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ABSTRACT: Ubiquitin is a 76 amino acid, eukaryotic polypeptide with several important regulatory functions
that arise from its ability to become covalently ligated to cytoplasmic and nuclear proteins. The amino
acid sequence of ubiquitin is remarkably conserved, being identical for all animal forms analyzed to date.
Here, we present the complete amino acid sequence of ubiquitin isolated from a higher plant, oats (4vena
sativa L.). This sequence was determined by repetitive Edman degradation of the intact molecule and of
peptides derived by proteolytic digestion with trypsin or Staphylococcus aureus V8 protease. Comparison
of this sequence with that obtained for animal ubiquitins indicates that the two forms are homologous but
not identical. Like the animal form, oat ubiquitin contains 76 amino acid residues, no tryptophan or cysteine,
and a carboxyl terminus of Leu-Arg-Gly-Gly. However, oat ubiquitin contains three amino acid substitutions

at positions 19, 24, and 57.

Ubiquitin is a 76 amino acid polypeptide present in all
eukaryotes. Its amino acid sequence is identical in organisms
as diverse as mammals including humans (Schlesinger et al,,
1975; Schlesinger & Goldstein, 1975), birds (Bond &
Schlesinger, 1985), fish (Watson et al., 1978), amphibians
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(Dworkin-Rastl et al., 1984), and insects (Gavilanes et al.,
1982), making it one of the most conserved proteins yet
identified. The widespread occurrence and unparalleled se-
quence conservation of ubiquitin led Goldstein et al. (1975)
to conclude long before its functions became evident that this
protein plays an important role in eukaryotic cell physiology.

It is now known that ubiquitin has at least two functions
in intracellular metabolism that are a result of its ability to
become covalently ligated to other cytoplasmic and nuclear
proteins [for reviews, see Hershko & Ciechanover (1982) and
Finley & Varshavsky (1985)]. Ligation is via an unusual
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peptide linkage between the a- and e-amino groups on the
various target proteins and the terminal glycine carboxyl group
of ubiquitin. In the cytoplasm, ubiquitin conjugation appears
to be an obligatory step for the degradation of many proteins,
especially those proteins with short half-lives (Ciechanover et
al., 1984; Hershko et al., 1984). This modification results in
the rapid catabolism of the tagged protein with the concom-
itant release of free ubiquitin. In the nucleus, ubiquitin has
been discovered conjugated to two specific proteins, histones
H2A and H2B (Goldknopf & Busch, 1977). Here, conju-
gation is apparently reversible, functioning not as a method
for degrading the affected histones (Wu et al., 1981) but
possibly as a way to reversibly modify nucleosome structure.
Variations in the level of these two ubiquitinated histones with
respect to the cell cycle (Matsui et al., 1982; Mueller et al.,
1985) and transcriptional activity (Goldknopf et al., 1980) and
their selective occurrence within actively transcribed regions
of chromatin (Levinger & Varshavsky, 1982) suggest that
histone ubiquitination may play a role in altering gene ex-
pression.

We have recently begun to characterize ubiquitin and its
related conjugation reactions in higher plants in an effort to
understand its functions in these tissues. Initial characteri-
zation of the protein isolated from oats (A4vena sativa L.)
indicated that structural differences between animal and plant
ubiquitins may exist (Vierstra et al., 1985). Here we report
the complete amino acid sequence of oat ubiquitin. Com-
parison of this sequence with that obtained for animal ubi-
quitins provides definitive evidence that animal and plant
ubiquitins do differ.

MATERIALS AND METHODS

Chemicals. Ubiquitin was purified to homogeneity (based
on NaDodSO,-polyacrylamide gel electrophoresis)! from
etiolated oat shoots (Avena sativa L., cv. Garry) according to
the procedure of Vierstra et al. (1985). L-1-(Tosylamido)-2-
phenylethyl chloromethyl ketone treated bovine pancreatic
trypsin was purchased from Sigma. Staphylococcus aureus
V8 protease, high-performance liquid chromatography (HP-
LC-) grade trifluoroacetic acid, triethylamine, and all the
reagents and supports used for Edman degradation of intact
ubiquitin were obtained from Pierce. HPLC-grade acetonitrile
was a product of Burdick and Jackson.

Enzymatic Digestions and Purification of Peptides. Tryptic
digests of purified oat ubiquitin were prepared according to
the method of Cox et al. (1986). Ubiquitin (4 mg/mL) was
dissolved in 0.3 M potassium phosphate and 6 M urea, pH
7.8, and incubated with 5% w/w trypsin for 2 h at 37 °C.
After 2 h, an additional 5% w/w trypsin was added and the
reaction allowed to proceed for another 2 h. S. aureus V8
protease digestions were performed under the conditions in
which the cleavages are specific for glutamyl residues
{(Houmard & Drapeau, 1972). Ubiquitin (2.5 mg/mL) was
dissolved in 100 mM NH,HCO; and 2 mM tetrasodium
ethylenediaminetetraacetic acid, pH 7.8, and incubated with
10% w/w V8 protease for 72 h at 37 °C. Preliminary ex-
periments indicated that complete digestion of ubiquitin with
V8 protease required such an extended incubation period. The
digestions with either protease were terminated by rapid
freezing of the sample to 77K.

Peptides generated by digestion with either protease were
purified by reverse-phase chromatography with a Vydac 25-cm

! Abbreviations: HPLC, high-performance liquid chromatography;
NaDodSO,, sodium dodecyl sulfate.
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stainless steel C18 column in conjunction with a Varian Model
5000 HPLC. Absorbance of the HPLC eluate was monitored
at 210 and 280 nm on a Hewlett-Packard Model 1040 diode
array detector. Absorbance profiles at 280 nm were used to
tentatively identify tyrosine- and phenylalanine-containing
peptides. Solvent A was 0.1% trifluoroacetic acid—0.036%
triethylamine dissolved in water, and solvent B was 0.083%
trifluoroacetic acid—0.03% triethylamine dissolved in 65%
acetonitrile. Separation of peptides was accomplished with
a 34-min linear gradient (flow rate = 1 mL/min) from 2 to
65% solvent B (Cox et al., 1986). Peptide-containing peaks
from the HPLC were collected, lyophilized, and used directly
for sequence analysis. Approximately 0.4 ug (50 nmol) of
tryptic digest and 0.2 ug of (25 nmol) of V8 digest were
injected per HPLC run. Yields of the various peptides from
the HPLC column were ~10%.

Automated Sequence Analyses. Automated amino acid
sequence analyses of the intact protein were accomplished with
the Sequemat Model 12 solid-phase protein sequencer after
first coupling the protein via lysine residues to p-phenylene
diisothiocyanate activated aminopropyl glass (L’Italien &
Strickler, 1982). Approximately 50 nmol was used per run
with repetitive yields of 90-92%. Sequence analyses of the
HPLC-purified fragments were performed on an Applied
Biosystems 470A gas-phase protein sequencer with no vacuum
programs (Hunkapillar et al., 1983). Between 2 and 5 nmol
of peptide was used per analysis with repetitive yields between
88 and 91%. Phenyl isothiocyanate derivatized amino acids
were converted to the phenylhydantoin forms with methanolic
HCI and identified and quantitated by HPLC with a C18
column.

RESULTS

The complete amino acid sequence of oat ubiquitin was
determined from automated sequence analysis of the intact
molecule and of peptides derived by proteolytic digestion with
either trypsin or S. aureus V8 protease. From the intact
molecule, the sequence of residues 2-31 was obtained. How-
ever, because of the linkage method used for the solid-phase
sequencing, we were unable to identify the amino-terminal
residue or positively determine the positions of lysines. In order
to obtain the sequence for the remaining residues and eliminate
ambiguities, further sequence analyses were performed in the
gas phase with HPLC-purified proteolytic fragments derived
from the intact molecule (Figure 1). As described earlier for
bovine ubiquitin (Schlesinger et al., 1975), we find that oat
ubiquitin is highly resistant to digestion with either trypsin or
V8 protease. In the case of trypsin, complete digestion was
accomplished only in the presence of 6 M urea (Cox et al,,
1986). This treatment made ubiquitin sufficiently susceptible
to proteolysis without totally eliminating the activity of trypsin.
In the absence of urea, the only fragment cleaved even after
prolonged incubations was the carboxyl-terminal Gly-Gly (S.
M. Langan and R. D. Vierstra, unpublished). Under the
digestion conditions used here, two trypsin-resistant bonds were
identified at Lys-33 and Arg-74. As suggested by Cox et al.
(1986), this protection may result from the presence of
neighboring acidic residues in the former case and neighboring
hydrophobic residues in the later. Digestion with V8 protease
was accomplished only with high enzyme to substrate ratios
and long incubation times (up to 72 h).

From analysis of the sequence data obtained here for oat
ubiquitin and comparison with that obtained previously for
the animal form, the complete amino acid sequence of oat
ubiquitin was deduced (Figure 2). The exact position in the
complete sequence of all the tryptic peptides except T1 was
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FIGURE 1: HPLC elution profile of Avena ubiquitin digested with
either trypsin (A) or S. aureus V8 protease (B). Ubiquitin was
digested to completion with either protease (4 h for trypsin and 72
h for V8 protease), and the resulting peptides were chromatographed
by reverse-phase HPLC on a C18 column, monitored at 210 nm as
described under Materials and Methods. Peptides, designated T1-T9
and S1-S4 for the trypsin and V8 protease digests, respectively, were
subjected to repetitive Edman degradation and the derived amino acid
sequences used to construct the complete amino acid sequence
presented in Figure 2. U is the elution position of intact ubiquitin.

corroborated with sequence information from the intact protein
or from overlapping V8 protease peptides. The position of T1
at the carboxy terminus was concluded from a comparison with
the animal sequence and from previous immunological and
biochemical evidence demonstrating that the two forms have
homologous carboxy termini (Vierstra et al,, 1985). The lack
of overlapping sequence information between amino acids 72
and 73 does not preclude the possibility that additional residues
are inserted in this region. However, we consider this possi-
bility unlikely on the basis of the high degree of immunological
cross-reactivity (Vierstra et al., 1985) and sequence homology
(see above) in this region for all the ubiquitins analyzed to date.

Similar to the animal form, oat ubiquitin contains 76 amino
acids, no tryptophan or cysteine, one tyrosine, a sole methionine
as the amino terminus, and a carboxyl-terminal sequence of
Leu-Arg-Gly-Gly. Even though previous amino acid com-
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positional analyses indicated the presence of 1 mol of cyste-
ine/mol of oat ubiquitin (Vierstra et al., 1985), we could not
identify any cysteine residues in the protein by sequence de-
termination. Since subsequent compositional analyses of more
highly purified preparations than used previously yielded much
lower molar ratios of cysteic acid, we conclude that the earlier
observation that oat ubiquitin contains a cysteine residue was
artifactual.

Despite strong homologies between the oat and animal
ubiquitin, differences in amino acid sequence have been de-
tected at positions 19 (Ser for Pro), 24 (Asp for Glu), and 57
(Ala for Ser). The oat sequence is also divergent from that
obtained for yeast ubiquitin, the only other ubiquitin variant
identified thus far (Ozkaynak et al.,, 1984). Amino acid
substitutions between these two forms occur at positions 28
(Ala for Ser) and 57 (Ala for Ser). None of the changes
between the animal and oat forms would affect the charge of
the molecule as expected from previous observations that the
pl values of human and oat ubiquitin are identical (Vierstra
et al., 1985).

DiscussioN

Despite the sequence divergence between oat and human
ubiquitin, three substitutions in 76 residues, ubiquitin still
represents one of the most conserved proteins yet identified,
rivaled only by histone 4, which has two substitutions in 102
residues between cattle and pea (Delange et al., 1969). All
the substitutions identified can be accounted for by single
nucleotide changes in the ubiquitin gene(s). This striking
stability indicates that the structural constraints necessary for
catalytic activity and/or recognition of ubiquitin by other
proteins involved in its function(s) are very strict. On the basis
of the three-dimensional structure of human ubiquitin, de-
termined by X-ray diffraction (Vijay et al., 1985), we note
that all the amino acid substitutions identified to date are
clustered in a region opposite the carboxyl-terminal, conju-
gation site. Because sequence divergence can be tolerated in
this region, it may indicate that this region is not directly
involved in the protein’s function(s). Whether these amino
acid differences actually alter the three-dimensional structure
of oat ubiquitin from that determined for the human form is
currently under investigation. It is also interesting that the
only two ubiquitin variants identified to date are from the plant
kingdom, yeast and oats. Whether this sequence divergence
is common to all plant species and hence may provide infor-
mation on the evolution of the animal and plant kingdoms
awaits further analyses.
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FIGURE 2: Complete amino acid sequence of Avena ubiquitin. Arrows indicate the sequence of amino acid residues identified by repetitive
Edman degradation of the intact molecule (ubiquitin) or of peptides derived from ubiquitin by proteolytic digestion with either trypsin (T1-T9)
or S. aureus V8 protease (S1-S4) (see Figure 1). The complete sequence was identified for all the proteolytically generated fragments except
S4. The underlined residues are those that differ in the amino acid sequences determined for human and yeast ubiquitins (Schlesinger & Goldstein,

1975; Ozkaynak et al., 1984).
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