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Abstract. The evolutionary spread of 22 fibronectin
type III (Fn3) sequences among a dozen bacterial en-
zymes has been traced by searching databases with the
non-Fn3 parts of the enzyme sequences. Numerous ho-
mologues were found that lacked the Fn3 domains. In
each case the related sequences were aligned, phyloge-
netic trees were constructed, and the occurrences of Fn3
units on the trees were noted. Comparison with phylo-
genetic trees prepared from the Fn3 segments themselves
allowed inferences to be made about when the Fn3 units
were shuffled into their present positions.
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Introduction

The fibronectin type III domain (Fn3) is a very common
constituent of animal proteins, occurring in roughly 2%
of known sequences (Bork and Doolittle 1992). The unit
has a distinctive motif (Patthy 1990; Bazan 1990) that
has been shown by experiment to be a seven-stranded [
sandwich similar to the immunoglobulin fold (Baron et
al. 1992; de Vos et al. 1992; Leahy et al. 1992). The
domain occurs in intracellular, extracellular, and mem-
brane-spanning proteins, often in multiple copies. Not
infrequently, they are set off genetically by introns, and
their broad distribution in animal proteins is often re-
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garded as an example of “‘exon shuffling,”” although it
should be noted that the units often contain an internally
situated intron also.

The discovery of a protein in bacteria that contained
two obvious Fn3 sequences initially led to the proposal
that this structure must have been present in the common
ancestor of prokaryotes and eukaryotes (Watanabe et al.
1990). So far the domain has not been observed in plants,
fungi, or protists, however. Moreover, subsequent events
have revealed that among the bacteria, Fn3 sequences are
found only in one particular class of proteins: extracel-
lular glycohydrolases (Gilkes et al. 1991; Bork and
Doolittle 1992; Hansen 1992). The glycohydrolases are
extremely diverse in their own right, having been already
classified into at least 45 families (Henrissat 1991; Hen-
rissat and Bairoch 1993). Even among these, the distri-
bution of Fn3 domains is remarkably sporadic. This un-
usual distribution, along with other considerations, led us
to propose that bacteria actually acquired the gene for the
domain from an animal source (Bork and Doolittle
1992). Beyond that, it seems clear that DNA segments
encoding the domain are being shuttled around bacterial
genomes in a manner that suggests module shuffling
(Meinke et al. 1991a; Gilkes et al. 1991; Bork and
Doolittle 1992). If—as appears to be the case—these
rearrangements are evolutionarily recent, then they
would be examples of intron-independent ‘‘exon shuf-
fling.”’

The goal of the present study was to trace the spread
of the Fn3 unit among the bacteria and, if possible, to
pinpoint the initial acquisition. In our previous study
(Bork and Doolittle 1992) we searched databases with
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Table 1. Distribution of 22 prokaryotic Fn3 units

Fn3 No. Enzyme Organism Gram No. units
F1 Polygalacturonosidase Erwinia chrysanthemi - 1
F234 Endoglucanase B Cellulomonas fimi + 3
F5,6 Endoglucanase D Cellulomonas fimi + 2
F7 Cellulase Cellulomonas flavigena + 1
F8,9 Chitinase A Bacillus circulans + 2
F10 Chitinase D Bacillus circulans + 1
Fl1 Exochitinase Streptomyces olivaceoviridis + 1
FI12 Chitinase 63 Streptomyces plicatus + 1
F13,14 Pullulanase 1 Clostridium thermohydrosulfuricum + 2
F15,16 Pullulanase 2 Clostridium thermohydrosulfuricum + 2
F17,18 Pullulanase Clostridium thermosulfurogenes + 2
F19,20,21 Amylase A-180 Alkaliphilic eubacteria + 3
F22 PHB depolymerase Alcaligenes faecalis - 1

the intent of identifying all possible occurrences of Fn3
sequences. Now we have inverted the process, the object
being to find homologous proteins that lack the Fn3 do-
mains. In most cases this meant searching those se-
quences that constitute the catalytic units of the various
bacterial glycohydrolases. We constructed phylogenetic
trees from those homologous segments in an effort to
find where Fn3 units first made their appearance within
a group. These trees were subsequently compared with
trees based on the Fn3 sequences themselves. The results
are consistent only with an unorthodox and apparently
recent genetic transfer of Fn3 units among several bac-
terial groups.

Methods and Data Sources

Sequences were taken either from the Protein Identification Resource
or from the on-line GenBank service available from NCBI. The PIR or
GenBank identifier codes for sequences are provided in the appropriate
figure legends. Three additional Fn3 units from bacteria came to light
after the completion of this study and are referred to in the text but are
not addressed in the tables or figures. The programs used for routine
editing, inspection, and searching procedures have been described pre-
viously (Doolittle 1987). Typically, a sequence entry known to contain
one or more Fn3 domains was edited to remove the Fn3 portions and
the remainder searched against all three sequence collections available
on the PIR (release 38). Candidates were retrieved and suitable seg-
ments were cut out for preliminary alignment. Patterns were then con-
structed from these alignments by the procedure of Rohde and Bork
(1993) and the database was then rescreened in an effort to identify
more distantly related members of each group.

After a reasonable set of related sequences had been assembled for
most of the entries known to contain Fn3 units, final alignments were
made (Feng and Doolittle 1990; Doolittle and Feng 1990).

Results

In our initial study (Bork and Doolittle 1992) we re-
ported on 13 Fn3 units in seven different bacterial en-
zyme sequences. In the interval since, at least a dozen

more bacterial Fn3 units have been found, nine of which
have been used in this study. These were: three more
from clostridial pullulanases (Mathupala et al. 1990;
Burchhardt et al. 1991), two chitinases from different
species of Streptomyces (Blaak et al. 1993; Robbins et al.
1992), one in a chitinase D from Bacillus circulans (Wa-
tanabe et al. 1992), and two in an endoglucanase D from
Cellulomonas fimi (Meinke et al. 1993). In addition, we
were able to add a putative ninth new entry by translating
one of the clostridial pullulanases in an alternative read-
ing frame different from the one reported by the authors
(Burchhardt et al. 1991). All told, we scrutinized 22 Fn3
sequences from 12 different bacterial enzymes represent-
ing seven different bacterial genera; 20 of the 22 occur in
gram-positive bacteria (Table 1). As an aid to following
the course of evolution, we assigned each of the 22 in-
dividual Fn3 units an identifier code from F1 to F22
(Table 1 and Fig. 1).

Galacturonosidases

The first of the Fn3-containing sequences to be examined
phylogenetically was the exo-poly-o-p-galacturonosi-
dase found in Erwinia chrysanthemi (He and Collmer
1990). Ten related sequences were culled from the PIR
database, including three fungal and four plant entries, as
well as three additional bacterial enzymes. All were ga-
lacturonases of the sort assigned to family 28 by Hen-
rissat (1991). With the exception of the Erwinia se-
quence, none contained any evidence of an Fn3 domain.

A phylogenetic tree was constructed from an align-
ment of a conserved segment of about 250 residues cov-
ering the catalytic region of these enzymes (Fig. 2). In
this case the Fn3-containing sequence from E. chrysan-
themi was the outlier, and as a result, a judgment could
not be made as to whether the Erwinig lineage acquired
the Fn3 module or whether it was lost on the way to all
the others.
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Cellulases

The second Fn3-containing sequence to be traced was a
cellulase from Cellulomonas fimi. The enzyme, which
was described as an endoglucanase B (Meinke et al.
1991b), contains three Fn3 units (F1, F2, and F3). A
fragment from a cellulase from another species, C. fla-
vigena, was noted to have a similar sequence (Meinke et
al. 1991c). We retrieved nine sequences related to the
cellulase portions, including seven from prokaryotes and
two from eukaryotes. None of the nine contained iden-
tifiable Fn3 domains. The enzymes in this group belong
to Henrissat’s family 9. The phylogenetic tree that
emerged from an alignment of a 330-residue homolo-
gous segment revealed that in this case the Fn3 domains
must have been acquired late in the diversification
(Fig. 3).

Another cellulase in which Fn3 units were found re-

Fig. 1. Schematic depiction of 12 bacterial
enzymes known to contain Fn3 units. The Fn3
units are denoted F1 through F22. (The unit
denoted F7 occurs in an endoglucanase from C.
flavigena that is not shown because the overall
sequence of the enzyme is not yet reported.) The
unit denoted FI6 and the dashed line following it
in the pullulanase from C. thermosulfurogenes
were identified by translating an alternative frame
from the one initially reported (Burchhardt et al.
1991). Some modules denoted by other workers to
be carbohydrate-binding domains are denoted by
the boxes containing the designation cbd. An
obvious tandem repeat in the amylase A from
alkaliphilic bacteria has been designated by boxed
Rs. The terminal triangles denote signal peptides.

cently involves an endoglucanase D from C. fimi
(Meinke et al. 1993). We found five obviously related
sequences, all of them from bacteria, none of which had
Fn3 domains (Fig. 4). These enzymes are members of
Henrissat family 5. Interestingly, the two Fn3 units (F5
and F6) are situated similarly to three units in the en-
doglucanase B (Fig. 3). except that a carbohydrate-
binding domain has been translocated. It is notable also
that homologous enzymes from Clostridia and Bacilli
lack Fn3 units.

Chitinases

Two different Fn3-containing chitinases have been found
in B. circulans (Watanabe et al. 1990, 1992). By coinci-
dence, in both instances closely related chitinases have
been reported in Streptomyces, one in S. plicatus (Rob-
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bins et al. 1992) and the other in S. olivaceoviridis (Blaak
et al. 1993). In the case of one of the chitinases, the Fn3
domains occur in different places and different numbers
in B. circulans and Streptomyces plicatus (Fig. 5). In the
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Fig. 2. Phylogeny of 11
polygalacturonase sequences
(Henrissat family 28), only one of
which contains a Fn3 sequence
(F1). The tree is based on the
alignment of the shaded regions (ca.
250 amino acids). The 11 sequences
have the following PIR codes (top
to bottom): $17980, S16303,
$24156, $28072, A25534, JQ0992,
$16998, S11773, A44508, 540364,
and A36715.

Bacteria

Bacteria
—]
Eukaryotes
Fig. 3. Phylogeny of ten cellulases (also
] called endoglucanases) (Henrissat family

9), only one of which contains Fn3 units
(F2, F3, and F4 in the endoglucanase B
from C. fimi). Several of the enzymes
contain modules thought to be
carbohydrate-binding domains (cbd). An
obvious tandem repeat in the celtulase from
C. stercorarium is denoted by the circled
Rs. (This repeat is different from the one
noted in Fig. 1, however.) PIR codes (top
to bottom): S15727, S12021, A39199,
B42360, A35621, S11946, 521398,
$15271, CZCLDM, and A39416.

Bacteria

B

other (Fig. 6), they are situated similarly. Actually, three
different species of Streptomyces have similar chitinases.
Two of these, plicatus (shown in Fig. 5) and lividans
(Fujii and Miyashita 1993; not shown), are more than
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90% identical, including the Fn3 domain and a carbohy-
drate-binding domain. Remarkably, a third species (S.
thermoviolaceus) lacks both the Fn3 and carbohydrate-
binding domains (Fig. 5), even though its catalytic do-
main is 74% identical to the others (Tsujibo et al. 1993).
The enzyme from Serratia marcescens also lacks these
domains, as do several eukaryotic homologues (Fig. 5).
Interestingly, the bacterial enzymes in this group are
members of Henrissat family 18, but the eukaryotic en-
zymes are from family 20.

cellulase B Clostridium thermocellum

cellulase precursor Xanthomonas campestris

microfilarlal chitinase, MF1 antigen - Nematode

1 L—— chitinase Streplomyces thermoviolaceus

hypothetical proteln Kiuyveromyces marxianus
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Fig. 4. Five sequences related to the endoglucanase
D of C. fimi were retrieved from PIR. All were from
bacteria, including Clostridia and Bacilli, All are
members of Henrissat family 5. The PIR call numbers
are (top to bottom): S31381, CZCLBM, S02711,
B47093, A35136, and JH0158.

Animal

Fig. 5. Phylogeny of ten
chitinases from assorted eukaryotes
(Henrissat family 20) and
prokaryotes (Henrissat family 18).
T Only the enzymes from B. circulans

and S, plicatus contain Fn3 units
(F7 and F10). Phylogenetic tree
based on alignment of the shaded
regions (ca 300 amino acid
residues). The more darkly shaded
regions denote regions that are
readily aligned with the sequences
shown in Fig. 6. The very tightly
shaded box on the carboxy-terminal
side of F9 is a region that is 62%
identical with the similarly shaded
region in Fig. 6 that occurs in the
amino-terminal side of F10. PIR
codes (or GenBank accession
number) (top to bottom): $27959,
§27882, A38221, $27879, A25090,
GenBank accession number
107762, A38368, JH0573, S04856
and S22786.

Bacterla

::l Fungus

In the case of the other chitinase (Fig. 6), a member of
Henrissat family 19, the domains (F10 and F11) are sit-
uated in similar locations in Bacillus and Streptomyces
(Fig. 6). Remarkably, however, the 46-residue segment
on the amino-terminal side of F10 (from B. circulans) is
62% identical with the segment on the carboxy-terminal
side of F9 (also from B. circulans) and must have been
independently shuffled into position (Figs. 5 and 6).

Like the other chitinases, numerous members of fam-
ily 19 lack the Fn3 domain. Moreover, although these
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chitinases fall into two separate groups, they have seg-
ments (darkly shaded in Figs. 5 and 6) that are obviously
homologous, and we were able to construct a large phy-
logenetic tree that depicts their common origin (not
shown).

Amylase-Pullulanase Group

The next Fn3-containing sequence traced was the bifunc-
tional o amylase-pullulanase from Clostridium thermo-
hydrosulfuricum (Melasniemi et al. 1990). This 800-
residue-long sequence contains two Fn3 domains (F13,
F14) separated by about 200 residues. All told, we iden-
tified seven other obviously related enzymes, all from
bacteria and all either o amylases or pullulanases (Hen-
rissat family 13). Two of these were from closely related
Clostridia and had Fn3 units at the same locations as the
initial sequence (although in the case of one of these, the
second Fn3 [F18] became apparent only after we trans-
lated the GenBank sequence into an alternative frame).
Recently, also, we uncovered another bacterial pullula-
nase with two Fn3 units at the same locations. The ap-
parently unpublished sequence (Matur and Zeikus, un-

chitinase lll, basic - common tobacco

chitinase 1 Saccharomyces cerevisiae

chitinase Saccharomyces erythraea

exochitinase Streptomyces olivaceoviridis

Plants

Fig. 6. Phylogeny of 11 chitinases
from assorted prokaryotes

(Henrissat family 19) and
eukaryotes. Only the enzymes from
B. circulans and S. olivaceoviridis
contain Fn3 units. Although these
sequences have been classified as a
different set of glycohydrolases
from those shown in Fig. 5
(Henrissat 1991), the darker
cross-hatched regions are clearly
homologous with the other family.
See legend to Fig. 5 for explanation
of very tightly shaded box next to
F10. PIR codes (top to bottom):
A45511, S17205, S23544, S23545,
A31455, S31763, A41035, S27418,
JX0076, A41961, and S32039.

Fungi

gram(+)
Bacteria

published, GenBank accession number L07762) was
reported to be from Thermoanaerobacter saccharolyti-
cum; the sequence is very similar to that of the pullula-
nase from C. thermosulfurogenes and is not shown in
Fig. 7. The five other amylopullulanases we identified
did not contain Fn3 units. (Alternative reading frames
were checked when possible.)

An approximately 225-residue segment from each
was used in the alignment. The phylogenetic tree (Fig. 7)
indicates that pullulanases in ancestral species did not
have Fn3 units, nor did related enzymes in Clostridia.
The degree of similarity between the two Fn3 units sug-
gested that they were the result of a tandem duplication
(Table 2).

o-Amylase Group

The next candidate for characterization was an amylase
from a eubacterium loosely described as an alkaliphilic
gram-positive bacterium (Candussio et al. 1990). In this
case an approximately 200-residue segment was used for
the alignments and phylogenetic tree (Fig. 8). All told,
nine other o amylases with homologous sequences were
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found, including three from fungi; all are members of
Henrissat family 13. With the exception of the alka-
liphilic eubacterium, none of the amylases have Fn3
units.

The Fn3 units in the alkaliphilic eubacterium are sit-
uated on either side of three 99-residue repeats. Candus-
sio et al. (1990) noted that these same repeats also occur
twice in a § amylase from B. polymyxa (Uozumi et al.
1989) and once in a B amylase from B. circulans
(Siggens 1987). Neither of the latter enzyme contains
identifiable Fn3 units, however.

Polyhydroxybutyrate Depolymerase

The final Fn3-containing enzyme to be searched was a
poly(3-hydroxybutyrate) depolymerase from Alcaligenes
faecalis (Saito et al. 1989). Although searching revealed
some potential relatives among a family of o amylases
found in Bacilli, the resemblances were too marginal to
undertake the construction of phylogenetic trees.

Fn3 Relationships

The 22 Fn3 segments from the 12 Fn3-containing en-
zymes were aligned (Fig. 9), together with a eukaryotic
Fn3 sequence (FN10) as an outlier. The branching order
was determined by both matrix and character-based
methods (Fig. 10A,B). The topologies were viewed from
the perspective of both the contributing species and the

neopullulanase Bacillus stearothermophilus

Fig. 7. Phylogeny of eight
bacterial amylo-pullulanases
(Henrissat family 13), three of
which are known to contain pairs of
Fn3 units. In the case of the
enzyme from C. thermosulfurogenes

cylomaltodextrinase Clostridium thermohydrosul furicum (GenBank accession number

M57692) we identified the second
Fn3 unit (F18) by examining
alternative reading frames to those
translated by the original authors
(Burchhardt et al. 1991). PIR codes
(top to bottom): A44765, S28669,
$27545, S18118, A37008, JS0673,
A42950, and S01031.

glycohydrolase family in an effort to follow the trail of
the bacterial Fn3 lineage.

Most often the Fn3 units were the only parts of en-
zymes appearing in a cluster with any significant resem-
blance. For example, the Fn3 segment (F22) from the
polyhydroxybutyrate depolymerase of Alcaligenes
faecalis is ca. 50% identical with the Fn2 unit in the
chitinase from S. olivaceoviridis (and also unit F7 in the
cellulase from C. flavigena), but there is no detectable
similarity anywhere else in these sequences. This seems
a clear case of horizontal transfer, although it must be
pointed out that the two different phylogenetic methods
have slightly different groupings (Fig. 10A,B). Although
the gram-negative organism is the likely receiver in ei-
ther case, the donor could be any one of three gram-
positives.

The fact that Fn3 sequences from the same enzyme
are almost always more similar to each other than they
are to other bacterial Fn3 units suggests that tandem
duplication of these units is common. Indeed, the degree
of similarity of adjacent units, sometimes exceeding 70%
(Table 2), argues that the duplications are likely very
recent. We have indicated the positions of obvious tan-
dem duplications on the phylogenetic trees (Fig. 10).

G+C Contents

The G+C content of DNA can sometimes be an indicator
of the source of bacterial genes. Of particular interest
here is the fact that the gram-positive bacteria are ordi-
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Table 2. Percent identities and distances between adjacent Fn3 seg-
ments in bacterial enzymes

Enzyme Organism %ID 4

Chitinase A Bacillus circulans 72.7 18.9
(F8,F9)

Endoglucanase D Cellulomonas fimi 73.0 21.7
(F5,F6)

Amylase A-180 Alkaliphilic eubacterium 58.1 29.1
(F19,F20)

Endoglucanase B Cellulomonas fimi 64.1 30.4
(F2,F3,F4) 66.7 34.0

60.9 353

Clostridium

Pullulanase 1 thermohydrosulfuricum 37.8 107.3
(F13,F14)

d=~In S, % 100, where Seer = Seear — Srana/Siden — Seana (Feng and
Doolittle, 1987)

narily classified as G+C-poor or G+C-rich. The former
include Bacillus and Clostridia and the latter Streptomy-
ces and Cellulomonas. Accordingly, we examined the
G+C content of the Fn3 segments and, as controls, the
regions that flanked them, in search of indications of a
change in ancestry. In most cases, the G+C content cor-
responded reasonably well with that of the host genome.
This suggests that at least some of the Fn3-encoding
segments have been in place long enough to acquire the
character of the host organism. The greatest departures
occur with the DNA encoding the Fn3 unit in the gram-
negative A. faecalis (F22) and the various Fn3 units for
B. circulans (Table 3). It should noted, however, that
there is some uncertainty about the G+C content of the
latter (Holt 1984).

Discussion

The sporadic occurrence of Fn3 units in bacterial glyco-
hydrolases is underscored by the fact that the majority of
related enzymes, including all those from eukaryotes,
lack the domain entirely. Moreover, the Fn3 sequences
are, for the most part, highly similar to each other, even
though the sequences in which they are embedded show
little or no resemblance.

Phylogenies based on the bacterial Fn3 sequences re-
veal three categories of relationship. First, clusters near
the tips are frequently adjacent segments that have ap-
parently been generated by tandem duplication. There
are five of these situations, all but one of which involve
greater than 50% identical sequences (Table 2). Second,
there are those similar segments that are in different en-
zymes but from the same or closely related species.
These relationships likely reflect duplication within in-
dividual genomes. A good example involves the F8-F9
and F10 domains in two different chitinases in B. circu-

lans. Third, there are clear examples of very similar se-
quences in different enzymes in very distantly related
genera. For example, the Fn3 units in the endoglucanase
D of C. fimi are 63% identical with the units in a chiti-
nase from B. circulans, and the Fn3 unit in the PHB
depolymerase of the gram-negative A. faecalis is approx-
imately 50% identical with three different enzymes from
three different gram-positive organisms. That horizontal
transfers have occurred between these bacteria seems
inescapable.

A Scenario

Consider the following scenario and its consequences. A
soil bacterium is transformed by the incidental acquisi-
tion of a fragment of animal DNA from a decaying or-
ganism (Fig. 11). The incorporation of a domain-
encoding segment of that DNA into a gene encoding an
extracellular glycohydrolase confers some natural advan-
tage on the individual and encourages the propagation of
the lineage. In time the lineage may become the major
strain or even take over the entire species or genus.
Moreover, recombinational events within that organ-
ism’s own genome lead to tandem duplications whereby
the acquired domain is present in more than one place in
a single protein or even in other proteins, likely but not
necessarily homologous.

But because the major genera were already in place
when the initial propagation was begun, transfer to other
genera, presumably rare even though vector-mediated,
would likely involve only one (or a contiguous set of)
domainal unit(s). As a consequence, a new ‘‘clonal’’
diaspora may occur in the recipient genus. In any sub-
sequent comparison of the sequences of all these do-
mains, they would be expected to cluster by organism
and not by protein type.

Indeed, this appears to be the case for many of the Fn3
sequences observed in bacteria so far. For example, the
Fn3 sequences found in two different endoglucanases (B
and D) cluster by their host organism (C. fimi), even
though the parent enzymes do not. The same is true for
the Fn3 units found in the two different chitinases of B.
circulans (Fig. 10).

Mechanistic Aspects

The most likely avenue for the initial acquisition of a
eukaryotic ‘‘gene” by bacteria would seem to be trans-
formation. Soil bacteria must encounter vast amounts of
eukaryotic DNA, and even the most unlikely of oppor-
tunities should occur eventually. In contrast, the rapid
spread from one bacterial group to another is more likely
to occur by transduction by phages or plasmids, as is well
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Fig. 8. Phylogeny of ten amylase sequences from assorted fungi and
bacteria (Henrissat family 13), only one of which has identifiable Fn3
units (F17, F18, and F19). The boxes containing Rs denote 99-residue
repeats that are also observed in amylases from other Bacilli (Candus-

sio et al. 1990). The latter do not contain the Fn3 units, however. PIR
codes (top to bottom): ALBSK, A34648, ALBYAF, $23355, A35282,
$23807, S10789, A27705, B24549, and ALBSXF.

F8 {chbc) TAPSVPGNARSTGV TANSVILAWNASTD NVGVIGYNV YN GA  NLATSVTGT TAT ISGLTAGTSYTFTIKAKDAAGNLSAASNAVIVST
F9 (chbce) QAPTAPTNIASTAQ TTSSITLSWTASTD NVGVIGYDV YN GT  ALATTVIGT TAT ISGLAADTSYTFTVKAKDARGNVSAASNAVSVKT
F10 (chbe) TPPTVPAGLTSSLV TDTSVNLTWNASTD NVGVIGYEV YR NG  TLVANTSTT TAV VTGLTAGTTYVFTVKAKDAAGNLSAASTSLSVIT
F7 (cect) QAPSVPSGLTAGTV TETSVALSWIASID NVGVTIGYDV YR NG  SKVGSSSGT TYS DTGLTAATAYQYSVAAKDAAGNVSQRSSALSVTT
F5 (cect) TAPSVPTGLTAGTP TATSVPLIWTASTDIGGSGVIGYEV YR GS  TLVARPTGT SHT VTGLSAATAYTFTVRAVDAAGNVSAASAPVGVIT
F6 {cecf) TAPTAPTGLRAGTP TASTVPLTWSASTDIGGSGVAGYEV YR GT  TLVGTTTAT SYT VTGLAAD SAYTFSVRAKDGAGNTSAASRAVTART
F2 (cecf) TPPTTPGTPVATGY TTVGASLSWAASTD AGSGVAGYEL YRVQGTTQ TLVGTTTAA AYI ILRDLTPGTAYSYVVKAKDVAGNVSAASAAVTFIT
F4 (cecf) VAPTVPGTPVASNV ATTGATLTWTASTDSGGSGLAGYEV LRVSGITQ TLVASPTTA TVA LAGLTPATAYSYVVRAKDGAGNVSAVSSPVIFTT
F3 (cecf) EPPTTPGTPVASAV TSTGATLAWAPSTG DPAVSGYDV LRVQGTTT TVVAQTTVP TVT LSGLTPSTAYTYAVRAKNVAGDVSALSAPVIFTT
F12 (chsp) VAPSAPGTPTASNI TDTSVKLSWSAATD DKGVKNYDV IR DG  ATVATVTGT TYT DNGLTKGTDYSYSVKARDTGDQTGPASGSVKVIT
F11(chso) QPPAPPTGLRTGSV TAT SVALSWSPVIG ATGYAV YR DG  VKVATASGT SAT VIGLTPDTAYAFQVARVNGAGE SAKSATVTATT
F21 (amae) TSPSKPTDLTAIA  TAHTVSLSWIASAD DVEVAGYKI YR DG  VEIGVIEST TYT DSGLTAETTYSYMVOAYDTSNNFSALSDELTIET
F22 (dpaf) QAGSAPTGLAVTAT TSTSVSLSHNAVAN ASSYGV YR NG  SKVGSATAT AYT DSGLIAGTTYSYTVTAVDPTAGESQPSAAVSATT
F20 (amae) EPAEAPENLRIADI TDTTIVTINWNASNG YVTGYEV LR DG  VVIGETTRT TFI DTGLDADRTYTYTIVALGDGGQKSDPSEALEVIT
F19 (amae) EPATTPKNLSVVNV TETTVIFEWDQSDG YVVEYEI LR DE  DVVASTIRT TFT DEDINPDTTYTYSVVAVGEGGQKSAPSEATRVIT
F13(puct) TAPQPITDLKAVS GNGQVDLSWSAVDR AVSYNI YRSTVKGGLYEKIASNVTQI TYI DTDVTNGLKYVYSVTAVDSDGNESALSNEVEAYP
F15 (puct) TAPQPITDLKAVS GNGKVDLSWSVVDK AVSYNI YRSTVKGGLYEKIASNVTQI TYT DTEVTNGLKYVYAVTAVDNDGNESALSNEVEAYP
F17 (puct) TAPQAPSNVVVTS GNGKVDLSWLQSDG ATGYNI YRSSVEGGLYEKIASNVTET TFE DANVTNGLKYVYAISAIDELGNESGISNDAVAYP
F16 (puct) ETPTAP VLQQPGI ESSRVTLNWSPSAD DVAIFGYEI YKSSSETGPFIKIATVSDSVYNYV DTDVVNGNVYYYKVVAVDTSYN RTASNIVKATP
F1l4 (puct) VEPPTALGLQOPGI ESSRVIINWSLSTD NVAIYGYEI YKSLSETGPFVKIATVADTVYNYV DTDVVNGKVYYYKVVAVDTSFN RTASNIVKATP
F18(puct) IKPTAP YINQPGT ESSRVSLTHNPSTD NVGLYDYEL YRS DGGTFNKIATVSNEVYNYI DTSVINGVTYNYKVVAVDLSFN RTESNVVIIKP
F1 (gaec) ATAQAPQKLQIPTLSYDDHSVMLVWDTPED TSNITDYQI YONGOLIGLASQNNDKNSPAKPYI. (21 res) .VDGLKAGTDYQFTVRTVYADGTTSNDBNTVTT’:T
FN10 (hum) TVSDVPRDLEVVAA TPTSLLISWDAPA VTVRYYRITYGETGGNSPVQEFTVEGSKS TAT 1SGLKPGVDYTITVYAVTGRGDSPASSKPISINY

depolymerase). The third and fourth letters of the four-letter designa-
tions denate the genus and species and can be inferred from the infor-
mation in Table 1. Emboldened residues correspond to the Fn3 con-
sensus observed in animal proteins, an example of which is shown at
the bottom (FN10 = human fibronectin unit 10).

Fig.9. Computer alignment (Feng and Doolittle 1987) of 22 different
bacterial Fn3 sequences analyzed in the present study. See Table 1 and
Fig. 1 for locations of FI-F22, The first two letters of the four-letter
designations denote the type of enzyme (ce = cellulase; pu = pullula-
nase; ch = chitinase; am = amylase; ga = galacturonosidase; dp =

laboration with transposable elements. We have exam-
ined the DNA sequences of the bacterial Fn3-encoding
sequences and their flanking regions for obvious repeats
and inverted repeats, but we have not been able to iden-
tify any consistent pattern.

known for advantageous genes such as those conferring
resistance to antibiotics. Indeed, conjugation between
gram-positive and gram-negative bacteria is not uncom-
mon (Heinemann 1991).

There is also the possibility of assistance by or col-
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Fig, 10. A Phylogenetic tree of the 23 Fn3 sequences shown in Fig.
9 as determined by a distance matrix method (Feng and Doolittle 1990).
The solid circles indicate nodes at which tandem duplications have
occurred. The numbers indicate results of 100 bootstraps. B Phyloge-

Determining the Chronology of Events

There are two ways we can get some indication of the
chronology of events. For one, we can presume that the
closer G+C content is to the host organism’s regular
genomic level, the longer an insertion has been in place,
if it came from an organism with a significantly different
G+C content. A second way of estimating the time has to
do with tandem duplications: the more different the
members of a tandem set, the longer they have been in
place. By both of these criteria it would seem that the
Fn3 unit must have been in Clostridia for a long time
relative to the others. Consistent with this notion,
Clostridia lie at or near the root of the Fn3 phylogeny
(Fig. 10).

By the same criteria, the B. circulans units appear to
be the most recently transferred, the donor organism in
this case most likely being a member of the Cellulomo-
nas genus (Fig. 11). Somewhat lower down in the phy-
logeny, and presumably longer ago, Streptomyces must

netic tree of the same 23 Fn3 sequences shown in Fig 9 but determined
by a character-based parsimony procedure (Doolittle and Feng 1990).
Solid circles indicate tandem duplications; numbers are bootstrap re-
sults.

have received an Fn3-encoding gene. The (matrix) phy-
logeny makes it very likely that some member of the
Streptomyces genus subsequently passed a similar gene
to the gram-negative Alcaligenes (Fig. 10).

More About Time

The time of the occurrence would naturally have to have
been since the emergence of animals, well within the last
billion years. Of course, it may have been much more
recent. If we scale the rate of change relative to how fast
Fn3 units are changing in vertebrates, then most of the
change would have occurred during the last 500 million
years. But it may have been even more recent. Certainly
it must have been since the radiation of bacteria into their
current major genera. Indeed, most of the exchanges ap-
pear to have occurred since the split of two clostridial
species (Fig. 10). This could make the acquisition and
spread very recent events, perhaps within the last ten
million years.




Table 3. G + C content of Fn3-encoding bacterial DNA?

Organism Flanking

Fn3 Unit G+C Fn3 G+C G+C
Clostridia F-13 0.35-0.37 0.36 0.36
Clostridia F-14 0.38

Clostridia F-15 0.35-0.37 0.39 0.36
Clostridia F-16 0.38

Clostridia F-17 0.33 0.33 0.34
Clostridia F-18 0.35

Bacillus F-8 0.36° 0.51 0.47
Bacillus F-9 0.54

Bacillus F-10 0.52 0.49
Alkaliphilic F-19 0.30-0.55 0.41 0.39
Alkaliphilic F-20 0.44

Alkaliphilic F-21 0.40

Cellulomonas F-2 0.71-0.72 0.75 0.73
Cellulomonas F-3 0.76

Cellulomonas F-4 0.75

Cellulomonas F-5 0.71-0.72 0.77 0.70
Cellulomonas F-6 0.77

Streptomyces F-11 0.69-0.78 0.76 0.71
Streptomyces F-12 0.69 0.71
Alcaligenes F-22 0.56-0.59 0.68 0.65
Erwinia F-1 0.57 0.51 0.42

2 G + C content taken from Bergey’s Manual of Systematic Bacteriol-
ogy (Holt, 1984)
® Various strains range from 0.32 to 0.61

Other Interkingdom Transfers

A priori, it might be expected that the transfer of genetic
material between prokaryotes and eukaryotes in the wild
might be very uncommon. In a recent minireview, Smith
et al. (1992) concluded that, although some past claims
of such transfer are likely mistaken, some others seem to
have stood the test of time. Nonetheless, the natural ac-
quisition of eukaryotic genetic material by bacteria
seems so remarkable that an extraordinary amount of
effort ought to be invested to obtain proof. In the case of
the proposed Fn3 transfer, the following evidence sup-
ports the case:

1. The distribution of the domain is so far restricted to
animals and soil bacteria.

2. The bacterial sequences are more similar to some an-
imal Fn3 sequences than are some animal Fn3 se-
quences to each other.

3. Even with allowance for the smaller number of oc-
currences identified so far, the diversity of the bacte-
rial Fn3 sequences is significantly less than that ob-
served among animals.

4. In every case of a bacterial occurrence, homologous
enzymes have been found that lack the Fn3 domain.

5. Phylogenetic trees based on the bacterial Fn3 se-
quences are only consistent with a series of interge~
peric transfers. The trees also reveal a number of re-
cent tandem duplications.
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Other Reported Transfers Among Bacteria

Intergeneric transfers among bacteria are not uncommon
(see, e.g., Heinemann 1991; or Parkinson and Kofoid
1992), and indeed the genomes of many bacteria have a
mosaic character reflective of past horizontal transfers
(Medigue et al. 1991; Smith 1992). Soil bacteria may be
especially susceptible to such exchanges. Whittam
(1992) notes that, whereas enteric bacteria tend to be
clonal in their evolution, soil bacteria have heteroge-
neous genomes reflective of great amounts of recombi-
nation.

These exchanges are not limited to closely related
bacteria. Mazodier and Davies (1991) have reviewed ex-
changes between distantly related genera, including
transfers between gram-positive and gram-negative bac-
teria (Trieu-Cuot et al. 1985; Brisson-Noel et al. 1988).
In a particularly relevant case, Guiseppe et al. (1991)
have reported a likely transfer of a cellulase gene from
Erwinia chrysanthemi to Cellulomonas uda.

Other Shuffled Domains in Bacteria

This is not the first report of domains or modules being
shuffled around in bacterial proteins. The A subunit of
the E. coli Uvr DNA repair system has been reported to
have a modular construction, some of the domains of
which occur in active-transport proteins (Doolittle et al.
1986). Even more pertinent to the discussion at hand,
carbohydrate-binding domains have been found in scat-
tered occurrences in both bacterial and eukaryotic car-
bohydrases of the same ilk as contain Fn3 domains
(Gilkes et al. 1991; Meinke et al. 1991a). Recently, also,
an accessory domain of unknown function has been
found in various locations in a family of enzymes that
includes sialidases and galactose oxidase (Bork and
Doolittle 1994). Clearly, protein domains can be evolu-
tionarily mobile in bacterial genomes. One major driving
force is likely their ability to stand on their own in a
structural sense.

Possible Functions of Fn3 Domains

There must be some natural advantage to the presence of
the Fn3 domain in so many extracellular carbohydrate-
splitting enzymes. One possibility is that they are in-
volved in binding to the cellulosome, a unique high-
molecular-weight complex to which cellulases and other
glycohydrolases bind (Salamitou et al. 1992; Fujino et al.
1993; Wang et al. 1993). Another is that they may bind
polysaccharides directly. It is known that one or more of
the Fn3 units in fibronectin is involved in binding hep-
arin (Ingham et al. 1993). In any event, the function must
be accessory and not essential, given the absence of the
domain in so many homologues.

In conclusion, the degree of similarity of Fn3 se-
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Animal DNA

Alkaliphilic
Eubacteria

Streptomyces

Alcaligenes (g-)

Celluiomonas

Fig. 11. Possible scenario of intergroup transfer of Fn3 units as sug-
gested by the phylogeny shown in Fig. 10A,B. Other schemes are
possible, and only the most recent transfers can be proposed with any
certainty.

quences in bacteria and animals, coupled with the ab-
sence of such sequences in protists, fungi, and plants,
strongly suggests interkingdom transfer. Fn3 units occur
sporadically among bacterial glycohydrolases but never
in the corresponding eukaryotic enzymes. They are a
monophyletic group emerging from one set of animal
sequences. In this regard, the most similar animal se-
quence to the bacterial set is an Fn3 unit found in the
human leucocyte antigen designated LAR, its sequence
being about 30% identical to the bacterial sequences
(Bork and Doolittle 1992). Phylogenetic trees based on
the bacterial Fn3 sequences are radically different from
trees based on adjacent sequences. Of the 25 known oc-
currences, 23 are in gram-positive bacteria. One of the
gram-negative occurrences involves an organism previ-
ously implicated in the transfer of a cellulase to a gram-
positive Cellulomonas from the gram-negative Erwinia
chrysanthemi. In the other case, the G+C content of the
Fn3 encoding region from the gram-negative organism
(A. faecalis) is closer to that of the G+C-rich gram-
positive potential donor (S. plicatus). Its amino acid se-
quence is also most similar to an Fn3 unit found in a
gram-positive organism. The correlation with extracellu-
lar glycohydrolases suggests the possibility of these do-
mains binding either to cellulosomes or to polysaccha-
rides. Like previously noted carbohydrate-binding
domains in these same enzymes, the evolutionary history
is consistent with module shuffling.
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