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ABSTRACT

The Arabidopsis thaliana ecotype Columbia ubiquitin gene family consists of 14 members that can be
divided into three types of ubiquitin genes; polyubiquitin genes, ubiquitin-like genes and ubiquitin
extension genes. The isolation and characterization of eight ubiquitin sequences, consisting of four
polyubiquitin genes and four ubiquitin-like genes, are described here, and their relationships to each
other and to previously identified Arabidopsis ubiquitin genes were analyzed. The polyubiquitin genes,
UBQ3, UBQ10, UBQ11 and UBQI4, contain tandem repeats of the 228-bp ubiquitin coding region.
Together with a previously described polyubiquitin gene, UBQ4, they differ in synonymous substitutions,
number of ubiquitin coding regions, number and nature of nonubiquitin C-terminal amino acid (s)
and chromosomal location, dividing into two subtypes; the UBQ3/ UBQ4 and UBQ10/ UBQ11/ UBQI14
subtypes. Ubiquitin-like genes, UBQ7, UBQ8, UBQ9 and UBQI2, also contain tandem repeats of the
ubiquitin coding region, but at least one repeat per gene encodes a protein with amino acid substitutions.
Nucleotide comparisons, K value determinations and neighbor-joining analyses were employed to deter-
mine intra- and intergenic relationships. In general, the rate of synonymous substitution is too high to
discern related repeats. Specific exceptions provide insight into gene relationships. The observed nucleo-
tide relationships are consistent with previously described models involving gene duplications followed
by both unequal crossing-over and gene conversion events.

BIQUITIN is a highly conserved 76-amino acid
eukaryotic protein that is covalently attached
posttranslationally to cellular proteins in a three-step
pathway [recently reviewed by FINLEY and CHAU (1991)
and by HERSHKO and CIECHANOVER (1992)]. The im-
portance of ubiquitin in cellular function (FINLEY and
CHAU 1991), which includes but is not limited to intra-
cellular proteolysis, has prompted studies of ubiquitin
protein structure, amino acid sequence, gene structure
and gene expression. X-ray crystallographic structures
of the human, oat and yeast ubiquitins are nearly identi-
cal (VJAY-KUMAR et al. 1987) . The remarkable conserva-
tion of ubiquitin amino acid sequences is evident from
comparisons of coding regions from the fungal, plant
and animal kingdoms. All expressed ubiquitin genes
from higher plants that have been sequenced to date
encode identical proteins; these differ by only one
amino acid from Chlamydomonas ubiquitin (CALLIS et
al. 1989), by two amino acids from Saccharomyces cerevis-
iae ubiquitin and by three amino acids from animal
ubiquitin [reviewed in SCHLESINGER and BonD (1987)
and by CALLIS and VIERSTRA (1989)]. Thus, ubiquitin
rivals histone 4 as the most highly conserved protein
yet described (SHARP and L1 1987).
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All ubiquitin genes characterized —from unicellular
eukaryotes to angiosperms and mammals-—have a
unique structure in that they encode fusion proteins.
The initial translation products are processed rapidly
into ubiquitin monomers by specific proteases (JONNA-
LAGADDA ¢ al. 1989; MAYER and WILKINSON 1989; BAKER
et al. 1992) . Ubiquitin fusion polypeptides contain ei-
ther multiple ubiquitin coding regions linked in tan-
dem (polyubiquitin) or ubiquitin monomers fused to
one of two unrelated proteins that localize to ribosomes
(ubiquitin extension proteins; reviewed in SCHLE-
SINGER and BOND 1987; CaLLIS and VIERSTRA 1989).
The last repeat of polyubiquitin genes almost always
encodes a C-terminal peptide extension of one to sev-
eral amino acids; these extra amino acid (s) are hypoth-
esized to serve as a blocking group ensuring that only
the monomeric protein enters the protein conjugation
pathway. Why ubiquitin is encoded as a polyprotein that
must be proteolytically processed to yield functional
monomers is unknown. A gene expressing a single ubi-
quitin coding region can complement a deletion of the
polyubiquitin gene in yeast, indicating that the poly-
protein per se is not necessary for ubiquitin function
(FINLEY et al. 1989).

Multiple ubiquitin genes are characteristic of most
eukaryotes investigated to date. In our study of the ubi-
quitin gene family in A. thaliana ecotype Columbia, we
previously have characterized the class of ubiquitin
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genes encoding ubiquitin extension proteins (CALLIS
et al. 1990). As described above, these genes encode
a ubiquitin monomer fused to one of two unrelated
ribosomal proteins either 52 or 81 amino acids in
length. Four ubiquitin extension genes have been iso-
lated, two of each type, and these four appear to repre-
sent all the ubiquitin extension genes present (CALLIS
et al. 1990).

Two genes from Arabidopsis that contain tandem re-
peats of the ubiquitin coding region also have been
described previously. One is an expressed polyubiquitin
gene, designated UBQ4 (BURKE et al. 1988) . The other,
UBQ13, has tandemly repeated ubiquitin coding re-
gions, but contains an insertion of mitochondrial DNA
in the coding region and appears to be transcriptionally
silent (SUN and CALLIS 1993 ) . We report here the char-
acterization of eight additional ubiquitin genes: four
functional polyubiquitin genes and four genes encod-
ing ubiquitin-like proteins that appear to be pseu-
dogenes in this organism. These genes represent the
complement of ubiquitin genes from A. thaliana eco-
type Columbia.

MATERIALS AND METHODS

Description of the Arabidopsis ubiquitin gene family: All
cDNA and genomic libraries used A. thaliana ecotype Colum-
bia nucleic acids as starting materials. No differences in the
pattern of ubiquitin hybridizing fragments in genomic DNA
from the Columbia ecotype were observed over a 5-year pe-
riod. Two accessions of the Columbia ecotype available from
the Arabidopsis Stock Center (CS Nos. 907 and 908) gave
identical patterns of ubiquitin hybridizing fragments. In this
study, genomic sequences corresponding to genes UBQ3, 7,
8, 9, 12and 14 and cDNA sequences corresponding to UBQ3,
10 and 11 were isolated (see below for details). In other
studies, genomic sequences for UBQ10 and UBQ11 were iso-
lated (NORRIS et al. 1993; ]. CALLIS, unpublished data) . In all
cases, the nucleotide sequences of ubiquitin coding regions
determined from genomic clones were identical to the corre-
sponding regions of cDNA clones (data not shown). The
other previously isolated and published ubiquitin genes are
the polyubiquitin gene UBQ4, (BURKE et al. 1988), the four
ubiquitin extension genes, UBQI, UBQ2, UBQ5 and UBQ6
(CALLIS et al. 1990) , and the ubiquitin-like gene UBQ13 (SUN
and CaLLis 1993).

Isolation and sequence determination of Arabidopsis ubi-
quitin genes: UBQ3, 7, 8 and 9 genomic sequences were iso-
lated from a screen of 50,000 plaques of an A. thaliana N
EMBL3 genomic library (N. CRAWFORD ) using a chicken poly-
ubiquitin ¢cDNA as a hybridization probe; the probe and hy-
bridization conditions are described by CALLIS and coworkers
(1990) . Based on a genome size of 10° bp, this represents
10 genome equivalents. UBQI2 was isolated from a screen
of an equivalent number of phage from a second A\EMBL3
genomic library (H. Klee) using a HindIll/ Xhol fragment
from the UBQ3 gene as a probe (referred to as ubiquitin
coding region probe) under the same hybridization condi-
tions. UBQI4 was isolated from a plasmid library of HindIII
fragments of genomic DNA ~2 kb in size, prepared and
screened as described in NORRIS ¢t al. (1993).

A cDNA library in A ZAP (Stratagene) was prepared from
A. thaliana mature leaf poly A* RNA as described by HATFIELD
et al. (1990); 200,000 plaques were screened with the ubiqui-

tin coding region probe as above. Four different cDNAs for
each of the genes, UBQ3, UBQI10 and UBQI1 were isolated
from this library. At least one cDNA for each gene contained
the entire coding region.

Phagemids were rescued from the phage according to the
manufacturer’s directions { Stratagene ) . For all genes, ubiqui-
tin hybridizing fragments were subcloned into phagemids
(VIEIRA and MESSING 1987), single-stranded DNA was pre-
pared and the templates were sequenced by dideoxy sequenc-
ing (SANGER et al. 1977) . Both strands of the coding region
and 3’ untranslated regions were sequenced using appro-
priate subclones or oligonucleotides as primers. DNA and
protein alignments were performed using the UW-GCG GAP
and PRETTY programs (DEVEREUX et al. 1984). DNA se-
quences presented here corresponding to UBQ3, 7, 8, 9, 10,
11, 12 and 14 have been entered in Genbank with accession
numbers L05363, 1.05364, 1.05917, L03565, L.05361, 1.05362,
L05482 and 105394, respectively.

Isolation of Arabidopsis genomic DNA, hybridizations, and
chromosomal mapping: Total cellular DNA was isolated from
pools of several hundred 3-wk-old plants of the Columbia and
Landsberg erecta ecotypes according to SANDERS et al. (1987)
and from individual plants according to DELLAPORTA (1983).
To determine the approximate number of ubiquitin genes in
the genome, aliquots of DNA from the Columbia ecotype
were incubated separately with the restriction enzymes BglIl,
BamHI, Pstl, EcoRI and HindlIll, fractionated by agarose gel
electrophoresis, transferred to nylon membrane and hybrid-
ized with a chicken ubiquitin cDNA restriction fragment as
described (CALLIS ef al. 1990) . To determine the correspon-
dence between cloned genes and genomic DNA restriction
fragments, total cellular DNA and plasmid DNA containing
HindIIl fragments that include the ubiquitin coding region
for UBQ3, 7, 9 and 14, were incubated with HindIIl and co-
fractionated by agarose gel electrophoresis. The resulting
DNA gel blots were hybridized with either the chicken ubiqui-
tin cDNA, the ubiquitin coding region (defined above) or a
BamHI / Bglll fragment of the UBQ4 gene (BURKE et al. 1988)
that contained ubiquitin coding region sequences (see figure
legends for specific hybridizations) under conditions de-
scribed above.

To identify restriction fragment length polymorphisms
(RFLPs) between two ecotypes, Columbia and Landsberg
erecta DNA were digested with restriction enzymes HindIll
and Xbdl and cofractionated on agarose gels, and the resulting
DNA gel blot hybridized as previously described (CALLIS ef
al. 1990) with either radiolabelled ubiquitin coding region or
DNA fragments flanking the coding region of specific genes.
RFLPs for seven ubiquitin genes were identified. The DNA
fragments identifying polymorphisms subsequently were used
as hybridization probes to genomic blots containing DNA
from 155 F2 individuals (digested with the same enzyme that
revealed the polymorphism) from a cross between the two
ecotypes. The DNA samples on these gel blots have previously
been used to map 306 RFLP markers (HAUGE et al. 1993) . The
chromosomal locations of ubiquitin genes were determined
relative to these markers using three point and N-point analy-
sis programs of MAPMAKER (LANDER and GREEN 1987) as
described in detail in CHANG et al. (1988). Two loci were
considered linked only if their LOD score was >3.0 (LANDER
et al. 1987) .

The DNA fragments from the Columbia ecotype that were
used to detect RFLPs were radiolabelled by either nick transla-
tion (RIGBY ef al. 1977) (No. 6~12-1 only) or oligo labeling
(FEINBERG and VOGELSTEIN 1983 ) and hybridized under con-
ditions described in CALLIS ¢t al. (1990) . For mapping UBQ?3,
phage No. 6-12-1 containing the genomic coding and flank-
ing regions of UBQ3 was used and detected a polymorphism
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with Xbal. For UBQ4, the 1.3-kb HindIIl fragment (plasmid
pl367) that maps immediately 5’ of a two-kb HindIIl frag-
ment containing the coding region revealed a polymorphism
with Xbal. All other genes were mapped using a HindIII re-
striction fragment length polymorphism. A HindIII / SspI 800-
bp fragment from p1316 that maps 3" of the UBQ9 ubiquitin
coding region was used. For UBQI10, an A fII1/ HindIII restric-
tion fragment (isolated from p3137), mapping immediately
3’ of the coding region was used. For UBQI1, the probe was a
3-kb Sad fragment from p3169, that mapped 3’ of the coding
region. For UBQ13, the HindIll / Xhol fragment (p5035) con-
taining the UBQI3 ubiquitin coding region was used with
high-stringency hybridization conditions as described in SUN
and CaLuis (1993). For UBQI4, a 5-kb HindIll fragment
(p3190) that maps 3’ of the coding region was used.
Oligonucleotide hybridization: Oligonucleotides (24-mers)
corresponding to the antisense strand of the 3’ untranslated
regions of UBQI0 (5’ CTTCTTAAGCATAACAGAGACGAG 3")
and UBQI1 (5" ACTTGGTTCAGTAACCATAAGAGA 3') were
end labeled with gamma-labeled **P-ATP and T4 polynucleotide
kinase and purified by gel electrophoresis (SucGITa and GRUIS-
SEM 1987). The sense sequences for UBQI0 and UBQI11 that
hybridize to the corresponding oligonucleotide are designated
in Figure 4. Oligonucleotide hybridization and wash conditions
were as described (SUGITA and GRUISSEM 1987), with the final
wash at T,, — 5° The calculated T, of the UBQI0 oligonucleo-
tide with its UBQI0sequence is 68° ( THEIN and WALLACE 1986) .
Using the programs GAP and BESTFIT (DEVEREUX et al. 1984),
the maximum identty found between the UBQI0 oligonucleo-
tide and all other ubiquitin DNA sequences (testing both
strands) that have been determined to date (the coding regions
of all other 13 genes and the flanking regions that have been
sequenced) corresponded to a T, of 50° (UBQI4 with the
UBQ10 oligonucleotide ), with all other combinations having
T.s <50°. Similarly, the UBQ] 1 oligonucleotide has a calculated
T of 66° with its corresponding UBQ!1 sequence. Using GAP
and BESTFIT, the maximum 7, obtainable with all other ubi-
quitin genes (testing both strands) was 44° (UBQ4 sequence
with the UBQI11 oligonucleotide). These maximum heterolo-
gous T,,s of 50 and 44° are 18 and 22° below the T,,, well below
the hybridization wash conditions of T;, — 5°. The specificities
of the radiolabeled oligonucleotides also were verified empiri-
cally by slot blot hybridizations to DNA fragments from each of
the polyubiquitin genes and ubiquitin extension genes using
the same hybridization stringency used for the genomic DNA
gel blot described above. Under the hybridization conditions
used, neither oligonucleotide showed significant hybridization
to any other ubiquitin gene (data not shown and Figure 9).
Analysis of ubiquitin sequences: The proportion of synony-
mous nucleotide sites at which two polyubiquitin repeats were
different (p, value), and the proportion of total nucleotide
sites at which ubiquitin-like repeats were different ( p-distance
value) were determined using the program MEGA (KUMAR
et al. 1993) . Each ubiquitin repeat from polyubiquitin, ubiqui-
tin-like and ubiquitin-extension genes was compared pairwise
with itself and every other ubiquitin repeat for estimation of
the number of synonymous substitutions per site using the
method of LI et al. (1985) with correction factor (L1 1993).
Ubiquitin repeat identities were compared using the neigh-
bor-joining method of NEI and SAarrou (1987) in the Phylip
program (version 3.54c) developed by FELSENSTEIN (1989).
For this, ubiquitin-like or polyubiquitin sequences initially
were aligned using the program PILEUP (GCG, Madison,
WI), imported into PAUP (version 3.0, SWOFFORD 1990) and
exported as a Phylip compatible input files. One hundred
replicas of bootstrapping were performed to assess the confi-
dence of the observed relationships found in the minimum
consensus tree (FELSENSTEIN 1988) and the bootstrap values

>40% are shown. For the polyubiquitin repeat tree, the yeast
UBII ubiquitin sequence { OZKAYNAK et al. 1987) was used as
an outgroup.

RESULTS

Isolation of ubiquitin genes and sequence analy-
sis: Using as hybridization probes DNA restriction frag-
ments from either a chicken ubiquitin cDNA (BOND
and SCHLESINGER 1985) or an Arabidopsis ubiquitin
coding region (see MATERIALS AND METHODS), eight
new ubiquitin coding sequences were isolated from A.
thaliana ecotype Columbia genomic and cDNA libras-
ies. The nucleotide sequence of the coding region for
each ubiquitin gene was determined. All contained tan-
dem repeats encoding ubiquitin or proteins with simi-
larity to ubiquitin. A diagrammatic representation of
the coding region for each of the eight genes is shown
in Figure 1A. UBQ3, UBQI10, UBQ11 and UBQI4, desig-
nated polyubiquitin genes, encode ubiquitin polyprot-
eins whose monomer sequence is identical to that of
purified oat ubiquitin protein determined by direct pro-
tein sequencing (VIERSTRA et al. 1986). UBQ7, UBQS,
UBQ9 and UBQI12 also encode ubiquitin polyproteins,
but each contained at least one ubiquitin coding region
with amino acid substitutions compared with the higher
plant ubiquitin sequence. These genes were designated
ubiquitin-like genes.

For comparison, Figure 1B shows diagrammatic rep-
resentations of previously isolated and published ubi-
quitin genes. These include one polyubiquitin gene,
UBQ4, (BURKE et al. 1988), four ubiquitin extension
protein genes, UBQI, UBQ2, UBQ5 and UBQ6 that rep-
resent all of the members of this class of ubiquitin genes
(CALLIS et al. 1990), and one ubiquitin-like gene,
UBQ13 (SuN and CaLLIs 1993). The ubiquitin exten-
sion genes are distinctive in the presence of only a sin-
gle ubiquitin coding region followed in frame by one
of two different ribosomal proteins. These genes have
been discussed in detail previously ( CALLIS ¢t al. 1990) .

The polyubiquitin genes: The polyubiquitin genes
include UBQ3, UBQI0, UBQ11, UBQI4 (presented
here) and UBQ4 an expressed polyubiquitin gene de-
scribed previously (BURKE ef al. 1988) . While encoding
the same protein, these genes differ from each other in
synonymous substitutions, in the number of ubiquitin
coding regions (only UBQ3 and UBQI4 share the same
number of ubiquitin repeats) and in the nature of the
additional C-terminal residues (Figures 1 and 2). The
polyubiquitin genes contain one of two different C-ter-
minal additional amino acids at the end of the open
reading frame. UBQ3 and UBQ4 open reading frames
terminate in the same amino acids, serine-phenylala-
nine, whereas the single amino acid, phenylalanine, is
found at the C-terminus of UBQI0, UBQ11 and UBQI14.
This difference in the C-terminus divides the five
polyubiquitin genes into two subtypes: the UBQ3/ UBQ4
subtype and the UBQ10/ UBQ11/ UBQI4 subtype.
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FIGURE 1.—Diagrammatic representations of the coding
regions for ubiquitin genes from Arabidopsis thaliana ecotype
Columbia. (A) Genes whose sequences are reported here.
The coding regions for UBQ3, UBQ7, UBQS, UBQ9Y, UBQI2
and UBQI4 were determined from genomic sequences. The
coding regions for UBQ3, UBQ10 and UBQI1 were deter-
mined from cDNA sequences. (B) Genes whose sequences
have been published previously and are shown for compari-
son purposes. Open boxes represent individual ubiquitin cod-
ing regions of 228 bp, encoding plant wild-type ubiquitin.
Hatched boxes represent ubiquitin coding regions that con-
tain at least one amino acid change from wild-type ubiquitin,
either an amino acid substitution, deletion or insertion.
Striped boxes represent the coding region for the 52 amino
acid ribosomal protein and filled boxes the coding region for
the 81 amino acid ribosomal protein (CALLIS et al. 1990).
Thin lines represent the positions and relative lengths of in-
tervening sequences. The thick line in UBQ13 represents an
insertion of 3.9 kb of mitochondrial DNA, interrupting a ubi-
quitin repeat of 72 amino acids (SUN and CALLIS 1993) . The
vertical lines interrupting the insertion indicate that the mito-
chondrial insertion is not drawn to scale. The first repeat of
UBQI3 contains only the last 19 amino acids of an ubiquitin
coding region. The additional amino acids at the C terminus
of polyubiquitin and ubiquitin-like open reading frames are
shown. Numbers underneath ubiquitin-like repeats represent
the number of amino acids encoded by that repeat if they
differ from 76-amino acid residues.

The 3’ untranslated regions of the five polyubiquitin
genes are shown in Figure 3 and terminate at the major
poly A addition sites for UBQ3 and UBQI0. From se-
quence analysis of four cDNAs isolated for UBQ11, two
different poly A addition sites were found at 237 and
127 nucleotides downstream from the stop codon; the
longest cDNA sequence is shown. Because cDNAs corre-
sponding to UBQ4 and UBQI4 have not yet been iso-

lated, we do not know the location of their poly A addi-
tion sites. Figure 3 shows UBQ4 sequences 3’ of the
translation stop corresponding in identity to that of
UBQ3 and shows all of the UBQI14 sequence 3’ of the
translation stop that has been obtained.

Nucleotide identity in the 3" untranslated region also
can be used to distinguish among the genes. Using this
criteria, the five polyubiquitin genes divide into the
same two subtypes discussed above. Nucleotide identity
is highest between members of the same subtype; 75%
between UBQ3 and UBQ4, 83% between UBQIO and
UBQI1, 87% between UBQI0 and UBQI14 and 75% be-
tween UBQI1 and UBQI4. Nucleotide identity is only
36% between UBQ3 and UBQI0 and only 44% between
UBQ3 and UBQI4 (even with several gaps introduced
to increase the similarity).

The nucleotide sequence of the coding regions for
all five polyubiquitin genes is shown in Figure 2. They
are aligned such that the ubiquitin repeats are directly
below each other. Because all polyubiquitin genes en-
code the same protein, all nucleotide substitutions are
synonymous. The p; value representing the proportion
of synonymous nucleotide substitutions between indi-
vidual repeats within genes and between genes was de-
termined (KUMAR et al. 1993) and is shown in Figure
4. The extent of synonymous substitution between ubi-
quitin repeats is high both within and between genes
(see below). This analysis also revealed that a specific
repeat has smaller number of nucleotide substitutions
with a specific repeat in another gene in the same sub-
type than when compared with any other repeat (in-
cluding other repeats of the same gene) or when
compared with the average p; value of all repeat com-
parisons between genes. In general, this identity occurs
between repeats in the same relative order in each gene.
This cannot occur for all repeats, because polyubiquitin
genes differ in the number of repeats. Strikingly, the
terminal repeats (independent of the number of re-
peats) share the highest identity. These specific rela-
tionships will be described in detail.

The mean intragenic repeat p; values are 0.753 and
0.736 for UBQ3 and UBQ4, respectively. The mean in-
tergenic differences for all the repeat comparisons be-
tween these two genes is only slightly lower at 0.654.
This slightly lower intergenic level of nucleotide substi-
tution is a reflection of specific repeats having a lower
number of nucleotide substitutions (Figure 4). The
first three repeats of UBQ3 have p, values of 0.313, 0.385
and 0.361 to the first three repeats of UBQ4, respec-
tively. The fourth repeat (and last) of UBQ3 has a p,
value of 0.556 to the fourth repeat of UBQ4, but a p,
value of 0.210 to the fifth (and last) repeat of UBQ4
The statistical significance of the difference in the ex-
tent of nucleotide substitutions between specific repeats
can be assessed using the chi-square test. The null hy-
pothesis is that the number of nucleotide substitutions
are equivalent between UBQ3 repeat one and each re-
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FIGURE 2.—Nucleotide sequences of the polyubiquitin genes. The nucleotide sequence of each repeat of the five polyubiquitin
genes, UBQ3, UBQ4, UBQI0, UBQII and UBQI4 (denoted to the left) is aligned. The repeats within a gene are number
sequentially from the 5’ end. Using the GCG PRETTY program (DEVEREUX ef al. 1984), a consensus nucleotide sequence was
generated (bottom sequence row). A dash indicates that the nucleotide is identical to the consensus; differences from the
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—————————————— g g- - —-———- gt-————————cf -t g~
--a-- a--g- c--a - -t-- --a--a-----a--~
t- e S c-t--c-==————= t—-——- a-—————————--

AAGGCCAAGATCCAGGACAAGGAAGGTATTCCTCCGGACCAGCAGAGACTGATCTTCGCCGGARAAGCAGCTTGAGGAT

K A K I QDK E G I P PD OQQRTUILTITFASGI K QTLTETD
157 228
- t--c -C t a-—a-—a-——=--—— - t-aa-a------
--aa-a---c-t-----C-~-=-=-=-t--a -g ——fm———— g--t-————- a-a-~~——-
--a--c--cc-t--a - a -g-—a-----tc-t--g-—t----mm-e———
—-=t--C--ac-t--a g--t~ ===t == Lo aagctte
c--C -~—a-—a--a-— - Commmmm——— a-gt-aa-a------
--aa-g---c-t- C t a~ t--t S P e
—=t--C---Cc-t a~-a a Lmmmm g--t-———= ga-a------
==3-=C--aC=g-——————~——-— a- ——=t-———- c--tc-t-—g--t-r-————m——
——t--g--—Cc-t--—a-——-—-—m—s—e e L B e b t-———- L aagcttce
t--g - t --a-~-C C C-——a—g-—===———====
--—a-a---c-t c- t- c——= te-t ——a-g-——mme—————
~--a-a-===----C--C- t ---Cc-—a~--¢ ct-g g-———- a-—--
--aa-a -=C=~ t ~-=Cm—@~———— o= ct-g-—--~~ g-———- a-—-
—-—t--t- B Rt it gmm s ——— gt-g--—- g————= a~—-
——a—-—t-~——---- Cm=Cm—mmmmmm e e t——t--m——————— C~—g--——-— Lt ...tte
Cc-~g g -t - a--c C-——=== -a-g - -
--—a-a- -g - ———t-=g----- t-——-- ct-g--—-- g-——== a---
——a=—f-~—————- Cc-—C - ——— -———t-—fm————————— Crmmmmmmm e ...ttc
————— t-~g t a--c —Cmmmm e ———s——geg s
~-—a-a-~-c-t G e C-=a-———— te-t-———~—- a-g---—————————
-~ta-a c -t - “te-a-—-—--—m-me- gt-g-—————————-- a---
-—t--t-----———C——Cc-~- -t--- - g~—aa-g-——=——=-————- ..tte

GGCCG—ACTTTGGCTGATTACAACATCCAGAAGGAGTC—ACCCTTCACTTGGTTCTCCGTCTCCGTGGTGGT.
G R T L A D Y NI Q K E S T L H L V L R L R G G

consensus are indicated. Bottom row contains the corresponding amino acid sequence.
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87
UBQ3 TaAgctttTtGTgaTcTg..... . ATgat.Aagt.....gGTT....GTt.CGtgTcTCATgc. . .ACTTgGGaGGtgatctatttce
UBQ4 TgAgc ttTtGTgaTgTg......ATcaa Aagt.....gGTT....GTt.CGagTcTCATgc...ACTTgGGaGGtgagatec ttc
UBQ10 TaRa..tglcGTc.IcTg....LLATgettAag. ... .33GTTcaatGTtteg., .TgTCATgtaaaACTTLGGEGG. v v ren ..
UBQl11 TaAa..ccTtGTc.TcTcictcttATggttActgaaccaaGTTca.tGTatCG. . TgTCATctagtACTTLtGGEGG. v v e
UBQ14 TAAaaac.TtaTc.TcTg....ttATgaatca.gaagaa.GTTca.tgT..ctcgITTCATttaaaACTTEGGtGG. .. v vun ..

174
UBQ3 acctggtgtagTTTgTGtTTccG. .tCa,.GttggaaaaacttatCecc, ., tATcgA.....Tctegt.. ... . TTTCALtTTLCTGCTTL
UBQ4 acctggtttggTTTcTGeTTegG, . tCt.GegggaaaaacttatCe.ttATcgA. ... .Tgttet . .gaagTTTCat TTtCTg. TTL
UBQIO .....es0s..TTTGTGETTLgGggeCLEGL.. ... ... ataatCcctgAT.gAataagTgttctactatgTTTCcgTTcCTg.TTa
UBQ11 ...........TTTaTGtTTtgGggcCatGt........acagcCtctgAT.aRataatTgatcgactatgTTTCcgTTtCT..TTc
UBQ14 ...........TTTgTGtTTtgGggcCttGt........aaagcCcctgAT.gAataatTgttcaactatgTTTCcgTTcCTyg. Tgt

260

UBQ3 tcttttatgTaCcTt.....cgtTtGggcttgtaacgggectTTG.taTTtcaaCtcTcaATaataaTccaagtgCaTgtT.aaacpA
UBQR4 tettttattTtC,TtatgaacctTtGgeneiveesnsss.. . TIGctgTTtcaaCatTtaATaataaTeccaagtgCaTgt Taaaac
UBQI0 tctctttctTtC.TaatgacaagTcGaacttcttcttpA
UBQI11 atctctcttTtCtTtcaaacaacaaatcgaacttattctctaTTGecaaTTatctCttTcgATtcactTttgtcatCgTtgTctett
UBQ14 tatacc..tTtCtTtctaat

279
UBQ11 tatatgatgtgcttagtttpA

FIGURE 3.—Nucleotide sequence comparisons of the 3’ untranslated regions of the Arabidopsis polyubiquitin mRNAs. For
UBQ3, 10 and 11, these represent the sequence from cDNAs with the longest 3’ ends. No ¢cDNAs corresponding to UBQ4 or
UBQ14 have been isolated, so the genomic sequence of UBQ4 corresponding in length to that of UBQ3 is shown. All the UBQ14
sequence available 3’ of the translation stop is shown. The 3’ sequences used to generate gene-specific antisense oligonucleotide
probes are underlined. See MATERIALS AND METHODS for the oligonucleotide sequence. pA, position of the poly A tract found
in the longest cDNAs. Alignments were obtained using the GCG GAP program (DEVEREUX et al. 1984) . Uppercase nucleotides
are identical among all four sequences, lower case nucleotides are not.

peat of UBQ4. Such a test revealed that substitutions
are not randomly distributed (0.001< P < 0.01).
This pattern is also observed within the UBQI0/
UBQ11/ UBQI4 subtype of polyubiquitin genes. The
mean ntragenic p, values are 0.615, 0.629 and 0.651 for
UBQ10, UBQI11 and UBQI4, respectively. Similarly, the
mean intergenic p; values for repeat comparisons be-
tween UBQI10 and UBQI1 is 0.540, between UBQ10 and
UBQI4 is 0.567 and between UBQII and UBQI4 is
0.561. Again, the observed slightly lower intergenic nu-

cleotide substitution level results from the presence of
a lower level of nucleotide substitution between specific
repeats between genes in this subtype (Figure 4). The
first repeats of UBQI0 and UBQI1 have p, values of
0.234 to each other, and the third repeat of UBQI11 has
the lowest g, value, 0.193, with the last repeat of UBQI0
(repeat six ). UBQI4 repeat one has p, values of 0.116
and 0.156 when compared with repeat one of UBQI0
and UBQI1, respectively. UBQI14 repeat four (the last)
has the lowest p, values, 0.346 and 0.270, with the termi-

repaat 3-1 3-2 3-3 =4 4-1 4-2  4-3 4-4 4-5 10-1 10-2 10-3 10-4 10-5 10-6 11-1 11-2 131-3 14-1 14-2 14-3 14-4
3-1 0.064 0.052 0.052 0.065 0.050 0.053 0.063 0.044 0.064 0.047 0.048 0.046 0.058 0.052 0.065 0.046 0.060 0.068 0.045 0.055 0.060
3-2 0.698 0.069% 0.057 0.058 0.067 0.069 0.065 0.060 0.050 0.058 0.056 0.067 0.065 0.063 0.052 0.058 0.064 0.052 0,060 0.069 0.066
3-3 0.830 0.557 0.053 0.049 0.065 0.066 0.065 0.059 0.058 0.062 0.054 0.054 0.058 0.055 0.056 0.057 0.055 0.052 0.064 0.058 0.050
3-4 0.828 0.786 0.820 0.056 0.063 0.059 0.069 0.056 0.050 0.053 0.035 0.060 0.064 0.067 0.058 0.052 0.068 0.058 0.060 0.063 0.068
4-1 0.313 0.778 0.852 0.792 0.056 0.057 0.060 0.052 0.066 0.058 0.048 0.051 0.053 0.056 0.068 0.051 0.063 0.068 0.061 0.050 0.065
4-2 0.850 0.385 0.670 0.707 0.795 0.063 0.063 0.066 0.061 0.059 0.052 0.063 0.058 0.069 0.058 0.052 0.068 0.061 0.061 0.065 0.067
4-3 0.826 0.554 0.361 0.759 0.790 0.705 0.057 0.064 0.059 0.057 0.044 0.058 0.065 0.055 0.050 0.060 0.0S5 0.053 0.052 0.060 0.059
4-4 0.717 0.675 0.672 0.556 0.759 0.712 0.783 0.066 0.044 0.052 0.051 0.046 0.054 0.052 0.049 0.047 0.060 0.054 0.060 0.063 0.061
4-5 0.886 0.749 0.763 0.210 0.831 0.650 0.684 0.652 0.041 0.053 0.040 0.060 0.063 0.067 0.047 0.057 0.069 0.045 0.060 0.058 0.068

10-1 0.699 0.850 0.769 0.845 0.662 0.732 0.766 0.889 0.902 0.067 0.054 0.061 0.066 0.069 0.059 0,064 0.068 0.045 0.065 0.056 0.064

10-2 0.870 0.769 0.727 0.822 0.775 0.767 0.781 0.827 0.822 0.636 0.067 0.067 0.063 0.065 0.070 0.068 0.064 0.067 0.050 0.064 0.0867

10-3 0.863 0.800 0.816 0.931 0.866 0.836 0.889 0.839 0.911 0.821 0.642 0.064 0.069 0.066 0.061 0.070 0.067 0.058 0.068 0.069 0.064

10-4 0,879 0.642 0.813 0.754 0.843 0.717 0,770 0.875 0.754 0.740 0.640 0.295 0.070 0.063 0.064 0.070 0.070 0.060 0.068 0.066 0.068

10~5 0.784 0.683 0.777 0.698 0.826 0.778 0.676 0.820 0.717 0.664 0.720 0.592 0.452 0.069 0.070 0.070 0.070 0.069 0.065 0.070 0.070

10-6 0.832 0.713 0.805 0.612 0.796 0.538 0,801 0.828 0.612 0.579 0.672 0.662 0.544 0.565 0.069 0.069 0.055 0.068 0.069 0.068 0.066

11~1 0.684 0.836 0.794 0.773 0.627 0.775 0.848 0.856 0.870 0.234 0.523 0.748 0.706 0.511 0.544 0.068 0.068 0.051 0.069 0.059 0.067

11-2 0.875 0.774 0.790 0.827 0.839 0.830 0.748 0.871 0.788 0.698 0.386 0.529 0.546 0.489 0.580 0.624 0.067 0.063 0.069 0.068 0.067

11-3 0.757 0.696 0,808 0.595 0.721 0.597 0.804 0.754 0.557 0.619 0.693 0.645 0.526 0.547 0.193 0.623 0.640 0.067 0.068 0.065 0.062

14-1 0.602 0.831 0.827 0.768 0.623 0.732 0,823 0.812 0.883 0.116 0.616 0.782 0.760 0.567 0.598 0.156 0.717 0.639 0.066 0.061 0.066

14-2 0.881 0.760 0.698 0.755 0.746 0.738 0.830 0.760 0.755 0.683 0.153 0.611 0.609 0.690 0.564 0.570 0.410 0.605 0.663 0.068 0.069

14-3 0.807 0.587 0.779 0.720 0.849 0.683 0.756 0.724 0.778 0.804 0.702 0.396 0.336 0.535 0.625 0.770 0.628 0.686 0.745 0.633 0.067

14-4 0.755 0.655 0.843 0.593 0.680 0.634 0.763 0.732 0.574 0.695 0.614 0.701 0.621 0.487 0.346 0.641 0.638 0.270 0.656 0.564 0.645

FIGURE 4.— Pdistance values for synonomous substitutions () from the pairwise comparison of all the Arabidopsis polyubiqui-
tin repeats. Each repeat is indicated by the gene number, a dash, and the number of the repeat within each gene (numbering
as in Figure 2). The fraction of synonomous nucleotide sites that differ between repeats was determined using MEGA (KUMAR
et al. 1993) and these values are shown in the lower left hand matrix. The corresponding standard errors are shown in the
upper righthand matrix. P distance values =0.4 are in boldface type.
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UBQ4 1 MQIFVK....... TLTGKTITLEVESSDTIDNVKAKIQDKEGIPPD. . QQRLIFAG. . KQLEDG . RTLADYNIQKESTLH . LVLRLRGG
UBQ7 1 ~——====....... . .. . .
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2 —ememmleeel.n ==k T .. . . .

3 ====L=cccccnn KV I ..=H . . V-ED o=L==F--~

4 —mmmmmiieeee. L .e .o . .

5 wmmmmmiiieees §--.. +.==H . SF*

FIGURE 5.—Amino acid sequence of the Arabidopsis ubiquitin-like genes. The derived amino acid sequences of the ubiquitin-
like genes are aligned with that of ubiquitin derived from the polyubiquitin gene UBQ4 reported previously that is identical for
all the polyubiquitin genes (top line). Positions of amino acid identity are indicated with a dash, and the replacements are
denoted. Dots indicate the position of gaps that were introduced to increase the alignment. *, stop codons. UBQ13, not shown.

nal repeats of UBQIO and UBQI11, respectively. Chi-
square tests support the statistical significance of this
pattern (data not shown).

In contrast, this marked pattern of specific low level
of nucleotide substitution is not seen when comparing
repeats between genes from different subtypes (Figure
4). For example, the p, value between repeat two of
UBQ3 and repeat two of UBQI0 is 0.769, close to the
overall p, value of 0.781 between these two genes and
not very different than the p, value of 0.642 between
repeat two of UBQ3 and repeat four of UBQI0. The
differences between repeats from different subtypes
also is supported by statistical tests with, for example,
the null hypothesis that nucleotide changes between
UBQ3 repeat one and the repeats of UBQ14 are distrib-
uted randomly. This hypothesis is supported (P> 0.3).
Additional comparisons between corresponding re-
peats of these two genes and other genes in different
subtypes reveals the same results (Figure 4).

The ubiquitin-like genes: Ubiquitin-like genes are
similar in structure to polyubiquitin genes, each encod-
ing different numbers of tandem ubiquitin repeats with
additional nonubiquitin amino acids at the C-termini
(Figure 1) . UBQI2, with five repeats, contains the same
number of repeats as UBQ4, whereas UBQ9, with four
repeats, contains the same number as UBQ3 and
UBQ14. UBQ7 and UBQS genes, with two and eight re-
peats, respectively, do not correspond in repeat number
with any other Arabidopsis ubiquitin gene. Ubiquitin-
like genes are distinguished from the polyubiquitin
genes by the presence of amino acid substitutions in at
least one of the ubiquitin repeats.

The derived amino acid sequences of the ubiquitin-
like genes reported here are shown in Figure 5 and
compared with the amino acid sequence of the ubiqui-
tin protein presentin all higher plants analyzed ( CALLIs
and VIERSTRA 1989). The percent amino acid identity
of each ubiquitin-like repeat to ubiquitin is shown in

Table 1. The number of amino acid replacements in
each repeat within one gene does vary. For example,
within UBQ12 there are 18 changes in repeat one, but
only one change in repeat four and two changes in
repeat five. Although the first repeat of UBQ7 encodes
a 76-amino acid ubiquitin protein, the second repeat

TABLE 1
Amino acid identity of ubiquitin-like repeats to ubiquitin

Percent
identity to
Repeat ubiquitin

UBQ7-1 100

UBQ7-2 57.6
UBQS§-1 86.4
UBQS-2 94.9
UBQS-3 66.1
UBQ8-4 71.2
UBQS8-5 76.3
UBQS8-6 66.1
UBQS-7 64.4
UBQS-8 77.6
UBQ9-1 76.3
UBQ9-2 98.7
UBQ9-3 93.4
UBQ9-4 93.4
UBQ1i2-1 76.3
UBQ12-2 97.3
UBQ12-3 86.8
UBQ12-4 98.7
UBQ12-5 97.4
UBQ1i3-2 100

UBQ13-3 100

UBQ134 97.4
UBQ13-5 97.4

Amino acid identity of ubiquitin-like repeats to ubiquitin.
The amino acid sequence of each repeat of the five ubiquitin-
like genes was compared with the ubituitin amino acid se-
quence encoded by the polyubiquitin genes and is repre-
sented as a percentage.
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encodes a 76-amino acid protein only 58% identical to
ubiquitin, UBQS& repeats range in amino acid identity
to ubiquitin from a high of 95% to a low of 66%. Two
ubiquitin-like genes share the same amino acid replace-
ments. Of the 16 amino acid replacements in repeat
one of UBQY, 12 are found in repeat one of UBQI2.
Two additional replacements are shared in position, but
not in the nature of the amino acid. This relationship is
also evident at the nucleotide level (Figure 7). No
other repeats of these two genes share more than one
amino acid replacement.

Specific amino acid replacements of note in UBQ8
involve changes in the C-terminal glycine residue at
the ends of the third and last repeats. Processing of
ubiquitin polyproteins by ubiquitin protein hydrolases
requires the presence of this Gly residue (JONNALA-
GADDA ¢t al. 1989) . Amino acid replacements in specific
repeats suggest that if expressed, these polyproteins
would not be cleaved into ubiquitin-like monomers at
the variant junctions. An additional distinctive feature
of the ubiquitin-like genes is the diversity of the C-termi-
nal peptide extensions. The dipeptide Ser-Phe in UBQI2
is identical to that of polyubiquitin proteins encoded
by UBQ3 and UBQ4, whereas a unique 15-amino acid
peptide terminates the last repeat of UBQS.

In addition to amino acid replacements, several ubi-
quitin-like repeats differ in the number of amino acids
from the 76-amino acids found in ubiquitin, with several
cases amino acid insertions and one of an amino acid
deletion (Figure 5). Whereas all repeats of UBQ7 and
UBQ12 encode 76-amino acid proteins, one of the four
repeats in UBQ9 is 77 amino acids long. Four of the
eight repeats in UBQ8 differ in length, with repeats one,
three, four and seven containing 78, 83, 81 and 83
amino acids, respectively. In addition to extra amino
acids near the amino terminus, UBQ8 repeat three has
two extra amino acids at position 47 of wild-type ubiqui-
tin and repeat seven has one additional amino acid at
position 68. Only one UBQS8repeat, repeat five, encodes
a smaller protein of 74 amino acids. This results from
a four amino acid deletion beginning at residue 71 and
a two amino acid insertion at beginning position 39.
UBQI2 has three inframe translational stop codons,
two in the first repeat and one in the second (asterisks
in Figure 5). Notable is the absence of in-frame stop
codons in UBQ8 even though it encodes eight ubiquitin-
like coding regions encompassing 627 codons.

The nucleotide sequence corresponding to UBQ7 is
shown in Figure 6. Two observations suggest the pres-
ence of two introns within the coding region, one in
each repeat at different positions. First, the amino acid
sequence identity to ubiquitin in both repeats disap-
pears immediately after a GT nucleotide sequence and
resumes after an AG sequence (Figure 6). These fea-
tures are characteristic of the 5’ and 3’ borders of in-
trons (HANLEY and SCHULER 1988). Second, removal
of the putative introns restores an in-frame ubiquitin

coding region to both repeats. The three other ubiqui-
tindike genes, UBQ8, UBQ9 and UBQI2 differ from
UBQ7 in that they appear to have uninterrupted coding
regions (data not shown).

The extent of nucleotide substitutions between all
ubiquitin-like repeats was determined (p-distance
value) and shown in Figure 7. The level of nucleotide
substitution between UBQ7 repeat two and any other
repeat is much higher than any other comparison. The
observed amino acid identity (see above) between
UBQ9repeat one and UBQI2repeat one was confirmed
and extended when observed at the nucleotide level.
Repeats 9-1 and 12-1 are only 4% diverged at the
nucleotide level. In addition, other comparisons be-
tween these two genes revealed highly similar repeats;
repeats 9-2 and 12-2 are only 10% diverged and re-
peats 9-4 and 12-5 (the terminal repeats) are only
8% diverged (Figure 7).

Arabidopsis ubiquitin gene family: To determine the
approximate number of ubiquitin genes in A. thaliana
ecotype Columbia, total cellular DNA was digested sin-
gly with five different restriction enzymes, and the num-
ber of ubiquitin fragments present in the genome were
visualized by hybridization of the resulting DNA gel blot
with the chicken ubiquitin ¢cDNA probe (Figure 8).
The number of distinct ubiquitin fragments visualized
with five different enzymes ranged from a minimum of
9 to a maximum of 12.

The ubiquitin-hybridizing pattern generated with
HindIlI consisted of well-separated fragments that were
of lower molecular weight than those produced by the
other enzymes. Furthermore, from sequence determi-
nation there were no HindlII sites in any of the eight
ubiquitin coding regions (data not shown). For these
reasons, the correspondence of ubiquitin genes to
HindIll genomic restriction fragments was determined
in one of two ways (Figure 9). For UBQ3, UBQ7, UBQ9
and UBQI4, cloned Hindlll fragments containing the
coding regions were electrophoresed adjacent to geno-
mic DNA, and the specific fragment identified by comi-
gration of ubiquitin hybridizing fragments (Figure 9,
A and B; data not shown for UBQ9 and UBQI4) . Alter-
natively, DNA gel blots containing genomic DNA di-
gested with HindIIl were hybridized first with a restric-
tion fragment mapping adjacent to the coding region
(UBQ8and UBQI12), or with a gene-specific oligonucle-
otide (UBQI0 and UBQI1), and then the blots were
rehybridized with the ubiquitin coding region to iden-
tify the specific fragment (Figure 9, C and D; data not
shown for UBQ8 and UBQI12). Genomic HindlIl frag-
ments corresponding to UBQI, 2, 4, 5, 6 and 13 genes
were assigned previously (BURKE et al. 1988; CALLIS ef al.
1990; SUN and CavrLis 1993) . The relative hybridization
differences of ubiquitin genomic fragments observed
between Figure 9, A and B and C and D are a reflection
of the different hybridization probes used (see leg-
end), the fragment’s nucleotide identity to the hybrid-
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gctttggagtctgaagttacataagcaaattcgecattttgttacttctctecaattaat
gtgaagcggctagatttcaatggagttagtgtgtatagtggtgggagagtctgggagetyg
atggtgagtgtgccagattctttttaatatgagacaaaatattattctttctatgettgt
ttacatctttttttcaaccactagtagaaacctgaatattctctcgactctgtttagata
tgattctgatgtagttggcatatcttgtgtaatcectccactctcaaatttctaacaatt
cttaatttttgggttgaaacggaagtaatattttgttcttccatctaaccaaaggtecgta
tatttgcaaaccaattgaagtagaaattaacttaaaccgggaactggtttaagagatatt
aatatatgaccgaagacattgggtttaaaaagtcagaataataaaaagttggcgtagtct
aaacgccgacccagaggccctctcatacctttaccagtgectatatatatatatatatat
aaacagactaattactattccccatcgeacagaccecccctaagaatccgagagagaagaa
gagataatgcagatcttcgtcaaaaccctcaccggcaaaactataaccctagaagttgag

METG1nIlePheVallLysThrLeuThrGlyLysThrIleThrLeuGluvalGlu

agcagcgacaccatcgacaatgttaaagccaaaatccaggtttaatttagggtttcttet
SerSerAspThrIleAspAsnValLysAlalLysIleGln

cttctttatcecectcaaacgattecttagttectectgaatectctacttgttettacettyg
aattgtataattaagaattgtttcgagtaggaatctctagtaatcttgaagaacatggat
ttgatttacttgagaatagctaaaaagtgtttgtgaggattgatagtttgtttaacgatce
tttatctgagectegettttgttcgaatctttggtaaatcattttggggtttcaggacaaa

AspLys

gagggcataccacctgatcaacagaggctgatttttgctggtaagcaattggaagatgge
GluGlyIleProProAspGlnGlnArgLeullePheAlaGlyLysGlnLeuGluAspGly

cggaccttagctgattacaacatccagaaagagtctactcttcatcttgtcctcaggetce
ArgThrLeuAlaAspTyrAsnIleGlnLysGluSerThrLeuHisLeuValLeuArgLeu

agaggtggaaccatgatcaaggtgaagacactcactggaaaagaaatcgagattgatatc
ArgGlyGlyThrMetIleLysValLysThrLeuThrGlyLysGlulleGluIleAspIle

gaaccaaccgacactattgatcggatcaaagaacgtgttgaagagaaagaaggcatccct
GluProThrAspThrlleAspArgIleLysGluArgValGluGluLysGluGlyIlePro

cctgttcaacaaaggitaaaaacaaaacttacgtttttctettatgacttgacgagtttygt
ProvalGlnGlnArg
gtttgtcttggtgcatttaagectcaattgagtcccatcctgaacattgtttgecagtatt
tttattgcatgtgttagtcccatcctgaacattgtttgcagtatataactctgtggtacg
ctctgaattctcaggctcatatatgccggaaaacagettgectgatgacaaaacggccaaa
LeuIleTyrAlaGlyLysGlnLeuAlaAspAsplysThraAlaLys

gattatgcgatagagggaggctcectgttcttcatttggttettgctettaggggtggtett
AspTyrAlalleGluGlyGlySerVallLeuHisLeuValLeuAlaLeuArgGlyGlyLeu

ctctgatcttaataaataagett 1583
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FIGURE 6.—Nucleotide sequence of the UBQ7
gene. The nucleotide sequence of a 1585-bp ge-
nomic HindIIl fragment containing the coding
region of the ubiquitin-like gene UBQ7 is shown.
Two nucleotides, AA, constituting the 5’ HindIIl
site, are not shown. The derived amino acid se-
quence for the region with similarity to ubiquitin
is shown underneath. The first and last two nucle-
otides of the two putative introns in the coding
region are underlined. *, stop codon.

ization probe used and the number of repeats con-
tained within a particular fragment or band. As
expected from sequence data, each gene was repre-
sented by a single genomic HindIIl fragment that cor-
responded to a restriction fragment visualized by hy-

bridization with the ubiquitin coding region. All of the
HindIll fragments visualized in genomic DNA were ac-
counted for, corresponding to one or more cloned
gene.

DNA isolated from a population of individuals was

7-1 7-2 8-1 8-2 8-3 8-4 8-5 8-6 8-7 8-8 9-1 9-2 9-3 9-4 12-1 12-2 12-3 12-4 12-5 13-2 13-3 13-4
7-2 0.44
8-1 0.28 0.45
8-2 0.26 0.44 0.24
8-3 0.32 0.51 0.35 0.30
8-4 0.31 0.50 0.30 0.33 0.31
8-5 0.26 0.47 0.31 0.24 0.27 0.36
8-6 0.32 0.55 0.38 0.32 0.22 0.36 0.33
8-7 0.35 0.51 0.32 0.34 0.35 0.24 0.37 0.34
8-8 0.29 0.45 0.32 0.29 0.31 0.36 0.26 0.36 0.38
-1 0.30 0.44 0.17 0.27 0.37 0.36 0.32 0.40 0.38 0.32
9-2 0.21 0.41 0.21 0.23 0.27 0.22 0.28 0.29 0.26 0.25 0.25
9-3 0.23 0.45 0.27 0.20 0.29 0.33 0.21 0.33 0.33 0.25 0.30 0.22
9-4 0.23 0.44 0.27 0.24 0.29 0.32 0.25 0.33 0.37 0.22 0.29 0.21 0.21
12-1 0.31 0.45 0.17 0.27 0.37 0.37 0.32 0.42 0.40 0.33 0.06 0.26 0.30 0.29
12-2 0.21 0.43 0.27 0.24 0.26 0.23 0.27 0.27 0.29 0.26 0.30 0.10 0.21 0.24 0.30
12-3 0.27 0.45 0.29 0.23 0.34 0.35 0.23 0.38 0.38 0.28 0.30 0.25 0.13 0.24 0.31 0.26
12-4 0.22 0.44 0.27 0.19 0.26 0.32 0.22 0.29 0.33 0.26 0.28 0.21 0.12 0.17 0.28 0.16 0.17
12-5 0.24 0.43 0.24 0.23 0.31 0.32 0.26 0.34 0.36 0.23 0.25 0.22 0.20 0.08 0.25 0.25 0.23 0.16
13-2 0.25 0.42 0.25 0.23 0.31 0.30 0.28 0.34 0.34 0.26 0.29 0.17 0.22 0.21 0.29 0.19 0.25 0.21 0.21
13-3 0.25 0.42 0.25 0.23 0.29 0.32 0.22 0.31 0.33 0.26 0.28 -0.23 0.17 0.21 0.29 0.19 0.20 0.15 0.20 0.22
13-4 0.23 0.44 0.21 0.22 0.28 0.30 0.24 0.29 0.30 0.27 0.26 0.21 0.21 0.19 0.27 0.22 0.23 0.17 0.18 0.21 0.14
13-5 0.26 0.45 0.22 0.24 0.31 0.32 0.27 0.34 0.33 0.30 0.26 0.22 0.22 0.24 0.26 0.25 0.24 0.19 0.21 0.22 0.14 0.10

FIGURE 7.— P distance values for all nucleotide subtitutions from the
repeats. The fraction of nucleotide sites that differ between

(KUMAR ¢t al. 1993) and is indicated. P distance values =0.1

pairwise comparison of the Arabidopsis ubiquitin-like

pairwise comparisons of repeats was determined using MEGA

are in boldface type.
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FIGURE 8.—Genomic DNA gel blot analysis of Arabidopsis
ubiquitin genes. A. thaliana ecotype Columbia genomic DNA
was isolated and digested singly with five different restriction
enzymes noted above the lane. The DNA was fractionated on
a 0.7% agarose gel, transferred to a nylon membrane and
hybridized with radiolabelled ubiquitin cDNA as described in
MATERIALS AND METHODS. Bg, Bglll; B, BamHI; P, Psil; R,
EcoR1; H, HindIIl. Molecular weight markers indicated to the
left are from lambda restricted with HindIII and EcoRI.

used for these analyses and multiple libraries were used
as sources of genomic clones. Thus, it was possible that
some of the Hindlll fragments represented genes not
present in every individual, but rather polymorphic al-
leles segregating in the population. To determine
whether all 14 ubiquitin genes are loci present in every
individual, DNA was isolated from 13 individual plants
and from 10 progeny of 1 selfed plant. The ubiquitin-
hybridizing HindIIl fragment pattern for DNA from
individuals was compared with the pattern obtained
from DNA isolated from a population of plants. All
DNA samples from individual plants, including siblings,
yielded an identical hybridization pattern and this pat-
tern was identical to that observed for DNA isolated
from the pool of individuals (data not shown).

cod cod
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FIGURE 9.—Correspondence of ubiquitin HindIIl genomic
fragments with isolated ubiquitin genes. (A and B) Four mi-
crograms of Arabidopsis ecotype Columbia total cellular DNA
(lanes designated as total) and 200 ng of plasmid DNA con-
taining the coding regions for UBQ3 (pl1585) and UBQ7
(p1273) were digested with HindIII and subjected to DNA gel
blot analysis using the radiolabeled ubiquitin coding regions
either from the Arabidopsis UBQ3gene (A) or from a chicken
ubiquitin ¢cDNA (B) as hybridization probes (see MATERIALS
AND METHODS) . (C and D). A DNA gel blot containing 4 ug
of Arabidopsis total cellular DNA digested with HindIII was
hybridized sequentially with a gene-specific oligonucleotide
for UBQI0 (C) or UBQ11(D), then with radiolabeled ubiqui-
tin coding region from the Arabidopsis UBQ4 gene (see MA-
TERIALS AND METHODS). The resulting correspondence of
ubiquitin-hybridizing genomic fragments with isolated ubiqui-
tin genes is designated to the right. The designations for
UBQI, 2, 4, 5, 6 and 13 were determined previously (BURKE
et al. 1988; CALLIS et al. 1990; SUN and CALLIS 1993); data
not shown for UBQ7, 8, 12 and 14. Above the line indicates
the probe used for each lane, below the line indicates whether
total cellular Arabidopsis (total) DNA or a plasmid containing
ubiquitin sequences (UBQ3, UBQ7) was fractionated in the
lane below. Cod, ubiquitin coding region with the specific
DNA used designated as above.

Chromosomal mapping of Ub genes: Members of the
F2 generation from a cross between the A. thaliana eco-
types Landsberg erecta and Columbia were used to map
ubiquitin genes. Using genomic DNA restriction frag-
ments that flank the coding regions as hybridization
probes, genomic DNA gel blot analysis with DNAs from
the two ecotypes uncovered restriction fragment polymor-
phisms (RFLPs) for specific genes that could be used to
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FIGURE 10.—Diagrammatic representation of the relative
map positions of the ubiquitin genes UBQI10, UBQI1 and
UBQ14 on chromosome 4 and UBQ3, UBQ4 and UBQY on
chromosome 5. Markers are indicated above the line; below
the line are the relative map distances between markers in
centimorgans for each interval. The most distal marker for
one chromosome end is indicated below the line with a 0;
conventions for the designation of Arabidopsis chromosomes
and the source and identity of the adjacent markers are in
(HAUGE et al. 1993) . Diagonal lines interrupting the chromo-
some represent intervals not drawn to scale. The ubiquitin
genes are underlined. Arrow indicates continuation of the
rest of the chromosome. For both chromosomes the total
recombinational distance is approximately 100 ¢cM (HAUGE
et al. 1993). The Arabidopsis centromeres have not been
mapped (HAUGE et al. 1998).

locate chromosomal positions (data not shown ) . We were
unable to identify usable RFLPs for UBQ7, UBQS and
UBQI2. The chromosomal positions for all the polyubi-
quitin genes, UBQ3, UBQ4, UBQ10, UBQI11 and UBQI14
and two ubiquitin-like genes, UBQ9 and UBQI3, were de-
termined. UBQI0, UBQ11 and UBQ14 are linked on chro-
mosome 4 (Figure 10A). UBQ3, UBQ4 and UBQY are on
chromosome 5, but are located considerable distances
apart from each other (Figure 10B). The previously char-
acterized ubiquitin-like gene UBQI3 mapped to chromo-
some I (data not shown).

Analysis of ubiquitin sequences from Arabidopsis: To
further analyze the relationships between ubiquitin se-
quences in Arabidopsis, the extent of synonymous substi-
tutions between polyubiquitin and ubiquitin extension
protein repeats was determined by obtaining K;, the num-
ber of synonymous substitutions per site using the method
and correction factor of L1 (L1 1985; L1 1993). For the
polyubiquitin genes, all intragenic repeat comparisons
gave K values that were either greater than one or were
not calculable because the substitution rate was high; both
results indicated saturation for synonymous substitutions
(Figure 11, A and B). Also, all integenic comparisons
using repeats between the two subtypes of polyubiquitin

genes also gave K, values greater than one or was unable
to give a specific value (data not shown), again indicating
saturation.

Intergenic comparisons using repeats from polyubi-
quitin genes of the same subtype also indicated satura-
tion or were nearly saturated for synonymous substitu-
tions with the exceptions of the specific repeats with
lower p, values (Figure 11A for the UBQ3/ UBQ4 sub-
type; B for the UBQ10/ UBQI1/ UBQI14 subtype). For
example, UBQ3*1 has a K, value less than one for only
one polyubiquitin repeat, UBQ+41. UBQ1¢1 has K, val-
ues less than one for only two other repeats, UBQII-
1 and UBQI41. Similarly, the terminal repeats show
saturation with almost all other repeats except for the
terminal repeats from the same subtype. The one ex-
ception is UBQI10:6, which is also not saturated when
compared with one of its internal repeats, UBQ104.

Several internal repeats of UBQI0, as well as repeats
UBQ11-2, UBQI142 and UBQI14-3 have K, values less than
one when compared with each other (Figure 11B).
Their relationships were examined further using neigh-
bor-joining analysis (Figure 12A) . A minimum consen-
sus tree containing repeats 11-2, 10-2, 10-3, 10-4,
14-2, and 14-3 showed that repeats 10-2 and 14-2
form a separate branch. Most closely related to this
branch was repeat 11-2. Weaker relationships that may
not be significant were found between two internal re-
peats of UBQI0, 10-3 and 10-4 and UBQI143.

When compared with polyubiquitin and ubiquitin-
like repeats, each ubiquitin repeat from the four ubiqui-
tin extension protein genes was saturated with respect
to synonymous substitutions so that their relationships
to these genes can not be discerned. However, UBQI
is not saturated with respect to UBQ2, the other gene
encoding ubiquitin and the same 52-amino acid exten-
sion. This is also true for the UBQ5/ UBQ6 comparison;
these two genes encode nearly the same 81l-amino acid
protein in addition to ubiquitin and are not saturated
for synonymous substitutions (data not shown).

The ubiquitinlike sequences were compared with
themselves and with the polyubiquitin repeats; K, (see
above) and K,, the number of nonsynonymous substitu-
tions per site, were calculated. None of the repeat compar-
isons were saturated for nonsynonymous substitutions.
However, most repeat comparisons revealed saturation
for synonymous substitutions. Both repeats of UBQ7 were
saturated for synonymous substitutions when compared
individually with every other polyubiquitin or ubiquitin-
like repeat (data not shown ). Nonsaturation for synony-
mous sites was observed between specific repeats of UBQS,
UBQ9 and UBQI12 (Figure 13). Interestingly nonsatura-
tion also was observed between the repeats UBQ41 and
UBQ&1, UBQ41 and UBQ#1 and UBQ45 and UBQI135.
Several repeats of the polyubiquitin gene UBQ3 were also
not saturated when compared with several UBQI3 repeats
(Figure 13).

The relationships among the ubiquitin-like genes
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FIGURE 11.—Determination of the rate of synonomous substitutions ( K;) between polyubiquitin genes. K, values and standard
errors were determined using the method of L1 (LI ef al. 1985; L1 1993). +, K, > 1; o, number can not be calculated. (A) K,
values between repeats of the UBQ3/ 4 subtype. (B) K, values between repeats of the UBQI10/ 11/ 14 subtype.

were analyzed further in a neighborjoining analysis
(Figure 12B). Specific repeats of UBQ9 and UBQI2
formed separate branches; 9-1 with 12-1, 9-3 with
12-3 and 12-4 and 9-4 with 12-5. The first repeats
of UBQS, UBQY and UBQIi2 formed a separate branch
linked to the second repeat of UBQ7, although some
of these branches were weakly supported as evidenced
by the bootstrap value (Figure 12B). Repeat 9-2
formed a separate branch with UBQI2 two repeats of
UBQS, albeit weakly. In contrast to the polyubiquitin
genes, Neighborjoining analysis revealed that the ubi-
quitin-like genes had several instances of strong rela-

tionships between intragenic repeats (Figure 12B) . In-
ternal repeats of UBQS formed separate branches with
themselves; 8—4 with 8-7, 8-3 with 8-6 and, weakly,
8~5 with 8-8. Less significant relationships (bootstrap
values were <40% ) were found for repeats 8-1, 8-2
and for all the repeats of UBQ7 and UBQI3.

DISCUSSION

This paper reports the nucleotide and derived amino
acid sequence for eight ubiquitin genes from A. thaliana
ecotype Columbia. Lack of segregating ubiquitin hy-
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FIGURE 12.—Neighbor-joining analysis of Arabidopsis ubi-
quitin repeats. The nucleotide sequences of specific ubiquitin
repeats were analyzed by 100 replicas of the neighbor-joining
method and a consensus minimum tree obtained (see MATE-
RIALS AND METHODS) . Yeast UBII ubiquitin sequence was used
as the outgroup sequence. The tree is unrooted, and there is
no significance to branch length. Bootstrap values above 40%
for 100 replicas are shown above the appropriate branch
point. (A). Neighbor-joining analysis of polyubiquitin repeats
with Ks values less than one. (B). Neighborjoining analysis
of all ubiquitin-like repeats. Individual repeats with no rela-
tionship to other repeats are not shown.

bridizing restriction fragments in individual progeny
from a selfed plant indicate that each ubiquitin se-
quence is present in every individual. Combining the
previously isolated ubiquitin genes with the eight pre-
sented here, we have identified 14 ubiquitin genes in
A. thaliana ecotype Columbia. It is likely that they repre-
sent the complement of ubiquitin genes in this organ-
ism because all genomic HindIII restriction fragments
that hybridize to the ubiquitin coding region corre-
spond to at least one of these 14 cloned ubiquitin genes,
genomic DNA gel blot analysis with four other restric-
tion enzymes suggests that the number of ubiquitin
genes is not larger, hybridization and washing of geno-
mic DNA blots with ubiquitin coding region probes at
T.. —50° did not identify additional hybridizing bands
(data not shown) and extensive screening of two total
genomic DNA libraries and two libraries containing ge-

nomic DNA enriched for 2- and 5-kb HindlIII restriction
fragments failed to isolate additional ubiquitin genes.
Although it is difficult to be certain, based on these
criteria, we conclude that we have isolated all of the
ubiquitin genes of the Arabidopsis genome from the
Columbia ecotype.

In higher plants and animals, ubiquitin genes can
be divided into three types of genes: the polyubiquitin
genes, the ubiquitin-like genes and the ubiquitin-exten-
sion protein genes (reviewed in SCHLESINGER and BOND
1987; CALLIS and VIERSTRA 1989). The first two types
encode ubiquitin polyproteins, with the latter encoding
at least one repeat with amino acid replacements. The
ubiquitin-extension protein genes contain one ubiqui-
tin coding region followed by one of two different ribo-
somal proteins and have been described previously
(CaLLIS et al. 1990). The Arabidopsis ubiquitin gene
family of 14 members consists of a total of five polyubi-
quitin genes, five ubiquitin-like genes and four ubiqui-
tin-extension genes.

The Arabidopsis polyubiquitin genes differ in the
number of ubiquitin coding regions per gene (from 3
to 6) and are all expressed. UBQ4 has been determined
previously to encode a mRNA (BURKE et al. 1988) . Isola-
tion of cDNAs for UBQ3, UBQI0 and UBQI1 indicates
that they also are expressed. Although a cDNA has not
yet been isolated for UBQ14, introduction of a chimeric
gene containing the 5’ flanking region of the UBQ14
gene upstream of the coding region for a marker en-
zyme into Arabidopsis leaves via particle bombardment
resulted in enzyme activity, indicating that the pro-
moter was functional (J. CALLIS, unpublished data).
This suggests that UBQI4 also is expressed in vivo.

The presence of multiple, expressed polyubiquitin
genes that differ in repeat number is typical in eukary-
otes, with the exception of Saccharomyces cerevisiae (Oz-
KAYNAK ¢t al. 1987) and possibly Neurospora crassa (TAC-
CIOLI et al. 1989 ) where each has only one polyubiquitin
gene. Dictyostelium expresses at least five different poly-
ubiquitin genes including seven, five and three ubiqui-
tin repeat genes (OHMACHI et al. 1989). To date, two
expressed polyubiquitin genes have been identified in
humans, one with nine and one with three repeats (WI-
BORG ¢t al. 1985; BAKER and BOARD 1987a, 1989). The
total number of ubiquitin genes or expressed polyubi-
quitin genes is not known for any other higher plant
than Arabidopsis (this work). In maize, expression of
two polyubiquitin genes each with seven repeats has
been characterized, but the presence of an additional
ubiquitin transcriptsize class suggests that there is at
least one additional polyubiquitin gene with a smaller
number of repeats (CHRISTENSEN and QuaiL 1989;
CHRISTENSEN et al. 1992) . In parsley, there is only one
major polyubiquitin transcript-size class that contains at
least two different hexameric polyubiquitin transcripts;
whether there are additional transcripts of the same
size but from different genes is not known (KAWALLECK
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FIGURE 13.—Determination of the rate of synonomous substitutions ( K,) between ubiquitin-like genes. Methods and notation
as described for Figure 11. (A) K, value for comparison among ubiquitin-like repeats. (B) Comparison between ubiquitin-like

repeats and polyubiquitin repeats.

et al. 1993) . In sunflower, two six-repeat and one four-
repeat polyubiquitin genes are expressed (BINET et al.
1989, 1991) . Potato ( Solanum tuberosum) tubers express
at least three polyubiquitin genes, one containing six
repeats and two containing seven repeats (GARBINO ef
al. 1992). Three different polyubiquitin cDNAs from
Nicotiana sylvestris have been isolated, one with seven or
eight repeats, one with six repeats and two with five
repeats ( GENSCHIK et al. 1992). Three polyubiquitin
genes from flax, Linum usitatissimum, have been de-
scribed with four additional ubiquitin sequences identi-
fied, but not yet isolated (AGARWAL and CuULLIS 1991).

Identification of chromosomal location combined
with nucleotide comparisons revealed several interest-
ing relationships among the Arabidopsis polyubiquitin
genes. Three criteria presented here support the hy-
pothesis that the polyubiquitin genes can be grouped

into two subtypes: the nature of their C-terminal amino
acids, the nucleotide identity relationships in the cod-
ing region and 3’ untranslated regions and their rela-
tive chromosomal locations. In contrast, the number of
ubiquitin coding regions does not appear to be useful
as a classifying criterion. Whereas UBQ3 and UBQ4 dif-
fer in the number of ubiquitin repeats, they have the
same C-terminal amino acids, the highest nucleotide
identity to each other than to any other gene and, al-
though not closely linked, map to the same chromo-
some. Similarly, UBQI10, 11 and 14 differ from each
other in repeat number but have the same C-terminal
amino acid, exhibit higher nucleotide identity to each
other than to UBQ3 and UBQ4 and are genetically
linked.

The presence of distinct subtypes within a gene family
and the presence of both linked and dispersed family
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members of varying relatedness are characteristics of
several other plant gene families. A few examples are
the tomato cab (PICHERSKY ¢f al. 1985 ) and rbcS (SuGITA
et al. 1987) families, the petunia actin family (MCLEAN
et al. 1988), the Arabidopsis rbeS family (KREBBERS et al.
1988) and the maize 19- and 22-kD zeins ( HEIDECKER et
al. 1991).

Arabidopsis polyubiquitin genes are distinct from
other gene families in that there are no nonsynonymous
substitutions between genes and most of the repeat
comparisons are saturated for synonymous substitu-
tions. The polyubiquitin repeats also are saturated for
synonymous substitutions when compared with ubiqui-
tin repeats from the ubiquitin extension protein genes.
This indicates that aside from a few comparisons, the
relationships between repeats can not be discerned
among these genes. The exception is comparisons be-
tween UBQI10, UBQ11 and UBQI4. The p, and K, values
and neighborjoining analysis suggest that within this
subtype, UBQ10 and UBQI4 are more closely related to
each other than either is to UBQII. Interestingly, the
higher nucleotide identity does not correlate with ge-
netic distance, with UBQ10and UBQI1 having a smaller
map distance than UBQI0 and UBQI4.

The ubiquitin gene family contains five genes that
encode ubiquitin-like proteins. Although not definitive,
several pieces of evidence suggest that none of these
genes are expressed. No corresponding cDNAs were
isolated from a screen of 200,000 independent clones
from c¢DNA library made from mature leaf poly A*
mRNA. From this screening, 12 different polyubiquitin
c¢DNAs corresponding to the UBQ3, UBQI10and UBQ11
genes were isolated. Hybridization of unique DNA frag-
ments flanking the coding region of the UBQ7 and 12
genes to total RNA gel blots did not detect the presence
of corresponding RNAs (data not shown). For UBQ?7,
linkage of 700 bp of the 5’ flanking region to a reporter
sequence, encoding S-glucuronidase (GUS), did not
produce detectable GUS activity in transgenic tobacco
(data not shown). In parallel experiments, readily de-
tectable levels of GUS were produced using gene con-
structions containing the 5’ flanking regions of UBQI
and UBQ6 (CALLIS et al. 1990) . Because exhaustive ex-
pression studies have not been performed, we can not
eliminate the possibility that these variant proteins are
synthesized in a highly restricted manner. However, our
current evidence suggests that UBQ7-9 and UBQI2
most likely represent pseudogenes.

The Arabidopsis ubiquitin-like genes are in contrast
to the ubiquitin pseudogenes in humans where several
appear to have arisen from processed mRNAs (BAKER
and BoarD 1987a,b; COWLAND et al. 1988). Another
interesting aspect of these genes is that three of the five
genes contain amino acid insertions and / or deletions
without in-frame stop codons. This differs from the well-
characterized maize zein storage protein pseudogenes
that contain primarily in-frame stop codons without de-

letions or insertions in the coding region (KRIDL et al.
1984; WANDELT and FEIx 1989).

The absence of expressed ubiquitin-like proteins in
Arabidopsis is in contrast to the work in several other
systems where expression of ubiquitin-like proteins has
been documented. These include an interferon-in-
duced protein in cultured animal cells (HAAS et al.
1987), ribosomal proteins in nematodes (JONES and
CANDIDO 1993), rat (OLVERA and WOOK 1993) and
Dictyostelium (JONES and CANDIDO 1993), radiation-
induced protein RAD23 in yeast (WATKINS ef al. 1993)
and baculovirus-encoded protein present in infected
lepidopteran cells (GUARINO 1990).

The origin of the introns in the coding region of
UBQ7is intriguing but unknown. Introns are not found
in the coding regions of the Arabidopsis polyubiquitin
genes or the other ubiquitin-like genes, but have been
identified in the 5’ untranslated regions for the poly-
ubiquitin genes UBQ3, UBQI0, UBQI11 and UBQI4
(NORRIS ef al. 1993; J. CaLLIS, unpublished data).
Whether an intron is present in the 5’ untranslated
regions of fifth polyubiquitin gene, UBQ4, is unknown
at present. Among all the polyubiquitin genes and pseu-
dogenes sequenced to date, only one other gene in
addition to A. thaliana UBQ7, UbiA from Caenorhabditis
elegans, contains introns in the coding region (GRAHAM
et al. 1989). C. elegans UbiA contains 11 ubiquitin re-
peats, four of which contain an intron interrupting the
same position in each repeat. This is in contrast to
UBQ7, where the two introns are in different positions
in each repeat, with neither matching the intron posi-
tion of C. elegans UbiA. The nonconcordance of intron
position between the two UBQ7 repeats reduces the
likelihood that this ubiquitin dimer arose by simple
duplication of an intron-containing ubiquitin mono-
mer. Identification of UBQ7homologs will be necessary
to understand the origins of this interesting ubiquitin-
like gene.

A model for the evolution of the Arabidopsis polyubi-
quitin and ubiquitin-like genes must account for the
current number of genes, the pattern of intergene nu-
cleotide identity and the diversity of repeat number per
gene. Because all eukaryotic organisms contain at least
one gene with tandem repeats of the ubiquitin coding
region, this gene structure most probably predates spe-
ciation of Arabidopsis. Less clear is the timing origin
of the multiple polyubiquitin genes in Arabidopsis. Be-
cause most eukaryotes contain multiple polyubiquitin
genes, they most probably arose from gene duplication
events, as has been postulated for the origin of many
multigene families (JEFFREYS and HArris 1982; MAEDA
and SMITHIES 1986) . Based on the chromosomal loca-
tions of the polyubiquitin genes and sequence diver-
gence, the duplication event that created the two poly-
ubiquitin subtypes could represent a more ancient
duplication than the events that gave rise to the multi-
ple members of each subtype. The creation of the two
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subtypes could have predated the speciation of Arabi-
dopsis. Alternatively, gene conversion events could ho-
mogenize those genes that reside on the same chromo-
some. Identification of subtypes of polyubiquitin genes
in other plant species and especially in close relatives
of Arabidopsis may resolve this question.

Although not definitive, several pieces of evidence
support that recent duplications and unequal crossing-
OVer events, not gene-conversion events, are responsible
for the observed polyubiquitin subtype identity and re-
peat number differences per gene. Although gene con-
version is a well-established mechanism that can homog-
enize genes and thus give rise to the observed high
degree of inter-gene identity, it is less likely to give rise
to the distinct pattern of nucleotide identity among the
polyubiquitin gene subtypes (terminal repeats, inde-
pendent of repeat number, share identity) and less
likely to result in changes in the size of the coding
region (repeat number per gene differences) . Second,
nucleotide changes between two genes are found dis-
persed along the entire coding region, rather than in
just parts of the coding region; the latter would be more
likely in gene-conversion events, which are not required
to observe coding region boundaries. Third, if gene
conversion were operating to homogenize genes, it is
also likely that it would homogenize the closely linked
tandem repeats present within a gene. Such distance
dependence of repeated sequences has been demon-
strated for the 5S rRNA gene family of Neurospora
(METSENBERG et al. 1985) and the rDNA repeats in
wheat (LASSNER and DvVORAK 1985). For the Arabi-
dopsis polyubiquitin genes, this is clearly not the case.
Ubiquitin repeats within a gene have lower nucleotide
identity to each other than they do to specific repeats
in other genes at distant loci. It is for these reasons that
we favor the hypothesis that more recent duplications
and unequal crossing-over events are the mechanism
responsible for the high degree of nucleotide identity
among the UBQI0, UBQ1I and UBQI14 genes and be-
tween UBQ3 and UBQ4 genes.

Determination of K| values suggest a relationship
between the polyubiquitin UBQ3/ UBQ4 subtype and
the ubiquitin-like genes UBQS, UBQ9, UBQI2 and
UBQI13. Relevant to this is the fact that UBQ3 and
UBQ4 share the same C-terminal amino acids with
UBQI12 and UBQ13. In addition, UBQ9 maps roughly
equidistant from UBQ4 as UBQ3 does from UBQ4.
We hypothesize that these genes are the products of
duplications from a member of the UBQ3/ UBQ4 po-
lyubiquitin subtype (or derivatives thereof) that have
undergone gene inactivations and subsequent se-
quence divergence.

Two different types of unequal crossing-over events to
generate repeat number per gene changes are possible.
One is that after duplication of a ubiquitin gene to
form two tandemly repeated genes each consisting of
multiple coding regions, the two undergo somatic re-

combination. This results in deletion of the sequence
in between and creation of one ubiquitin gene. If the
pairing were exact, there would be no change in repeat
number between the two progenitors and the resulting
single ubiquitin gene. However, if the two ubiquitin
genes misalign, such that the homologous repeats are
not paired, then the resulting gene will have a different
repeat number than either of its progenitors. This event
requires a duplication event followed by mispairing,
recombination and loss of one of the genes. Such re-
combination events have been described for the Plocus
(ATHAMA and PETERSON 1991), the 27kD zein gene
family in maize (Das ef al. 1990) and marker genes in
transgenic tobacco (TOVAR and LICHTENSTEIN 1992).
For the creation of the members of each subgroup, this
would require multiple gene duplications. Although
this mechanism is formally possible, it is difficult to
prove without the identification of the duplicated pro-
genitor genes.

Alternatively, another simpler mechanism is duplica-
tion of one polyubiquitin gene to form two polyubiqui-
tin genes at two loci, followed by unequal crossing at
one of these loci. One possible pathway that illustrates
this mechanism is shown in Figure 14. Fixation of one
of the products of this unequal crossing-over event will
result in one polyubiquitin gene with a high degree of
nucleotide identity to another polyubiquitin gene, but
with a different repeat number per gene. In addition,
this mechanism can account readily for the observed
pattern of repeat identity. Unequal exchange has been
hypothesized previously for the observed evolutionary
changes in the numbers of repeated domains within
the coding region of a protein, for example, changes
in the size of the C-terminal repeated domain of eukary-
otic RNA polymerases I (ALLISON et al. 1985), differ-
ences in the number of tandem repeats in the third
exon of the human salival proline-rich proteins ( LYONS
el al. 1988) and differences in the number of 20-amino
acid repeat units in the center of the maize zein 19-kD
proteins (PEDERSEN et al. 1982) . Unequal crossing over
has been hypothesized previously to be responsible for
changes in the number of human ubiquitin repeats for
a human ubiquitin gene (BAKER and BOARD 1989).

In conclusion, we have presented a description of
the complete ubiquitin gene family from A. thaliana
ecotype Columbia and a working hypothesis to explain
the origin and evolution of the Arabidopsis polyubiqui-
tin and ubiquitin-like genes. Gene duplications coupled
with unequal crossing-over events can account for the
present diversity of polyubiquitin genes and the present
duplicated structure of UBQS. Alternatively, changes in
ubiquitin genes could be the result of gene conversion
events, Whether these genes represent the products of
ancient or more recent duplications will require addi-
tional analysis, for example, the isolation of ubiquitin
genes from species closely related to Arabidopsis. Inter-
species comparisons identifying paralogous and or-
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FIGURE 14.—Duplication of ubiquitin genes and unequal
crossing between allelic Arabidopsis polyubiquitin genes. Dia-
gram of possible events resulting in the present number of
polyubiquitin genes and present repeat number differences
between genes. Both homologous chromosomes are shown
as thin black lines. The present structure of the UBQ4 gene
is shown as an example. Duplication of this gene results in
an additional ubiquitin gene at an unknown distance from
the progenitor gene (indicated by a break in the line). One
locus undergoes misaligned pairing, and a resulting unequal
crossing-over event generates one allele with additional re-
peats and one with less. Fixation of one allele in the popula-
tion results in multiple ubiquitin genes with different repeat
numbers.

thologous genes should help resolve outstanding ques-
tions about the origin and evolution of this important
and interesting gene family.
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Note added in proof- A cDNA corresponding to UBQ7
has been identified as an Arabidopsis expressed se-
quence tag (GbGe310) from a flower bud cDNA library
indicating that UBQ?7 is expressed in this organ at this
developmental stage.
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