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Drosophila kelch Motif is Derived from a Common
Enzyme Fold
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A systematic screening of sequence databases with a motif hitherto found only in animal
and poxvirus proteins has revealed a trail leading back to prokaryotes. Fortuitously, an
X-ray structure is available for one of the identified sequences and shows the fundamental
fold to be a set of circularly arranged f sheets. This structure may be very widely
distributed throughout the biological world in sialidases and some other enzymes. In
bacteria, a mobile noncatalytic domain is often associated with these same enzymes.
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We have been using commonly repeated sequence
motifs to screen protein sequence databases in an
effort to find where different domains first made
their appearance during evolution (Bork, 1992;
Doolittle & Bork, 1993). Our general strategy is to
make an alignment of amino acid sequences known
to be related through common ancestry and then
construct a corresponding property pattern (Rohde
& Bork, 1993). The pattern is then looked for in
various sequence databases. The approach has been
especially successful when applied to commonly
occurring sequences like the epidermal growth
factor (EGTF) and fibronectin type III (Fn3)
domains (Bork & Doolittle, 1992; Campbell & Bork,
1993). The use of the property pattern instead of a
simple sequence, or even a consensus sequence,
often allows the detection of related sequences with
low degrees of similarity.

The rate of change of most amino acid sequences
during evolution has been such that even pattern
searching has its limits in such an exploration.
Eventually a point is reached where most of the
definitive information is lost. Although it is common
knowledge that three-dimensional structural attri-
butes are more strongly constrained during protein
evolution than their underlying amino acid
sequences, the reality is that the number of known
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three-dimensional structures is dwarfed by the
number of known sequences. Clearly, a practical
strategy will combine both sorts of information
whenever possible and use them in a complemen-
tary way. We now report the results of such a study
and the uncovering of the three-dimensional folding
pattern of a known sequence motif for which no
structural information previously existed.

The study was initially begun as a survey of an
unusual repetitive pattern, the 50-residue motif
kelch, named after the Drosophila melanogaster
mutant in which it was first identified and where it
is found six times in an egg chamber regulatory
protein (Xue & Cooley, 1993). A conventional
sequence search by the discoverers of kelch (Xue &
looley, 1993) had revealed the same motif in the
mouse protein MIPP (Chang-Yeh et al., 1991), as
well as in varying sized clusters in poxviruses
(Goebbel et al., 1990). Based on an initial alignment
prepared from six Drosophila eggchamber protein
(kelch) segments, four from the mouse MIPP and 18
assorted segments from various poxviruses, our own
search of this motif by pattern analysis has
uncovered several other putative kelch-like
sequences, including a somewhat reduced set in
the yeast protein RAL2 (Fukui et al., 1989) and
an ectomelia virus (Senkevich et al., 1993). Most
startling, however, was a clear relationship to
several, so far unidentified, sequence repeats in

addressed at: EMBL, Meyerhofstr. 1, 69117 Heidelberg, galactose oxidase from the fungus Dactylium
Germany. dendroides (Figure 1). Fortuitously, an X-ray
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Figure 1. Alignment of repetitive kelch pattern from
D. melanogaster, mouse, poxviruses, a fungal galactose
oxidase and a bacterial ORF. In general, the most
conserved positions are structurally equivalent positions
in the X-ray structure of galactose oxidase. Protein names
correspond to SWISSPROT codes if available. Amino
acids that are conserved in more than 609, of the repeats
are shown in bold. On the consensus line: 2, hydrophobic;
t, turn. The 4 f-strands as found in galactose oxidase (Ito
et al., 1991) are indicated by 1 to 4. In the mouse MIPP
sequence (only a fragment is known so far; Chang-Yeh et
al., 1991; Xue & Cooley, 1993), x denotes a putative
frameshift that extends the open reading frame by 30
residues and continues the high sequence resemblance to
kelch repeats. The 2 human expressed sequence tags (Ests)
are from a brain library (Adams et al., 1993) and hint at
further paralogues in animals. When using galactose
oxidase as a query sequence for (T)FASTA, (T)BLAST
database searches, MIPP ranks at the top (e.g. FASTA
opt. score of 128; Pearson & Lipman, 1988; BLAST p
value 2.1e-2; Altschul et al., 1990). These scores are only
indicative of a relationship. The similarity becomes
obvious when searching sequence databases with a
consensus pattern (Rohde & Bork, 1993) derived from an
alignment of kelch, MIPP and motifs from related virus
proteins. The repeats in galactose oxidase can be then
clearly distinguished from the background of unrelated
proteins.

structure has been reported for this enzyme (Ito et
al., 1991). It is a mostly f structure composed of
three domains, the central one of which consists of
seven four-stranded sheets, each about 50 residues
long. Indeed, the repeats identified by the kelch
patterns match exactly the seven f sheets, as is
effectively visualized by diagonal plots (Figure 2).
Thus, the structural features of galactose oxidase
are also mirrored at the sequence level. Surprisingly,
the domain with the kelch patterns is the catalytic
unit in the galactose oxidase.

A search of the galactose oxidase sequence
(McPherson et al., 1992) by the (T)FASTA and
(T)BLAST procedures (Pearson & Lipman, 1988;
Altschul et al., 1990) identified two other similar
sequences, this time in the EMBL database. The
first corresponded to a bacterial DNA sequence in
the region adjacent to the nodC gene of Stigmatella
aurantiaca. 1t is probably not a mere coincidence
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Figure 2. Diagonal plots of kelch protein, poxvirus
repeats and fungal galactose oxidase sequences. These
plots (Doolittle, 1986) use a moving window of 25 residues
and have a cutoff score of 220 based on the original
Dayhoff Mutation Matrix (Dayhoff, 1972). A, self-
diagonal of kelch; B, self-diagonal of R55 poxvirus pro-
tein; C, self-diagonal of fungal galactose oxidase; D, kelch
versus galactose oxidase; E, kelch versus poxvirus R55; F
poxvirus versus galactose oxidase.

that nodC encodes a chitin synthase (Atkinson &
Long, 1992). In any event, there is little doubt that
the bacterial sequence encodes an enzyme equiva-
lent to that found in fungi. Not only is it 289
identical in sequence with the D. dendroides enzyme,
a similarity typical of eukaryotic—prokaryotic
sequence comparisons, but it also retains virtually
all the key ligand-binding features of the fungal
enzyme (Figure 3A). The only possible exception is
the replacement of Trp290 by a Thr, a position
thought to be a part of the active site (Ito et al.,
1991). The other sequence was the extracellular
glyoxal oxidase of the fungus Phanerochaete chrysos-
porium (Kersten & Cullen, 1993). Although no
sequence similarity to galactose oxidase (or any
other protein) was reported, the similar features of
these enzymes prompted us to make an alignment,
including the prokaryotic sequence described above
(Figure 3A). The alignment reveals that all
conserved residues involved in catalysis and ligand
binding are conserved; although again with the
exception of Trp290 (galactose oxidase) which is
replaced by a His in glyoxal oxidase. Thus, in spite
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Figure 3. A, Multiple alignment of galactose oxidase sequence (Gaoa_Dacde) from Dactylium dendroides with that
from an open reading frame (Oxid/Staur) from Stigmatella aurantiaca (A. Pospiech et al., unpublished results; EMBL
accession number Z11601) and with glyoxal oxidase (Glyo/Phach) from Phanerochaete chrysosporium (Kersten & Cullen,
1993). Residues involved in catalysis/ligand binding (Ito et al., 1991) are marked by an asterisk. The 7 regions in GaoxD
that correspond to the kelch pattern are indicated by arrows. Note that the seventh segment is shorter than the others;
the X-ray structure (Tto et al., 1991) makes it clear that this segment closes the barrel and is completed with residues
preceding segment 1. The bacterial sequence represents a translation of 2 different frameshifted open reading frames
1701 bp downstream of nodC on the opposite strand (x denotes the predicted frameshift). Since the ORF begins next to

nodC, the presence of an amino-terminal domain similar to the fungal galactose oxidase can be excluded.
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Figure 3. B, Multiple alignment of the amino-terminal
domain of galactose oxidase from D. dendroides with the
noncatalytic domains of M. viridifaciens (Sakurada et al.,
1992) neuraminidase (Neux/Micvi) and C. seplicum
(Rothe et al., 1991) sialidase (Nanh_Close).

of sequence similarities below 30%,, we are able to
predict for glyoxal oxidase and the putative ORF in
Stigmatella aurantiaca: (1) molecular details of the
catalytic mechanism and metal binding; (2) func-
tionally important residues; and (3) the topology
based on the alignment with galactose oxidase.
The crystal structure of the catalytic domain of
galactose oxidase has a fold similar to that observed
in several other known enzymes: the heavy chain of
methylamine dehydrogenase from the bacteria
Thiobacillus versutus (Vellieux et al., 1989) and
Paracoccus  denitrificans (Chen et al., 1992),
methanol  dehydrogenase from  Methylophilus
methylotrophus (Xia et al., 1992) and the neuramini-
dase (sialidase) from influenza virus (Varghese et al.,
1983). All of them are composed of circularly

arranged four-stranded f-sheets; the influenza neur-
aminidase contains six, galactose oxidase and
methylamine dehydrogenase are both composed of
seven and methanol dehydrogenase even contains
eight such f§ sheets. The structure has been referred
to as a ‘‘propeller arrangement’’ (Varghese et al.,
1983; Murzin, 1992) or a “‘superbarrel’” (Brinden &
Tooze, 1991). There is no significant sequence simi-
larity between any of these enzymes for which this
structure has been observed. Since the kelch motif
shares certain conserved features with the repeats in
galactose oxidase, one can also expect common
structural features, such as an open channel through
the center of the propeller. This channel is closed by
the third domain of galactose oxidase; the
N-terminal domain of the kelch protein might have
an equivalent function.

Like the fungal galactose oxidase, the Stigmatella
sequence has an apparent signal peptide, implying
an extracellular role. On the other hand, comparison
with the fungal sequence revealed that the bacterial
version completely lacks the amino-terminal
domain, a structure initially called a B sandwich
(Tto et al., 1991), but which is also structurally
similar to a “jelly-roll”” barrel (Richardson, 1981).
In any case, we searched the sequence of this
segment separately by the (T)FASTA and
(T)BLAST procedures on the chance that the
domain was not only expendable but also evolution-
arily mobile. Indeed, two other occurrences were
found, both in prokaryotic extracellular enzymes
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(Figure 3B). One of these was a neuraminidase from
Clostridium septicum (Rothe et al., 1991) and the
other a sialidase from Micromonospora viridifaciens
(Sakurada et al., 1992). In the case of the sialidase
from C. septicum, the related domain, which has
33 9% amino acid identity with the galactose oxidase
domain over the course of its 150 residues, occurs at
the amino terminus, but in the case of the enzyme
from M. viridifaciens, where the resemblance
amounts to 349, amino acid identity, it occurs at
the carboxyl terminus (Figure 4A). Although the
catalytic domains of these two bacterial sialidases
are clearly similar to each other (329, identical), in
neither case is there any obvious sequence resem-
blance with the catalytic domain of galactose
oxidase. The implication is that the subsidiary
domains have been shuffled into their present loca-
tions after the divergence of the catalytic domains,
in the case of the sialidases, and wholly indepen-
dently, in the case of the galactose oxidases. They
might serve as carbohydrate binding domains, thus
increasing the affinity for the substrates.
Evolutionarily mobile domains have been noted in
other bacterial extracellular glycohydrolases (Gilkes
et al., 1991; Meinke et al., 1991; Bork & Doolittle,
1992).

There is reason to believe that all sialidases are
related to each other (Taylor et al., 1992), and
indeed many of these enzymes have amino acid
sequences that are so similar that they can be
readily aligned. An important exception is the
neuraminidase from influenza virus, which has been
assigned to its own group in the sequence classifica-
tion scheme (Henrissat, 1991). For this sialidase, a
structure has been known for many years (Varghese
et al., 1983). Nonetheless, it has already been
predicted (Warner et al., 1992) that all sialidases will
have the propeller-like structure observed in the
influenza enzyme. The following -circumstantial
evidence provides support for this hypothesis.

The catalytic domains of the two bacterial siali-
dases that contain the accessory domain have
previously been reported (Rothe et al.,, 1991;
Sakurada et al., 1992) to be related to a wide variety
of carbohydrate-involved enzymes and proteins,
including neuraminidases (sialidases), invertases, a
bacterial hemagglutinin, and a multigene family
purported to have sialidase activity in the proto-
zoan Trypanosoma cruzit (Uemura et al., 1992). All
these proteins have characteristic 12-residue signa-
ture sequences, denoted ‘““Asp boxes” or BNR
repeats (Rothe et al., 1991) and belong to family 33
in the sequence-based classification of glycohydro-
lases compiled by Henrissat (1991). What is most
intriguing, however, is that many of these boxes are
spaced at approximately 50-residue intervals, just
as are the repeats from the kelch protein and the
propeller structures exemplified by galactose
oxidase, methylamine dehydrogenase, methanol
dehydrogenase and the influenza sialidase. Although
it may only be a coincidence that the mobile subsi-
diary domain observed in galactose oxidase occurs
also in some of these sialidases, a protein with the
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Figure 4. A, Modular architecture of galactose oxidase
and various sialidases belonging to Henrissat’s (1991)
family 33 glycohydrolases. Signal sequences are denoted
by s; the shaded ovals depict the evolutionarily mobile
domain. B, Possible scenario for the evolution of siali-
dases, methanol dehydrogenase, methylamine dehydro-
genase, galactose oxidase ((GAQ) and assorted kelch-
containing proteins.

same three-dimensional fold as influenza virus siali-
dase, it seems unlikely that those proteins would
also contain similarly spaced repeats merely by
chance. After submission of this manuscript, the
crystal structure of a bacterial sialidase from
Salmonella typhimurium (Crennell et al., 1993) was
deposited in the prerelease of the Brookhaven
Protein Databank (Bernstein et al., 1977). It indeed
contains a propeller-like structure similar to those
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discussed above that contains six four-stranded
p-sheets. However, structural comparison (data not
shown) using the DALT program (Holm & Sander,
1993) revealed that the conserved residues in siali-
dases (Asp boxes) are not only different in sequence
from the kelch motifs but are also located in
different regions in the three-dimensional structure.
There are at least two explanations as to why the
sialidase repeats appear more similar to each other
than they are to those in the other proteins under
discussion here. First, it may be that gene conver-
sion has been involved, the result of internal dupli-
cations of one or more of the units. The second
possibility is that one or more of the four-stranded
units was acquired by another gene and duplicated
in the new setting. In either case, the result would
be similar three-dimensional structures with only
marginal sequence similarity. Given the complex
arrangement of the propeller structure and the need
for further duplication of an ancestral four-stranded
B-unit, the possibility that all propeller folds share a
remote ancestor cannot be excluded, even though
their amino acid sequences have diverged to the
point where their heritage is not readily apparent.

As in the case of some other proteins that have
similar shapes in the absence of significant sequence
resemblance (TIM barrels or immunoglobulin-like
beta-barrels, for instance), the possibility of struc-
tural convergence must be considered. Convergence
of any sort is, however, an arguable phenomenon
under any circumstances (Doolittle, 1994). In the
absence of transitional forms with detectable similar
sequences, a final decision about divergence or
convergence will have to be posponed.

Quantitative comparison of kelch repeats (animal,
fungal and those from poxviruses), shows that all
the animal sequences are more similar to each other
than they are to the rest, implying a more recent
divergence. Moreover, the kelch repeats within the
set of six found in D. melanogaster are much more
similar to each other than are any of the others
(Figures 1 and 2) and are obvious recent descen-
dants of a single four-stranded unit. Comparison of
the mouse MIPP and D. melanogaster kelch (Xue &
Cooley, 1993) allows a rough estimate of how fast
these units are changing. At 389, identity, they
could be either fast-mutating orthologues or more
modestly changing paralogues. It is also possible
that the mouse MIPP is a very special case, caught
as it is downstream of a long terminal repeat (LTR)
from an endogenous retrovirus (Chang-Yeh et al.,
1991). However, the repeats are clearly descended
from a kelch-like ancestor.

As for the repeats in poxviruses, it is likely that
they were acquired in recent times from some mam-
malian host and that the sequence resemblance is
now decaying rapidly (Goebbel et al., 1990). The
situation is reminiscent of ankyrin repeats, which
are also very common in poxviruses (Michaely &
Bennett, 1992; Bork, 1993) and are also the likely
result of a recent acquisition from an animal host.
In any case, the modest degree of similarity among
the animal and virus repeats is consistent with a

relatively fast-changing sequence where resem-
blances are blurred beyond recognition when deep
divergences such as fungi—animal or prokaryote—
eukaryote are considered.

In summary, a search for a repetitive motif found
in animal proteins has uncovered a resemblance to a
fungal enzyme with a known three-dimensional
structure. This in turn led to the discovery of an
unknown prokaryotic equivalent. A major differ-
ence between the latter two is the presence of a
domain in one that is absent in the other. Further
searching revealed the missing domain in different
locations in other prokaryotic enzymes, allowing
immediate comparison of those segments with a
known three-dimensional structure. Beyond that,
the similarly repetitive structures in the main body
of all these proteins suggest they may be all-f
propeller or superbarrel structures. A scenario
describing how these various structures might have
arisen is outlined in Figure 4B.
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