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A corrected amino acid sequence of rat pancreatic ribonuclease is presented which is in agreement with
the messenger RNA sequence in [J. Biol. Chem. (1982) 257, 14582~14585]. The corrections do not change
the general position of rat ribonuclease in trees which can be constructed for ribonuclease sequences,
although they do place the rat sequence somewhat closer to the mouse sequence. The evolutionary rate
of ribonuclease in the rodent family of the Muridae (rat and mouse) now has been calculated to be 140
nucleotide substitutions per 10°® years per 100 codons, and still is one of the highest rates yet observed.
The occurrence of 4 additional amino acids at the C-terminus in several mammalian ribonucleases is in
agreement with the position of a second stop codon in the 3 non-coding region of the rat messenger RNA
sequence.

Ribonuclease Evolutionary rate

1. INTRODUCTION

Relatively shortly after the elucidation of the
primary structure of bovine pancreatic ribo-
nuclease {1], the amino sequence of rat pancreatic
ribonuclease was determined [2,3]. The rat enzyme
was found to differ at 44 positions from the bovine
enzyme, but residues which were known to be im-
portant for structural stability and enzymic activity
were identical in both enzymes. This comparative
study of bovine and rat ribonuclease was followed
later by a more extensive study of the molecular
evolution of pancreatic ribonuclease in mammals
[4,5]. This demonstrated that ribonucleases from
species in different placental mammalian orders
differ at 25-40 positions, with the rat enzyme
having the most deviating sequence. Yet, in a most
parsimonious tree, the rat sequence groups with
the sequence of mouse, and these two group with
the sequences of two other myomorph rodent
species, hamster and muskrat, which is in agree-
ment with accepted zoological classification [4,5].
Consequently, the deviating sequence of rat ribo-
nuclease is caused by an increased evolutionary
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rate of ribonuclease in the myomorph rodents in
general and in the branch leading to rat after the
divergence from mouse in particular {4-6].

The sequence of rat pancreatic ribonuclease
messenger RNA in [7] demonstrated 5 differences
with the protein sequence we have determined.
Here, I present a corrected sequence of rat pan-
creatic ribonuclease, which is in agreement with
the sequence derived from the messenger RNA,
and discuss several evolutionary aspects arising
from new data on the protein and mRNA
sequence.

2. MATERIALS AND METHODS

Rat pancreatic ribonuclease was isolated by ex-
traction with 0.125 M sulfuric acid, ammonium
sulfate fractionation [8] and affinity chromato-
graphy [9]. Trypsin (treated with I.-1-tosylamide-
2-phenyl ethyl chloromethyl ketone, TPCK) and a-
chymotrypsin were from Worthington Biochemi-
cals (Freehold NJ). Other materials were as in [10].

Rat ribonuclease (4 mg) was oxidized with per-
formic acid and digested with 40 zg TPCK-treated
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trypsin at 37°C in 400 z1 of 0.2 M ammonium
bicarbonate for 3.5 h. Peptides were isolated by gel
filtration on Sephadex G-25 and high-voltage
paper electrophoresis at pH 3.5. Only tryptic pep-
tides T10 and T15 [3], which contain the sequences
to be reinvestigated, were isolated. The positions
of these peptides on the electropherogram were
identified by staining for peptides containing
histidine (T'10) or tyrosine (T'15) [11]. Peptide T10
was further purified by high-voltage paper elec-
trophoresis at pH 6.5 and thin-layer chromato-
graphy with 1-butanol-acetic acid-water-pyridine
(15:3:12:10, by vol.). Peptide T15 (90 nmol) was
digested with 10 4g chymotrypsin at 37°C in 100 z1
0.2 M ammonium bicarbonate for 2.5 h and the
digest was fractionated by high-voltage paper elec-
trophoresis at pH 3.5 (peptides T15C..).

The amino acid sequences of the peptides were
determined by dansyl-Edman degradation, with
the Edman degradation in a 10-times scaled-down
version of the method in [12]. Dansylated amino
acids were identified by thin-layer chromatography
[12], except for dansyl-cysteic acid, which was
identified by paper electrophoresis at pH 4.4 [13].
During dansyl-Edman degradations the C-terminal
residues of peptides were generally identified by

70 74

RAT {protein; ~Asp~Asn=-Cys-His-Lys~

previous work)

{ from mRNA) ~Asn~Asn-Cys-His-Lys~
(protein; Renohen (e i€l yin
this work) Asn-Asn-CLys-His-Lys
Fomm-- Tl0~mmmmmmme 4

—)—r—
MQUSE -Ser-Asn-Cys-Tyr-Lys-
MUSKRAT -Ser-Asn-Cys-Tyr-Lys-
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0X -Thr-Asn-Cys-Tyr-Gin~

Fig. 1. Amino acid sequence of corrected peptides of rat pancreatic ribonuclease: (—) peptides used in reconstruction
of the sequence; (- —~) less satisfactory amino acid analysis, peptide nomenclature in section 2; (—) identified as dansyl
amino acid; (—) identified as phenylthiohydantoin derivative. The amino acid residues are numbered according to the
sequence of bovine pancreatic ribonuclease (1). Corrected residues are underlined. For comparison the sequences of
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analysis of both hydrolyzed and non-hydrolyzed
samples of the dansylated reaction products.

Amino acid analyses were performed with a
Kontron Liquimat III amino acid analyzer. Amide
positions were assigned by electrophoresis at pH
6.5 [14] of peptides both before and after several
Edman degradation steps. During dansyl-Edman
degradation these assignments were confirmed by
conversion of the aspartic acid and glutamic acid
derivatives to their phenylthiohydantoin deriva-
tives and their identification by high-pressure
liquid chromatography [15], if these residues had
been identified as the dansylated derivatives of
aspartic acid or glutamic acid after the previous
Edman step.

3. RESULTS AND DISCUSSION

The amino acid sequences of peptides T10 and
T15 and the results of the dansyl-Edman degrada-
tions are shown in fig. 1. The peptide pattern ob-
tained after gel filtration of the tryptic digest is
shown in fig. 2. Table 1 summarizes the fractiona-
tion procedures used for the purification of each
peptide, the electrophoretic mobilities of the pep-
tides at pH 6.5 and their amino acid compositions.
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homologous parts of other myomorph rodent ribonucleases and of bovine ribonuclease are included.
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Table 1

Procedures used for purification of peptides from rat pancreatic ribonuclease, charge determinations of peptides at
pH 6.5 and amino acid compositions of peptides

Peptide T10 T15 T15C1,2 TI15C3 T15C2,3 T15C2
Sephadex G-25 pool (fig. 2) E D
Paper (pH 3.5 (myys) 0.69 0.22 0.02 0.54 0.50 0.43
electro- { s i(mAsp) +0.30 -0.51 0 0
phoresis charge Oto +1 -2 0 0
after 4 (T15C1,2) ((masp) -0.4t0 —0.6 +0.56

or 1 (T15C3) Echarge -1 +1
Edman steps
Thin-layer chrom. (Ry) 0.05
Amount (nmol) 9 110 32 31 9 5
Position in sequence 70-74 92104 92-100 101-104 98—104 98-100
Amino acid:
Cysteic acid 0.9 () o 1.0 (1)
Aspartic acid 1.8 2) .13) 2.2 () 1.0 (1) 1.1 Q) 0.8
Threonine 13) 2.1 (3) 2.6 (3) 3.0 (3)
Serine ) 1.0 (1) 1.3 (1) 1.0
Glutamic acid 1) 1.1 (1) 1.1 (D) 0.6
Proline 01 1.0(1)
Glycine 0.2 0.3 0.8
Tyrosine 1.8 (2) 2.0 (2) )
Lysine 1.1 (1) 0.9 (1) 0.9 (1) 0.9 (1)
Histidine 1.1 (1)

Mobilities from the origin relative to lysine (myys) and from the neutral band to aspartic acid (masp) are given for pep-

tides isolated by paper electrophoresis at pH 3.5 and 6.5, respectively. Mobilities from the origin relative to the front

(Ry) are given for peptides isolated by thin-layer chromatography. Amino acid analysis of peptides were performed on

samples hydrolyzed in 0.25 ml 6 M HCI at about 110°C in evacuated sealed tubes. Values were not corrected for

hydrolysis losses. The composition of each peptide as derived from the amino acid sequence determinations is shown
within parentheses.

3.1. Peptide TI0 (residues 70—74)

This peptide co-purified with peptide TI11
(Ser-Ser-Ser-Thr-Leu-Arg; residues 75-80) dur-
ing gel filtration and paper electrophoresis at pH
3.5. Partially purified peptide T10 contaminated
with 0.3 equivalents of T11 was obtained after
electrophoresis at pH 6.5 and was used for dansyl-
Edman degradation. Its final purification was
achieved by thin-layer chromatography; this
preparation was used for amino acid analysis.

In [3] we presented the N-terminal sequence
Asp—Asn for this peptide; a form with N-terminal
Asp—Asp was also obtained. However, the mRNA
sequence indicates the sequence Asn—Asn [7].

Here, we confirm the latter result. Staining for
histidine-containing peptides on the electrophero-
gram (pH 3.5) demonstrated that no deamidated
forms of the peptide were present. Previously we
used column chromatography on Dowex 1 at
37°C, with a starting buffer of pH 9, for purifica-
tion of the peptides. Probably these conditions
have caused a rather specific deamidation of this
Asn—Asn sequence.

3.2. Peptide T15 (residues 92—104)

Analysis of subpeptides obtained after cleavage
with chymotrypsin confirmed that the sequence
predicted from the mRNA sequence [7] is correct
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Fig. 2. Gel filtration of the tryptic digest of performic
acid-oxidized rat ribonuclease on a column (0.5x 100
cm) of Sephadex G-25 (superfine). Elution was carried
out with 0.2 M acetic acid at 2 ml/h; 0.3 ml fractions

were collected. Fractions were pooled as indicated by
bars (see table 1): (——)A220; (——-) A280.

and that two interchanges should be made in the
sequence proposed in [3]. Our present results in-
dicate that chymotryptic cleavage of the Thr—Asp
(100—-101) bond was more extensive than that of
the Tyr—Thr (97-98) bond. Some dansyl-tyrosine
(residue 97) was identified without hydrolysis after
the fifth step of the Edman degradation of peptide
T15Cl1,2, indicating that peptide T15C1 (residues
92-97) was a minor contaminant of peptide
T15C1,2. This explains the low threonine content
in the amino acid analysis of the latter.

In [3], we could not obtain direct evidence for
the sequence of this peptide because of lack of
material and the less sophisticated techniques ex-
isting at that time. A tentative sequence was pro-
posed from incomplete data, with several residues
being positioned by homology with ribonucleases
from non-related species.

3.3. Comparison with other ribonucleases

In addition to the sequence evidence, fig. 1 also
shows the homologous parts of the sequences of
three other myomorph rodent ribonucleases
[6,16,17] and of bovine ribonuclease [1]. The cor-
rected rat sequence differs at the same number of
amino acid residues from bovine ribonuclease, as
the non-corrected one. However, the corrections at
position 96 (Asp) and 103 (Gln) place the rat se-
quence closer to those of the other myomorph
rodents. The correction of Asp to Asn at position
70 does not lower the number of amino acid
replacements at this position, but asparagine is one
nucleotide substitution closer to serine, observed in
the other myomorph rodents, and to threonine, in
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most non-myomorph rodent sequences.

The corrections in the rat sequence do not in-
fluence the topology of several kinds of trees deriv-
ed for ribonucleases [4,5]. There are 5 fewer
nucleotide substitutions in the branch to rat after
the divergence from mouse. This results in slightly
lower evolutionary rates for ribonuclease as com-
pared with earlier calculations [5]: for instance,
140 instead of 150 nucleotide replacements per 10®
years per 100 codons in the Muridae (rat and -
mouse) [5]. This value still is very high compared
with evolutionary rates calculated both for other
substitutions changing amino acids and for silent
substitutions [6]. Knowledge of the mouse
messenger ribonuclease sequence will be interesting
to compare the number of silent substitutions with
the high number of amino acid-changing substitu-
tions in rat and mouse ribonuclease.

3.4. Messenger RNA sequence

In [7], the signal peptide of rat pre-ribonuclease
was shown to have the same length as that pre-
dicted for bovine pre-ribonuclease {18]; the addi-
tion of 3 residues at the N-terminus of the mature
enzyme might be the result of a small duplication
event [7]. Since this addition is not observed in
mouse and other ribonucleases, this duplication
must have taken place after the divergence of rat
and mouse, which occurred about 107 years ago
[sl.

The amino acid composition of the signal pep-
tide part of rat pre-ribonuclease as derived in [7]
differs in two respects from the composition of the
mature enzyme: The signal peptide contains 8
leucines among 25 residues, while the mature pro-
tein contains only 3 leucines among 127 residues.
A low leucine content is typical of all pancreatic
ribonucleases sequenced to-date. The other feature
is the presence of a tryptophan residue in the signal
peptide. This amino acid residue is not present in
the mature protein and has not been found in any
other pancreatic ribonuclease. The presence of
tryptophan is essential for the in vitro synthesis of
ribonuclease by slices of rat pancreas [19]. This
observation can now been explained by the
presence of tryptophan in the pre-enzyme.

Rat ribonuclease has no addition or deletion at
the C-terminus relative to bovine ribonuclease. In
several other ribonucleases additional residues at
the C-terminus have been found: 4 residues in two-
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toed sloth and several hystricomorph rodent
ribonucleases [20-22]; 3 residues in human
ribonuclease (unpublished); and 2 residues in horse
ribonuclease [23]. These additions can be explain-
ed by substitutions of the stop codon at position
125. The frequent occurrence of 4 additional
residues can be explained by the additional stop
codon at position 129 which has been found [7] in
the messenger of rat ribonuclease (AUG). Earlier
we noticed that the sequences of the C-terminal ad-
ditions clearly are not random [20]. Partial conser-
vation of this sequence is also indicated by the fair-
ly good agreement between the sequence of the rat
messenger RNA at positions 126—128 (GGC UUC
ACG) and the nucleotide sequence at these posi-
tions predicted from amino acid sequences of
ribonucleases with additions at the C-terminus
(VCYUCX ACX; withV = A,GorC; Y = Cor
U and X = A,G,C or U; unpublished).
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