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may have originated by the following hypothetical cascade
of events: (a) duplication of the ancestral gene for isoenzyme
L, (b) slight divergence of the sequences of the two genes by
base-pair exchanges generating the genes for the class 1 and
class 3 cDNAs, and (c) homologous recombination between
alleles of the genes for the class 1 and class 3 cDNAs, followed
by a few additional base-pair exchanges in the sequence of
the recombined gene (class 2). Because the analysis of DNA
from wild carrot for isoenzyme I sequences also indicates the
presence of different but highly related sequences (see be-
low), these events most likely took place before the breeding
of the cv Nantaise.

The polypeptide encoded by the class 2 and class 3 cDNAs
(Fig. 1; only the sequence of the class 2 cDNA is shown) has
661 amino acid residues with an M; of about 74,000. The
calculated plI of the mature isoenzyme I is 4.5, which is in
agreement with the experimentally determined pl (Table I).
The presence and location of the N-terminal sequences of
both the 43-kD and the 25-kD polypeptides in the cDNA-
derived amino acid sequence (underlined and marked in Fig.
1) confirm that the two polypeptides characterized by Unger
et al. (1992) are N- and C-terminal fragments of the mature
protein. The fragmentation observed for isoenzyme I of carrot
soluble acid BF has also been observed for acid SF from
tomato (Yelle et al., 1991), melon (Iwatsubo et al., 1992), and
mung bean (Arai et al., 1991). The sequence of the polypep-
tide encoded by a cDNA clone for the mung bean enzyme
revealed that the heterodimeric form originates from cleavage
of a single polypeptide, with the 30-kD moiety on the N-
terminal side and the 38-kD moiety on the C-terminal side
(Arai et al., 1992). The subunits of the mung bean heterodi-
mer are not formed from the monomer during purification
(Arai et al., 1991) and, like the subunits of the carrot heter-
odimer, are tightly associated. It is interesting that the ratios
between the full-length proteins from both mung bean and
carrot and the respective polypeptide fragments are devel-
opmentally regulated: In very young seedlings the full-length
protein predominated, whereas with increasing seedling age
the fragments were more abundant (Arai et al., 1991; the
data for the carrot protein are not shown).

Both fragments of the purified carrot enzyme are N-gly-
cosylated with high-Man- and complex-type glycans (Unger
et al., 1992), and potential N-glycosylation sites were found
in the respective ¢cDNA-derived amino acid sequence (Asn-
X-Ser/Thr; four sites in the N-terminal fragment and two in
the C-terminal fragment, marked by asterisks in Fig. 1).

A comparison of the N-terminal sequence of mature solu-
ble acid SF isoenzyme I (first sequence underlined in Fig. 1)

Figure 2. Pairwise comparison of the se- 200
quences of the different classes of cDNA clones I
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with the sequence of the cDNA-encoded polypeptide predicts
that the primary translation product has a 115-amino-acid
leader sequence, which is far too long for a normal signal
peptide (Von Heijne, 1983). Thus, the polypeptide translated
from the mRNA for soluble acid SF isoenzyme I is probably
a preproprotein with a signal peptide and an N-terminal
propeptide. Similar protein structures have been identified
for the extracellular acid SF of carrot (Sturm and Chrispeels,
1990) and soluble acid SF of tomato (Klann et al., 1992) and
mung bean (Arai et al., 1992).

The amino acid sequence derived from a putative cDNA
clone for isoenzyme 1II of soluble acid SF is shown in Figure
3. The open reading frame encodes a polypeptide of 651
amino acid residues with a calculated M, of 72,700. In analogy
to isoenzyme I, the polypeptide has a 100-amino acid leader
sequence, again indicating that the primary translation prod-
uct is a preproprotein. The calculated pl of the mature poly-
peptide is 5.7, which is in good agreement with the pl
determined experimentally (Table I). In view of this good
agreement and the close relationship of the sequences of the
mature polypeptides of isoenzymes I and II (68% identity
and 81% similarity), this cDNA clone most likely codes for
isoenzyme 1II.

Comparison of the cDNA-Derived Amino Acid
Sequences with Known Sequences of Plant Acid 8Fs

The ¢cDNA-derived amino acid sequences of isoenzyme I
and isoenzyme II of soluble acid SF were compared with the
sequence of the extracellular enzyme (Sturm and Chrispeels,
1990). The amino acid sequence of isoenzyme I is 64% similar
(44% identical) and that of isoenzyme Il is 62% similar (44%
identical) to the sequence of cell wall SF. Figure 3 shows the
sequence comparison with bars between individual amino
acid residues indicating identity and colons marking conserv-
ative replacements. No significant homology was found
among the leader peptides of the three polypeptides. Marked
homologies were identified between the sequences of the
mature proteins, including a “gF motif” (boxed in Fig. 3) and
a conserved Cys residue (Fig. 3; residue 313, marked by an
arrow). Both sequence elements were identified as constitu-
ents of the known amino acid sequences of 8Fs from bacteria,
yeast, and plants (Sturm and Chrispeels, 1990).

The regions of marked homologies comprise two large
polypeptide domains (Fig. 3; residues 120-450 and 510~620)
linked by a stretch of about 50 amino acid residues with very
little homology among the three proteins (hinge domain).
The two regions of high homology, e.g. of isoenzyme I of
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soluble acid SF, are predicted to form §-sheets (secondary
structure prediction of proteins by Chou and Fasman with
the PepPlot program of the Genetics Computer Group Se-
quence Analysis Software Package; data not shown). It is
interesting that the hinge region connecting the two domains
contains the cleavage site between the 43-kD and the 25-kD
polypeptide of isoenzyme I (between amino acid residues
491 and 492; marked in Fig. 3 by an arrowhead).

A schematic comparison of the amino acid sequences of
the cDNA-encoded soluble acid SFs with the sequence of the
cell wall-bound enzyme is shown in Figure 4. Because of the
high homology between the sequences of the two isocenzymes
for soluble acid BF, their common protein structure is shown,
All three acid BFs from carrot are preproenzymes with signal
peptides and propeptides located at the N terminus (see above
and Sturm and Chrispeels, 1990). The signal peptides are
required for entry into the ER and, thus, into the secretory
pathway (Blobel, 1980). The function of the N-terminal pro-
peptides is unknown, but it may play a role in the regulation
of enzyme activity and/or in the folding and the stability of
the polypeptides (Winther and Sérensen, 1991). In contrast
to the sequence of the cell wall enzyme, the sequences of the
soluble acid 8Fs include short C-terminal extensions (Phe-
Pro-Phe-Asp-Gln-Leu in the case of isoenzyme I and His-
Phe-Ala-Asp-Leu-Val-Ile in the case of isoenzyme II) (Fig.
3). Indirect evidence suggests that the two soluble enzymes
are located in the vacuole (Unger et al., 1992). Therefore, in
analogy to studies of barley lectin (Bednarek and Raikhel,
1991) and tobacco chitinase (Neuhaus et al., 1991), the C-
terminal extensions may contain the information for vacuolar
targeting. This hypothesis is supported by the presence of
short hydrophobic amino acid stretches (Phe-Pro-Phe in
isoenzyme I and Leu-Val-Ile in isoenzyme II) in the exten-
sions of both soluble acid 8Fs, which may form the critical
core of the vacuolar sorting signal (Bednarek and Raikhel,
1992).

The sequences of the three carrot enzymes were also com-
pared with the sequences of other known plant acid 8Fs, and
a phylogenetic tree (dendrogram) was generated (Fig. 5). The
amino acid sequence of isoenzyme 1 of carrot soluble acid SF
is closely related to the sequence of acid GF from tomato
(Klann et al., 1992), whereas the sequence of isoenzyme II
has highest homology to the sequence of acid SF from bean
(Arai et al,, 1992). The sequence of carrot cell wall F (Sturm

Figure 3. Comparison of the cDNA-derived amino acid sequence
of isoenzyme Il of soluble acid BF (sll) with the amino acid se-
quences of isoenzyme | (sl, sequence derived from the class 1
cDNA) and of extracellular acid 8F (cw). The amino acid sequences
are in the one-letter code and have been aligned by introducing
gaps (...) to maximize identity. Vertical bars indicate identical
amino acid residues, and colons indicate conservative replace-
ments. The boxed region represents a peptide domain that is
conserved in all 8Fs (SF motif). The arrow (}) marks a Cys residue
that is also conserved in all 8Fs and that seems to be important for
the catalytic activity (Sturm and Chrispeels, 1990). The arrowhead
between the amino acid residues 491 and 492 of isoenzyme | (sl)
marks the site at which the full-length polypeptide is cleaved into
the 43-kD and the 25-kD polypeptides.
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Figure 4. Schematic comparison of the amino acid sequences
deduced from the cDNAs for carrot extracellular acid BF (cw) and
isoenzymes | and Il of carrot soluble acid BF (sl1l). The mature
proteins share 64% similarity and 46% identity.

and Chrispeels, 1990) shares high homology with the se-
quence of an acid SF from potato with a putative extracellular
location (Hedley et al., 1993), and both sequences are clearly
distinct from the sequences of the other plant acid 8Fs.

Genomic DNA Gel Blot

DNA gel-blot analyses (Southern, 1975) were performed
to determine the number of genes that correspond to the
isolated cDNA clones. DNA from leaves of the carrot cv
Nantaise (Fig. 6A) and from suspension cells of wild carrot
(Fig. 6B) was digested with EcoRI or Kpnl. The DNA gel blots
were probed with gene-specific fragments of the cDNAs for
isoenzyme I or isoenzyme II of soluble acid SF. The hybridi-
zation patterns were compared with the hybridization pattern

tomato-s

bean-s

~-sII

Figure 5. Phylogenetic tree for plant acid 8Fs. The dendrogram was
generated by comparison of the known nucleotide sequences of
plant acid BF by the PileUp program of the Genetics Computer
Group Sequence Analysis Software Package. potato-cw, Acid BF
from potato with a putative extracellular location (Hedley et al.,
1993); carrot-cw, extracellular acid BF from carrot (Sturm and Chris-
peels, 1990); tomato-s, soluble acid gF from tomato (Klann et al.,
1992); carrot-sl, isoenzyme | of soluble acid BF from carrot;
bean-s, soluble acid BF from bean (Arai et al., 1991); carrot-sll,
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Figure 6. DNA gel-blot analysis of sequences of extracellular gF
and the two isoenzymes for soluble acid 8F in the carrot genome.
A, Genomic DNA from the carrot cv Nantaise (5 pg/lane) was
digested with EcoRl or Kpnl. The fragments were separated by
agarose gel electrophoresis and blotted before hybridization with
32p_labeled gene-specific fragments of the cDNAs for extracellular
BF (cw) and isoenzyme | (sl) and isoenzyme I (sll) of soluble acid
BF. B, Genomic DNA from wild carrot (5 ug/lane) was treated and
probed as described above.

obtained with a gene-specific fragment of the cDNA coding
for carrot cell-wall SF. The cDNA fragments hybridized to
only a few restriction fragments specific for each probe,
indicating the presence of single- or low-copy-number genes
for each of the isoenzymes. These specific hybridization
patterns in addition to the marked differences between the
nucleotide sequences clearly show that the three isoenzymes
of carrot acid SF are encoded by different genes and do not
originate from differential splicing of a common gene, as in
the yeast Saccharomyces cerevisize (Carlson and Botstein,
1982).

The pattern of four bands obtained by hybridizing the
cDNA fragment of isoenzyme I to EcoRI-digested DNA from
the carrot cv Nantaise (Fig. 6A), compared to the single band
of the cDNA fragment of isoenzyme II hybridized to the
same genomic DNA, coincides with the restriction patterns
of the three cDNA classes for isoenzyme I: the sequences of
the cDNA classes 2 and 3 both contain an internal EcoRI site
(at positions 1616 and 1581, respectively), whereas the se-
quence for the class 1 cDNA has none. Only one class of
c¢DNA was isolated for isoenzyme II; this contains no internal
EcoRI site and gives rise to the single band on the DNA gel
blot (Fig. 6A).
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