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The primary structure of porcine spleen RNase (RNase Pspl) was investigated
as a mean of assessing the structure-function relationship of base non-specific
ribonucleases of animal origin, N-terminal analysis of RNase Pspl yielded three
N-terminal sequences. These peptides were separated by gel-filtration on Su-
perdex 75HR, after reduction and S-carboxymethylation of RNase Pspl. Deter-
mination of the amino-acid sequence of these peptides indicated that the RNase
Pspl preparation consisted of three peptides having 20 (RCM RNase Pspl pepl),
15 (RCM RNase Pspl pep2), and 164 (RCM RNase Pspl pro) amino-acid residues,
respectively. It possessed two unique segments containing most of the active
site amino-acid residues of the RNases of the RNase T2 family. The alignment
of these three peptides in RNase Pspl was determined by comparison with the
other enzymes in the RNase T2 family. The overall results showed that RCM
RNase Pspl pepl and RCM RNase Pspl pep2 are derived from the N-terminal
and C-terminal regions of RNase Pspl, respectively, probably by processing by
some protease. The molecular mass of the protein moiety of RNase Pspl was

23235 Da.

Porcine spleen RNase has been purified by
Bernardi & Bernardi [1] and has a pH-opti-
mum of 5.0. Similar enzymes have also been
purified by Maever & Greco [2] and Delaney
[3] from bovine and human spleen, respec-
tively. We isolated a similar RNase from
bovine spleen (RNase Bspl) [4] and eluci-
dated its primary structure [5]. The structure

of bovine spleen RNase possesses two seg-
ments that include amino-acid residues im-
portant for its enzymatic activity and com-
monly observed in RNase T2 family RNases
[6]. In this study, we investigated the pri-
mary structure of an acid RNase from porcine
spleen (RNase Pspl) and compare it with
homologous RNases from other animals, in

*This work was supported by a Grant-in Aid for Scientific Research from the Ministry of Education,

Science and Culture of Japan.
*To whom correspondence should be addressed.

Abbreviations: PTH, phenylthiccarbamoylhydantoin; RNase Pspl, an acid ribonuclease from porcine
spleen; RCM RNase Pspl, reduced and S-carboxymethylated RNase Pspl; RCM RNase Pspl pro, pepl
and pep2, fragments produced by reduction and S-carboxymethylation of RNase Pspl.
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order to obtain further information on the
structure-function relationship of base non-
specific acid RNases.

MATERIALS AND METHODS

Enzymes. Porcine spleen RNase Pspl was
purified from porcine spleen essentially ac-
cording to the procedure of Ohgi et al. (4],
with some minor modification. RNase Pspl
yielded a single band in SDS/PAGE. The
molecular mass estimated by SDS/PAGE
with the aid of a Promega molecular mass kit
(Promega, Madison, WI, U.S.A.) was about
29 kDa. Lysyl endopeptidase (EC. 3.4.21.50)
was a product of Seikagaku Kogyo (Tokyo).
o-Chymotrypsin and trypsin were purchased
from Sigma (St. Louis, MO., U.S.A.).

SDS/polvacrylamide gel electrophore-
sis. SDS/PAGE was performed in 12.5%
polyacrylamide gel by the procedure of Laem-
mli [7], and the gel was stained with Coomas-
sie brilliant blue.

Amino-acid analysis. Amino-acid analy-
sis was performed with AccqTag amino acid
analysis system (Millipore Japan, Tokyo).
Tryptophan content was determined by the
method of Pajot [8].

Hexosamine. Hexosamine content was
measured with the AceqTag amino acid
analysis system after hydrolysis in 4 N hy-
drochloric acid at 100°C for 5 h.

Preparation of RCM RNase Pspl.
RNase Pspl was reduced and S-carboxy-
methylated as described by Crestfield et al.
[9]. The reduced and S-carboxymethylated
RNase Pspl (RCM RNase Pspl) was sepa-
rated from excess reagents by gel-filtration
on FPLC Superdex 75HR 10/30 and
Sephadex G-75 equilibrated with 50 mM
trimethylamine acetate buffer (pH 8.0).

Preparation of maleylated RNase
Pspl. RNase Pspl was maleylated as de-
scribed by Butler et al. [10].

Protease digestion. The protein was di-
gested with lysyl endopeptidase, trypsin, and
o-chymotrypsin in 100 mM trimethylamine
acetate buffer (pH 8.0). Protein was added to
an enzyme-substrate ratio of 1:200 (w/w),
and digested at 37°C for 5 h.

1997

Fractionation of peptides by reversed
phase HPLC. Fractionation of peptides by
HPLC was performed with a TSK ODS 80
column (4 mm % 250 mm ) (Tohso, Tokyo) and
a Capcell pak C-18 column (10 mm = 250
mm) (Shiseido, Tokyo). The TSK ODS 80
column was equilibrated with 0.1% tri-
fluoroacetic acid, and the peptides were
eluted with a linear gradient of acetonitrile
up to 60%. The flow rate was 1 ml/min. A
Capeell pak C-18 column equilibrated with
40 mM trimethylamine acetate buffer (pH
8.0) was eluted with a linear gradient of
acetonitrile up to 60%. The flow rate was 3
ml/min.

Fractionation of protein by Superdex
75. Gel-filtration on a Superdex 75 HR 10/30
column (1 mm x 30 cm), equilibrated with 50
mM trimethylamine acetate buffer (pH 7.5),
was performed at 22°C at a flow rate of 1
ml/min.

Peptide nomenclature. L and C stand for
lysyl endopeptidase- and a-chymotrypsin-di-
gested peptides, respectively. The peptides
are numbered in order from the N-terminus
to the C-terminus. MT stands for the pep-
tides obtained by trypsin digestion of maley-
lated RCM RNase Pspl.

RESULTS

Preparation of RNase Pspl

The RNase Pspl prepared yielded a single
band on SDS/PAGE (Fig. 1). Its molecular
mass estimated by electrophoresis in the ab-
sence of reducing agent was approx. 29 kDa,
but that in the presence of reducing agent it
was about 24 kDa.

Primary structure of RNase Pspl

The N-terminal of RNase Pspl was meas-
ured by Edman degradation to identify the
primary structure of RNase Pspl. The re-
sults showed the presence of three peptides
in this preparation (Table 1). The reduced
and S-carboxymethylated RNase Pspl, pre-
pared according to the method of Crestfield
et al. [9], was fractionated by Superdex gel-
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Figure. 1. Electrophoresis of KNase Pspl.

SDSPAGE in 12.5% polyacrylamide gel. Lane 1,
ENase Pspl in the presence of 2-mercaptoethanaol; lane
2, standard marker proteins; lane 3, RlNase Pspl in the
absence of 2-mercaptoethanol.

filtration and vielded the RCM derivatives of
three peptides, pepl, pep2, and pro (Fig. 2).
The results of Edman degradation of these
fractions are shown in Fig. 3 and Table 1. The
amino-acid composition of these three frac-
tions is shown in Table 2.

RCM RNase Pspl pepl and RCM RNase
Pspl pep2 consisted of 20 and 16 amino-acid
residues, respectively. The N-terminal
amino-acid sequence of RCM RNase Pspl pro
obtained by subtraction of the two peptides,
RCM RNase Psp pepl and 2, from that of
native RNase Pspl was identical to that of
RCM RNase Pspl pro. Since there is no free
SH group in RNase Pspl, and RCM RNase
Pspl pepl and RCM RNase Pspl pep2 each
contain a half eystine residue, these two pep-
tides are probably connected by a disulfide
bridge with the RCM RNase Pspl pro frac-
tion. RCM RNase Pspl was separated from
excess reagent by Sephadex G-75 and di-
gested with o-chymotrypsin. The o-chy-
motryptic digest was fractionated into 10
major peaks (Fig. 4). The amino-acid se-
quences of these 10 peptides are shown in
Fig. 3. The sequences of C1 and C10 are
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identical to those of RCM RNase Pspl pepl
and pep2, respectively (Fig. 3). The sequence
of C2 is present in the N-terminal sequence
of RCM RNase Psp1 pro determined up to the
21st residue.

The finding that the N-terminal sequence
of RNase Pspl consists of three peptides is
explained by the combination of C1,C2, and
C10. Similarly, RCM RNase Pspl was di-
gested by lysyl endopeptidase into 16 frac-
tions (Fig. 5). The amino-acid sequences of
these 16 peptides are shown in Fig. 3.

The sequences of L1 and L2 peptides were
included in C1. The sequence of L3, L4, L5,
L6 and C3 determined the N-terminal 65
amino-acid residues of RCM RNase Pspl pro.
The sequence of C5 connected 1.8, 1.9, L.10,
and L11, The sequence of L13 connected
those of C6, CT and C8. The sequence of L15
determined the alignment of C8 and C9. The
RCM RNase Pspl was maleylated and then
treated with trypsin and the trifluoroacetic
acid-soluble fraction of the tryptic digest frac-
tionated similarly into four peaks (Fig. 6a).
The acid-insoluble fraction was fractionated by
Capcell pak C-18 column into two fractions
{Fig. 6b). The amino-acid sequences of these
fractions are shown in Fig. 3.

The amino-acid sequence of MT2 and MT3
determined the connection of L6 and L7 (L8),
and of C5, C6, and C7, respectively. Thus the
amino-acid sequence of the protein moiety
econsisting of 164 amino-acid residues was
elucidated. The amino-acid sequence of C1

RCM-RNasze Pspl MO
0.6F
E
g 03r A
g
. ) e,
(] 20 40 &0

Tube No.

Figure 2. Gelfiltration of RCM RNase Pspl
preparation on a Superdex 75 HR 10/30 column.

Flution conditions are described in Materials and
Methods.
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Table 1. N-terminal amino-acid sequences of RNase Pspl, and the peptides, RCM RNase Pspl pro,
RCM RNase Pspl pepl, and RCM RNase Pspl pep2 (and approx. 3 nmol sample of each was applied)

PTH-amino acid {pmol)

Step

REMase Pspl
1 L 1300 H 800 N 1300
2 E 2000
3 I 1020 W 700 E 1000
4 K 840 H 600
5 E 800 K 750 P 900
6 D 700 710 P 860
7 G 520 I 860 D 680
8 P 600 M 520 Y 600
9 V1140 W o420
10 F 500 H 370 T 280
11 Y 400 H 380 I 420
12 P 380 W 410 H 300
13 P 810 G 300
14 P 270 M 2a0 L 320
15 K 120 T 100 W 180
16 E 140 Vo240 P 350
17 D 270
18 N 180 180
19 E 140 100
20 K 100 G 110
21 100

RCM RNase Pspl peptides

Pro pepl pepd
N 1100 H 900 L 1050
Cme 1000 E 1100 E 900
E g20 W 800 I 820
H 520 K 890 Cme 890
P 780 K 880 E &80
P 700 L 790 D 580
D 520 I g70 G 450
Y 470 M 500 P 500
W 480 V 580 Vo470
T 320 H 440 Foaw
I 470 H 450 Y a0
H 290 W 400 P 300
G 350 P 410 P 350
L as0 M 370 P 260
W 300 T 200 K 150
P 270 V330 E 100
D 230 Cme 250
K 180 N 200
S 120 E 160
G 180 K 120
E 90

peptide is very similar to the N-terminal
sequence of RNase Oy from the oyster [11],
drosophila RNase [12], RNase Bspl from
bovine spleen [5], chicken liver RNase [13]
and bullfrog RNase [14], as shown in Fig. 7.
The amino-acid sequences of C10, L16, and
MT-5 were also very similar as those of the
C-terminal sequence of the other RNases
described above, and the alignments of
RNase Pspl pepl, RCM RNase Pspl pep2,

and RCM RNase Pspl pro were estimated as
shown in Fig. 3.

There was one unidentified amino acid in
each of the amino-acid sequence of L4, L5,
L6, L11, C3, C4, C5, MT1, and MT3.

Based on the following evidence, we con-
cluded that these positions were occupied by
Asn residues: (i) RNase Pspl is a glycoprotein
(see Table 2), (ii) the sequence coincided with
the consensus sequence for the N-glycoside
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Figure 3. Amino-acid sequence of RCM RNase Pspl.

The alignment of peptides is indicated as follows: The arrows designate amino-acid sequence determined by Edman
degradation. C and L mean digestion products with o-chymotrypsin, and lysyl endopeptidase, respectively. MT
means tryplic peptide of maleylated RCM RMNase Pspl. Peptides are numbered from the N-terminus to the
C-terminus. The lines with the vertical bars at both ends indicate regions where the sequence was estimated from
the results of amino-acid analysis. Numbering of the RCM RNase Pspl pepl and pep2 is indicated by prime (') and

double prime (), respectively.

junction in glycoprotein, and (iii) these pep-
tides contain one more Asp residue than
expected from the determined sequence (data
not shown).

The amino-acid composition of RNase Pspl,
shown in Table 2, is practically identical to
that of the sum of the protein portions of
RNase Pspl, C1, and C10. The molecular
mass of the protein moiety of RNase Pspl

was at least 23135 (200 amino-acid residues).
Comparison of the amino-acid sequence with
those of other animal RNases belonging to
the RNase T2 family suggests that the
number of deleted amino-acid residues be-
tween RNase Pspl pro and pepl and pep2 is
probably zero and no more than two, respec-
tively.

Figure 4. Fractionation of the o-

0.3

o
P

A230nm (—)

e
ar
-

chymotryptic digest of RCM
RNase Pspl by reversed-phase
HPLC.

The o-chymotryptic digest of RCM
KENase Pspl was fractionated on a
column of TSK ODS 80 (4 mm « 250
mm} equilibrated with 0.1% tr-
flunroacetic acid. The peptides were
eluted with a linear gradient be-
tween the same buffer and 60% ace-
tonitrile in 240 min. The flow rate

)

120

Acetonitrile (%) (-

150 was 1 ml'min.

Tube No.
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Table 2. Amino-acid composition of RNase Pspl and its peptides obtained by reduction and S-car-

boxymethylation of RNase Pspl.

KNase Pepl (Residue} RCM RNase Pspl peptides (Residue)

Expets- Er:;c]dl:he pro
mental e

Asp 17.3 18 16.0 (16}
Glu 224 23 16.9 (18)
CM-Cys 7.4 8 5.8 (6)
Ser 10.6 11 11.2 (11}
Gly 12.7 12 11.6 (11)
His 10.5 11 8.0 i8)
Arg 5.0 5 5.4 (5}
Thr 6.5 7 5.6 (6)
Ala 5.5 ] 5.4 (&)
Pro 20.0 19 la4 141
Tyr 7.9 8 6.7 (7
Val 10.6 11 7.9 (8)
Met 3.2 3 12 (1)
Ile 8.6 a 74 (7
Leu 21.3 22 20.4 (20}
Phe 4.5 4 3.4 (3
Lys 166 16 12.4 (12)
Trp 75 8 5.4 (6)
Total 200 164

GleN Ac 5.6

Comparison of the primary structure of
RNase Pspl with the others T2 RNases

The primary structure of RNase Pspl was
compared with that of RNase T2 RNases
(Fig. 7). RNase Pspl has two segments which
are important for the enzymatic activity of
the other RNases in the RNase T2 family (the
44th-50th residue, and 101th-112th resi-
due). The numbers of amino-acid residues of
RNase Pspl homlogous to those of bovine

pepl pep2
1.2 (1) 1.3 (1
1.7 (2) 32 (3
0.7 (1) 0.9 (1)
1.4 (1)
28 (3)
1.2 (1)
1.4 (1) 46 (4)
13 (1)
(23 0.7 (1)
2.0 (2)
1.0 (1) 0.8 ()
0.8 (1) 09 (1
1.3 (1}
3.6 (3) 1.2 (1)
n.d. (2
20 16

spleen RNase Bsp1 [5], chicken liver RNase
CL1 [13], bullfrog RNase [14], drosophila
RNase [12], and oyster RNase Oy [11] are
141, 110, 100, 65, and 65 residues, respec-
tively, and RNase Pspl very closely resem-
bles RNase Bspl [5] among animal RNases.
Accordingly we were able to conclude that
RNase Pspl is a typical RNase of the RNase
T2 family.




Amino-acid sequencing of RNase Pspl
showed that all the amino- acid residues
comprising the active site of RNase Rh from
Rhizopus niveus 6] (His-46, His-104, His-
109, Glu-105, and Lys-108) are conserved in
RNase Pspl. Among the amino-acid residues
comprising the major base recognition site
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= 460 ?
E 140
E o Figure 5. Fractionation of lysyl en-
< £ dopeptidase digest of RCM RNase
20 £ Pspl by reversed-phase HPLC.
§ The lysyl endopeptidase digest of RCM
0 ] f f . f J 0 RNase Pspl was fractionated on a TSK
o 20 40 &0 a0 100 120 ODS 80 column, as described in Fig. 4.
Tube No.
0.8
160 T
T 0.6 i3
~ {40 5
*
E 04 —
)
2 T
120 &
=< 0.2 =
g
L i i
0 9 25 50 75 700 ©
Tube No.
0.8
_.  Figure 6. Fractionation of the tryp-
i tic digest of maleylated RCM RNase
T 0.6 . Pspl by reversed-phase HPLC.
e = {a) The triflusroacetic acid-soluble frac-
0.4 ¥ tion of the tryptic digest of maleylated
E w RENase Pspl was fractionated on a col-
o 5 umn of TSK ODS 80, as described in Fig.
< 0.2 € 4. (b) The trifluoroacetic acid-insoluble
o fraction of the tryptic digest of maley-
< lated RCM RNase Pspl was fraction-
1] ated on a Capeel pak C-18 column, as
described in Materials and Methods
Tube No.
DISCUSSION of RNase Rh (Asp-51, Trp-49, and Tyr-57),

Asp-51 and Trp-49 are conserved, but Tyr-57
is not. This lack of Tyr-57 (or Leu in some
plants) seems to be a common phenomenon
in animal RNases [11-14], but not in plant
and fungal RNases [6]. Among the constitu-
ents of the minor base recognition site of
RNase Rh (B2 site, Gln-32, Pro-92, Ser-93,
Asn-94, GIn-95 and Phe-101)¥*, only Phe-101

**Nakamura, T.K., Ishikawa, N., Hamashima, M.,

Kurihara, H., Nonaka, T., Mitsui, Y., Ohgi, K. &

Irie, M. The 3rd International Meeting on Ribonucleases, Chemistry, Biology and Biotechnology

(Capri, Italy, May,1993).
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Figure 7. Comparison of the amino-acid sequence of RNases belonging to the RNase T2 family.

Rh, RNase Rh from R. niveus; Phyb, RNase Phyb from P. polycephalum [15); 52, a self-incompatibility factor of
Nicotiana alata [18]; P1, a self-incompatibility factor of Petunia inflata [17]; Le, RNase LE from cultured tomato
{Lycopersicon esculenturn) [18]; MC, RNase from bitter gourd (Momordica charntia) [19]; Dm, RNase from
Drosophila melanogaster) [12); Oy , RNase Oy from oyster [11]; RCL2, bullfrog RNase RCL2 (Rana catesbeiana)
[14]; CL1, chicken liver RNase [13]; Bspl, RNase from bovine spleen [5]; Pspl, RNase from poreine spleen.
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and Pro-92 are conserved in RNase Pspl.
The others, Ser-93, Asn-94, Gln-95 are re-
placed by Asp, Val, and Leu, respectively.
Gln-32 may be replaced by His or Glu, but, it
is not possible to identify which corresponds
to GIn-32 of RNase Rh, because we have no
precize knowledge of the three-dimensional
structure of RNase Pspl. We compared its
primary structure with that of the other ani-
mal RNases, as shown in Fig. 7. RNase Pspl
most closely resembles RNase Bspl [5]. The
amino-acid residues homologous with those
of RNase Bspl, RNase CL1, and RNase
RCL2, expressed per 100 amino-acid resi-
dues, are 70, 58 and 50 residues, respectively.
A similar comparison with secretory RNase
(RNase A family RNase) was performed. The
amino-acid residues of porcine pancreatic
RNase homologous to bovine pancreatic
RNase A [20], chicken liver RNase CL2 [21],
and bullfrog liver RNase [22], and egg RNase
[23] are 77, 33, 27 and 27 amino-acid resi-
dues, respectivly. To compare the rate of
evolutionary change in the RNase T2 family
and the RNase A family, the frequency of

homologous amino-acid sequences in porcine
RNase and bovine, chicken, and bullfrog
RNases for both RNase A and T2 families
have been plotted in Fig. 8. These compari-
sons showed that the correlation coefficient
between the evu]utmnary rates of both fami-
lies are 1.06 (R% = 0. 88), and not very much
different each other, although this is not
conclusive, because relatively few data are
available at present.

When we compared the N-terminal portions
of RNase T2 family RNases, we found that
the sequences are finger printing-like zones
as shown in Fig. 9. Bacteria and amoeba
RNases have the sequences shown as (a) and
(b), and plant RNases and self-incompatibil-
ity factors of plants have the sequences (c)
and (d), respectively. Lower and higher ani-
mals have sequence (e) and (f), respectively.
In this figure, the last WP sequence is almost
completely conserved in plants and animals,
but not in bacteria and amoeba. However,
some of the other sequences seem to change,
by evolution, e.g., first F mutates to W (also
aromatic amino-acid residue), the 8 and 9th
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r
Fa)
Bullfrog

o 8 3338

RMase A family
Homalogous aminc-acid residues (%)

0 20 40 60 80 100
Homologous amino-acid residues (%)
RNase T2 family

Figure 8. Correlation between the frequence of
homologous amino acid residues in porcine
RNase and other RNases (chicken, bovine
spleen and porcine spleen and bullfrog).

The numbers along the ordinate and abscissa are num-
bers of homologous amino acids per 100 aminc-acid
residues. Three aming-acid residues conserved (His-12,
His-119, and Lys-41 (in RNase A numbering) in the
RNase A lamily, and 14 common aminc-acid residues
conserved in the RNase T2 family, have been excluded
fram the caleulations of the homologous amino-acid
residues.

QQ sequence to HH in higher animals, The
other amino-acid residues mutate depending
to organism in some limited range, the 6th F

15 16 20
(a) FDy Y amALSWS bacteria
r v 1 q
(b)) FDF | FVTEWN amoeba
(e FDFFY FVQQWP plant
y w1l s 1
s a
fd) Fd Y fOQOLVLTWP
el 1 e e q
h 1 k
m
W
e) Wdy f1F tQQWP invertebrate
nv 1T a
(f)Ws KL1 mwvHHWP vertebrate
k y 1 a

mutates L to L or M. The amino-acid se-
quence of RNase Pspl in this region was
WEKKLIMVHHWP, and closely coincided
with those of animal RNases.

De Duve et al. [26] showed that acid RNase
iz associated with lysosomal fraction in rat
liver tissues. Investigations on the localiza-
tion of acid RNase by zonal centrifugation
[27] and sucrose gradient centrifugation [28]
showed that acid RNase is located in the
lysosome-like fraction but not in the fraction
containing acid phosphatase. By contrast,
Baudhuin et al. [29] showed by isopicnic
centrifugation that acid RNase and acid
phosphatase are in the same fraction. In
addition to these studies, Futai et al. [30]
partially purified acid RNase with a pH op-
timum at 5.8 from rat liver and the lysosome
fraction of rat liver, and claimed that acid
RNase is a lysosomal enzyme. The results in
this paper and those of Bernardi & Bernardi
[1], as well as our previous results on bovine
spleen acid RNase [4, 5], show that these
RNases are only one or at least the major
species of acid RNase in these tissues and
they have a very sharp optima at around pH
56 like rat liver acid RNase [30]. The pri-
mary structure of rat liver RNase has not yet
been determined. However, from the overall
results, it is highly probable that RNase Bspl
and KNase Pspl are lysosomal or lysosomal-
like particle RNases.

Figure 9. Changes in the N-
terminal portion of the se-
quence from plants through
lower animals and verte-
brates.

Bold capital letters: conserved se-
quences in the subgroup; capital
letters, conserved at high fre-
quency; lower case letters, con-

plant (self-incompalibility factors) 1 less tham 40%. The num-

bering at the top of the sequence
is HNase Rh numbering. The se-
quence of (a) bacteria [24, 257; (b}
amoeba RNase (F. polycepha-
fim}; (¢) plant RNases; (d) self-in-
compatibility factors; (e) Droso-
phila and oyster RNases; (f)
EMNases from chicken, bovine and
porcine spleen.
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