in Figure 7a, a greater vascularization is observed in
Figure 7b as expected due to the presence of angiogenin.
With only the compounds 3d and 3e the blood vessels
tend to move away from the disk (Figs. 7c and e). How-
ever, in the presence of angiogenin along with the com-
pound, there is close to normal blood vessel formation
(Figs. 7d and f). The results indicate that the compounds
3d and 3e have the potential to be developed as antian-
giogenic compounds.

The homology of RNase A and angiogenin permits us
to assess the effect of synthesized compounds, which
act as substrate mimics, on ribonucleolytic proteins
with unusual biological activity. This study on the inhi-
bition of members of the ribonuclease superfamily,
RNase A, and angiogenin by aminonucleosides opens
up a completely novel area for further investigation.
Apart from inhibition of RNase A, which is compara-
ble to that of 3’-CMP demonstrated by kinetic studies
on the compounds, we observe a different binding
mode for 3a—d. Thus, it may be inferred that the recog-
nition of the uracil moiety by Asn44/Asn43, Thr45/
Thr44, Thr80/Asp83, and Phel20/Glull7 (B; site;
Fig. 1) is not a prerequisite for a modified nucleoside
to behave as an inhibitor of RNase A/angiogenin. It
appears that these compounds could provide an insight
into the design of potential lead compounds for antian-
giogenic activity.
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Figure 6. Lowest energy AutoDock poses of (a) 3d and (b) 3e in the RNase A active site. Side chains of the residues that contact the inhibitor are

shown.

Figure 7. CAM assay with compounds 3d and 3e (a) control; with
(b) angiogenin; (c) compound 3d; (d) angiogenin + compound 3d;
(e) compound 3e; (f) angiogenin + compound 3e.

3. Materials and methods
3.1. Materials
Ribonuclease A (RNase A), yeast tRNA, human serum

albumin (HSA), 2/,3’-cCMP, 2'-CMP, and 3'-CMP are
from Sigma Aldrich. Column chromatographic separa-

tions were done using silica gel (Silica gel 60, 230-400
mesh, SRL India) or basic alumina (Brockmann Grade
I for Chromatography, SRL India). All other chemicals
are from SRL India. '"H NMR (200 MHz) and '*C NMR
(50 MHz) spectra were recorded on a Bruker NMR spec-
trometer (J scale). UV measurements were made using a
Perkin-Elmer UV-Vis spectrophotometer (Model Lamb-
da 25). Concentrations of RNase A, 2’,3’-cCMP, and 2'-
CMP were determined spectrophotometrically using the
following data: RNase A, £278.5 =9800 M 'cm™Y; 2/-3-
cCMP, 3 =8500 M 'cem™ !, and 2'-CMP, & =
7400 M~ ecm~!.2324 Concentrations of the synthesized
compounds were determined based on weight.

3.2. Synthesis of aminonucleosides

3.2.1. Compounds 3a—c. Compounds 3a—c have been syn-
thesized according to the procedure of Bera et al.>> The
ara-derivative 3d and 3e are synthesized as described
here. The nucleophilic opening of the epoxide ring of 1
by ethyl nipecotate generated a mixture of ara- and
xylo-derivatives in which the ara-derivative 2d was the
major component (Scheme 1).2°> Compounds 2d, after
separation by column chromatography, was converted
to 3d and 3e as shown in Scheme 1.

3.2.2. Compound 3d. A solution of 2d (0.5 mmol) in
aqueous acetic acid (80%, 10 ml) was heated at 100 °C
for 30 min. Acetic acid and water were removed under
reduced pressure and the residual liquid was coevaporat-
ed twice with ethanol. The solid residue was triturated
with ether to remove tritanol. The compound was dis-
solved in water and washed several times with ethyl
acetate to remove the residual tritanol. The aqueous
solution was lyophilized to get the title compound.

Yield: 75%, hygroscopic. '"H NMR (D,0): d 7.85 (d,
8.1 Hz, 1H) H-6; 6.0 (d, 4.4 Hz, 1H), H-1’; 5.85 (d,
8.1 Hz, 1H) H-5; 4.61 (m, 1H); 4.16 (q, 3H); 3.97-3.76
(m, 2H); 3.13-2.90 (m, 3H); 2.44 (m, 3H); 2.0 (m, 2H);
1.72 (m, 2H); 1.24 (t, 3H). '*C NMR (D,O + DMSO-
dg): 6 175.5; 164.3; 149.4; 141.6; 98.9; 84.4; 77.5; 70.3;
69.2; 60.8; 59.9; 48.4; 47.4; 38.3; 25.3; 11.7. HRMS
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Scheme 1. Scheme for synthesis of the aminonucleosides.

(ES+ H)™: calculated for C;7H,¢N30-: 384.1771. Found:
384.1763.

3.2.3. Compound 3e. To a solution of 2d (0.5 mmol) in
THF (10 ml), an aqueous solution of sodium hydroxide
(1 N, 20 ml) was added and the solution was stirred for
8 h. The solution was neutralized by careful addition of
1 N HCI. The compound was extracted with dichloro-
methane and dried over anhydrous sodium sulfate.
The dichloromethane was removed under reduced pres-
sure. The residue was then treated with 80% acetic acid
(10 ml) and heated at 100 °C for 30 min. Acetic acid and
water were removed under reduced pressure and the
residual liquid was coevaporated twice with ethanol.
The solid residue was triturated with ether to remove
tritanol. The compound was dissolved in water and
washed several times with ethyl acetate to remove resid-
ual tritanol. The aqueous solution was lyophilized to get
the title compound.

Yield: 65%, hygroscopic. 'H NMR (D,0): § 7.81 (d,
8.0 Hz, 1H) H-6; 6.02 (d, 4.4 Hz, 1H), H-1’; 5.83 (d,
8.1 Hz, 1H) H-5; 4.75 (m, 1H); 4.24 (m, 1H); 3.99-3.78

.
N/J\o
HO
HO 0w
N
 “oH

N 0]
__/
O~
e: N
(6]

(m, 2H); 3.33 (m, 3H); 2.78 (m, 2H); 2.34 (m, 1H);
2.06 (m, 2H); 1.79 (m, 2H). '*C NMR (D,O + DMSO-
de): 164.4; 149.4; 141.5; 99.1; 84.2; 76.6; 69.7; 69.3;
60.3; 49.2; 48.7; 40.6; 25.7. HRMS (ES+ H)™: calculated
for C;5sH,,N307: 356.1458. Found: 384.1447.

3.3. Agarose gel-based assay

Inhibition of RNase A was checked qualitatively by
the degradation of tRNA in an agarose gel. In this
method, 20 I of RNase A (0.011 mM) was mixed
with 20 pl 3a-e (0.42mM), 2’-CMP (0.3138 mM),
and 3’-CMP (0.3138 mM), respectively, and the result-
ing solutions were incubated for 2 h. Twenty microli-
ter aliquots of the incubated mixtures were mixed
with 20 ul tRNA (5 mg/ml tRNA freshly dissolved in
RNase free water) and incubated for another 30 min.
Ten microliter of sample buffer, which consists of
10% glycerol and 0.025% bromophenol blue in water,
was added to the mixture and 15 pl of it extracted and
loaded onto a 1.1% agarose gel. The residual tRNA
was visualized after ethidium bromide staining under
UV light.
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3.4. Inactivation of RNase A by aminonucleosides

Inhibition of ribonucleolytic activity of RNase A was
assayed by the precipitation assay as described by
Bond.?® In this method, RNase A (0.012mM) was
mixed with varying concentrations of compound 3d
(0.2217-5.744 mM) and 3e (0.4706-3.7648 mM), and
incubated for 2 h. Twenty microliters of the resulting
solution was then mixed with 40 ul tRNA (5 mg/ml
tRNA freshly dissolved in RNase A free water),
40 pl of Tris—HCI buffer of pH 7.5 containing 5 mM
EDTA and 0.5 mg/ml HSA. After incubation of the
reaction mixture at 25°C for 30 min, the reaction
was quenched by adding 200 ul ice-cold 1.14 N per-
chloric acid containing 6 mM uranyl acetate. The
solution was kept in ice for another 30 min and
centrifuged at 4°C at 12,000 rpm for 5 min. One
hundred microliters of the supernatant was taken
and diluted to 1ml. The change in absorbance at
260 nm was measured and compared to that of a con-
trol set.

3.5. Inhibition Kinetics

The inhibition of RNase A by 3d and 3e was assessed
by a spectrophotometric method as described by
Anderson et al.!” The assay was performed in 0.1 M
Mes-NaOH buffer of pH 6.0 containing 0.1 M NaCl
using 2',3’-cCMP as the substrate. The substrate con-
centration ranged from 0.4065 to 0.6775 mM and the
concentration of 3d varied from 0 to 0.228 mM. The
enzyme concentration for 3d was 1.583 uM. For 3e,
the concentrations ranged from 0 to 0.185 mM with
substrate concentrations ranging from 0.3423 to
0.6984 mM. In this case, the enzyme concentration
was 0.634 uM. The inhibition association constants
were determined from initial velocity data. The recipro-
cal of initial velocity is plotted against inhibitor con-
centration at a constant substrate concentration
according to the equation:

I (Km+[S]) | Kull]

Vo VslS] KiVs[S]’

where V is the initial velocity, Vs is the final velocity, [S]
is the substrate concentration, and [I] the inhibitor con-
centration, Ky is the Michaelis constant, and K is
the inhibition association constant. The linear plots of
each substrate concentration intersect at an inhibitor
concentration equal to the negative reciprocal of the
inhibition association constant, Kj.

3.6. Molecular docking

The crystal structure of wild type RNase A (PDB entry
1FS3) was downloaded from the Protein Data Bank?’
and used for docking studies. The coordinate files of
the three dimensional structures of 3d and 3e were gen-
erated by CORINA (http://www2.ccc.unierlangen.de/
software/corina/corina.html). Waters were removed
from protein PDB files, polar hydrogen atoms added,
and Kollman United Atomic (KOLLUA) charges as-
signed. Rotatable bonds in the ligands were assigned

with Auto Dock Tools—an accessory program that al-
lows the user to interact with AutoDock?*3° from a
Graphic User Interface. Ligand docking was carried
out with the AutoDock 3.0.5 Lamarckian Genetic
Algorithm (GA). The approximate binding free ener-
gies calculated by this program are based on an empir-
ical function derived by linear regression analysis of
protein—ligand complexes with known binding con-
stants. This function includes terms for changes in
energy due to van der Waals, hydrogen bonding, and
electrostatic forces, as well as ligand torsion and desol-
vation. The docked energy also includes the ligand
internal energy or the intramolecular interaction energy
of the ligand.

Two sets of docking were performed In the first set,
the whole protein was enclosed in the grid defined by
AutoGrid. The grid size was 90 x 90 x 90 A’ with a
grid spacing of 0.375 A, centered on the protein. Step
sizes of 1 A for translation and 50° for rotation were
chosen. The max1mum number of energy evaluations
was set to 2x 10°. Twenty runs were performed For
each of the 20 independent runs, a maximum number
of 27,000GA operations were generated for a single
population of 50 individuals. Once the binding site of
the compounds was ascertained, the active site of the
protein was enclosed with the grid. A grid size of
80 x 80 x 80 A* with a grid spacing of 0.297 A, centered
at the ligand, was used. Thirty runs were performed
The final docked energy has been considered in each
case as the criterion for the best-docked conformation
of the compound to the macromolecule. The Auto-
Dock suite of programs considers a flexible ligand with
a rigid receptor. Hence, we do not expect the experi-
mental inhibition constant values of the synthesized
compounds to absolutely agree with the theoretical val-
ues. However, to observe the trends in the experimental
and theoretical values, we have used AutoDock to
dock the known inhibitors 2’-CMP and 3’-CMP with
RNase A apart from 3d and 3e. The final docking
energy values and estimated inhibition constants ob-
tained were recorded and compared with the experi-
mental values in all the cases. The output from
AutoDock was rendered with PyMol.?! PyMol was
also used to calculate the distances between possible
hydrogen bonding partners.

3.7. Inhibition of ribonucleolytic activity of angiogenin

The effect of 3d and 3e on the ribonucleolytic activity of
the angiogenin was examined with yeast tRNA as the
substrate as described by Bond.?® The protein angioge-
nin (0.5ng) and its mixture with 3d (3.4 ng) and 3e
(3.4 ng) were added separately to the assay mixture con-
taining 1 pg of yeast tRNA, in 0.1 M Tris, pH 7.5, 5 mM
EDTA, and 0.1 pg HSA in a final volume of 50 pl. After
incubation for 4 h at 37 °C, 100 pl of 1.14 N perchloric
acid containing 6 mM uranyl acetate was added, kept
in ice for 30 min, and then centrifuged at 10,000 rpm
for 5min at 4 °C. One hundred microliters of superna-
tant was taken and diluted to 500 pul. The change in
absorbance at 260 nm was measured and compared to
a control set.
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3.8. Angiogenic activity

Angiogenesis was assessed by using the chick embryo
chorioallantoic membrane (CAM) assay method of
Knighton et al.?? as described in Fett et al.> In brief,
the method is as follows. Fertilized chicken eggs were
kept in the incubator at 37 °C for 2 days after which
I ml of albumin was aspirated from the eggs. The
CAM of the chicken eggs was exposed by carefully
cutting a small hole through the shell on day 5.
Ten microliter aliquots of angiogenin, 3d and 3e,
and protein mixed with 3d and 3e were placed on
transparent plastic disks and dried under laminar
flow. The disks were inverted over the CAM on day
10 and the response was assayed microscopically after
48 h. The density of blood vessel formation in each case
is assessed by comparing with that of a control set.
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