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ABSTRACT A systematic screen of a protein sequence data
base confirms that the fibronectin type III (Fn3) domain is
widely distributed among animal proteins and occurs also in
several bacterial carbohydrate-splitting enzymes. The motif has
yet to be identified in proteins from plants or fungi. All indica-
tions are that the bacterial sequences are much too similar to the
animal type to be the result of conventional vertical descent.
Rather, it is likely that the bacterial units were initially acquired
from an animal source and are being spread further by hori-
zontal transfers between distantly related bacteria.

The fibronectin type III (Fn3) module is widely spread among
contemporary animal proteins, having so far been identified
in more than 50 different proteins, not counting species
redundancies (1-3). These include many extracellular pro-
teins (for example, fibronectin itself), some intracellular
proteins (titin, twitchin), and the extracellular domains of
many kinds of membrane-receptor protein (Table 1). Depend-
ing on the protein, the module may occur alone or in
numerous nonidentical forms. The motif has a characteristic
sequence of 90-100 amino acid residues typified by a pattern
of well-defined structural features (4, 5).

Recently, sequences resembling the Fn3 domain were
reported in a bacterial chitinase (6) and two cellulases (7),
leading to the supposition that the domain originated before
the divergence of prokaryotes and eukaryotes (6). If the
supposition were true, it would be expected that the module
would occur in some proteins of most contemporary orga-
nisms. We now report that a systematic searching regimen
has turned up additional occurrences of the Fn3 unit in a wide
variety of animal proteins. The survey did not uncover any
occurrences in plants or fungi, but it did retrieve four more
bacterial enzymes (for a total of seven). Surprisingly, the
bacterial Fn3 sequences are no more different from the
animal sequences than the latter are from each other. Our
analysis of the sequence relationships leads us to the con-
clusion that the bacterial occurrences are likely the result of
a single gene having been acquired from an animal source
long after the divergence of prokaryotes and eukaryotes.

METHODS

Data Base Screening. The screening process for potential
Fn3 domains took two forms. First, 79 sequences labeled Fn3
in the Swiss-Prot sequence data base (8) were compiled as a
learning set and properly aligned, and a consensus pattern
was established by a previously described scheme (9). The
screening was conducted iteratively, new candidates being
added to the learning set progressively to increase the sen-
sitivity (10). Deviations from the pattern (mismatches) were
penalized as a function of the degree of conservation at a
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Table 1. Summary of known proteins containing Fn3 modules
Category Proteins (organisms)

A. Receptor Sevenless* (fruit fly), Ros1* (human), eph (hu-
protein man), eck (human), elk (human), axl (human),
kinases hek (human), cek5 (chicken), insulin-like growth

factor receptor* (human), insulin receptor* (hu-
man, rat, mouse), insulin-related receptor* (hu-
man, frog, fruit fly)

B. Receptor " rptp-B1 (human), rptp-61 (human), rptp-My (hu-
protein man), dptp* (fruit fly), dptp 99A (fruit fly), dptp

phosphatases 10DA* (fruit fly), leukocyte-related antigen (hu-
man, fruit fly), CD4S antigen’ (human, mouse, rat)

C. Neural Contactin* (chicken), caml L1 (mouse), F1*
adhesion (chicken), neural cell adhesion molecule* (hu-
molecules  man, rat, mouse, chicken, frog), fasciclin II

(grasshopper), neuroglian (fruit fly), Tagl* (rat)

D. Adhesive Fibrin-fibrinogen-related protein (human), fibro-
matrix nectin (human, bovine, rat, chicken), tenascin
proteins (human, mouse, chicken), undulin (human), col-

lagen VI-a3 (human, chicken), collagen VIIT (hu-
man), collagen XII (human)

E. Cytokine Growth hormone receptor (human, pig, rat, rab-
receptor- bit), erythropoietin receptor (human, mouse),
like prolactin receptor (human, rat, mouse, rabbit),

granulocyte/macrophage colony-stimulating fac-
tor receptor B chain (human), interleukin 6 re-
ceptor subunit gp130 (human), granulocyte colo-
ny-stimulating factor receptor* (human), natural
killer cell colony-stimulating factor p40 subunit
(human), interleukin 2 receptor 8 chain (human,
mouse), interleukin 3 receptor (mouse), interleu-
kin 4 receptor (mouse), interleukin 5 receptor
(mouse), interleukin 6 receptor (human), interleu-
kin 7 receptor (human)

F. Cytoplasmic Myosin light chain kinase (chicken), muscle pro-
muscle tein C (chicken), twitchin (nematode), twitchin-
proteins related (fruit fly), titin (rabbit)

G. Unclassified Integrin 4 chain (human), Kallmann syndrome
protein* (human), 45-kDa antigen® (tapeworm),
oncogen b (tapeworm), oncogene a' (tapeworm)
Amylase/pullulanase’ (Clostridium thermohydro-
sulfuricum), ctfitinase (Bacillus circulans), amylase-
180* (Gram-positive alkaliphilic), depolymerase’
(Alcaligenes faecalis), galacturonosidase! (Erwinia
chrysanthemi), cellulase (Cellulomonas flavigena),
endoglucanase (Cellulomonas fimi)

H. Prokaryotes

*Previous reports claimed either too many or too few Fn3 repeats
according to our criteria.

TRepeats detected by our pattern search but to our knowledge not
recognized by others. -

given position, as were deletions and insertions. The behav-
ior of the random background of unrelated sequences was

Abbreviation: Fn3, fibronectin type III.
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also taken into account. A corroborative screening was
conducted with the PROFILE method (11). Neither method
listed every authentic Fn3 unit ahead of all false positives, but
a careful comparison of the two sets of results (Fig. 1) yielded
a high-confidence list. Further verification was obtained by
searching candidate sequences with a modified version of
FASTA (12) in which sequences below a given threshold are
filtered off (13). We also included a number of Fn3 sequences
taken directly from the literature before their inclusion in
Swiss-Prot.

Sequence Alignment. Sequences were aligned by the pro-
gressive method (14) after the initial determination of ap-
proximate relationships by a series of binary comparisons of
the Needleman-Wunsch type (15). Sequences were entered
in an order in accord with their approximate similarity, and
multiple alignments were constructed.

Rates of Change. Approximate rates of sequence change
were estimated by comparisons of the same protein from
different species and depended on generally accepted diver-
gence times for the major groups of vertebrate and inverte-
brate animals. The results were viewed in the light of a set of
comparison proteins that do not contain Fn3 sequences (16).

Phylogenetic Trees. Phylogenetic trees were constructed
from alignments by two independent procedures: the first a
distance matrix method (17) that follows closely upon that of
Fitch and Margoliash (18), the other a four-taxon character
analysis referred to as PAPA (19) that is based on the analytical
approach initially used by Cavender (20).

RESULTS

All told, more than 300 sequences were assembled that met the
criteria for the Fn3 motif. These were found in 67 different
proteins, not counting species redundancies (Table 1). Of
these, 7 were extracellular enzymes excreted by assorted
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FiG.1. Retrieval of Fn3 sequences from the Swiss-Prot data bank
(December 1991) by the property pattern search (PROPAT) (A) and the
PROFILE (B) method. The discrepancies in total number of hits are
mostly due to the fact that the PROFILE program counted each protein
only once, whereas PROPAT counted every individual Fn3 unit.

Proc. Natl: Acad. Sci. USA 89 (1992) 8991

bacteria. The remaining 60 were all from animal proteins,
including extracellular, intracellular, and membrane-spanning
types. None were found in any plant or fungal sequences.

Rates of Change. Rates of change were estimated for those
animal Fn3 sequences for which representatives are available
from various species (Table 2). In both fibronectins and
neural cell adhesion molecules (N-CAM) the Fn3 units are
changing at an intermediate rate as judged by comparison
with a representative set of 30 other proteins found in
vertebrate animals (16). Cruder estimates were made for the
Fn3 sequences found in growth hormone receptor and insulin
receptor, in which cases comparisons were necessarily lim-
ited to mammals. More distant comparisons involving ver-
tebrate and invertebrate animals were possible in two in-
stances. Thus, titin, found in animal muscles, contains Fn3
repeats that are 40-45% identical with those found in the
protein twitchin from nematodes and a twitchin-related pro-
tein from fruit flies. Similarly, the leukocyte-related antigen
(LAR) proteins from human and fruit fly also contain Fn3
repeats whose resemblances are in the 40% range (Table 2).

All in all, fibronectin units are changing more slowly than
some other animal proteins, including globins and albumins,
but somewhat faster than mainstream metabolic enzymes
such as enolase (Table 2). Given this moderate rate of change,
and assuming constancy of change and vertical descent in
even earlier times, then it ought to be possible to recognize
Fn3 units wherever they may occur among the eukaryotes
and perhaps in prokaryotes, although in the latter case it
would be expected that the sequence resemblance would be
marginal at best.

In fact, the prokaryotic Fn3 sequences identified so far are
remarkably similar to the animal type, being up to 38%
identical with some of the units found in animal proteins.
Further, the units found in bacteria are all quite similar to
each other and much more so than are the proteins in which
they are embedded. Indeed, of the six enzymes depicted in
Fig. 2, only the two amylases have detectable sequence
similarity with each other, exclusive of the Fn3 segments. In
contrast, some of these enzymes have recognizable counter-
parts in other bacteria that do not contain the Fn3 units. For
example, the high molecular weight chitinase from B. circu-
lans can be aligned with that from Serratia marcescens,
which is devoid of Fn3 sequences (6). Similarly, the endoglu-
canase (cellulase) from Cellulomonas fimi can be aligned over
parts of its sequence with cellulases from a wide variety of

Table 2. Percent identities of orthologously* related Fn3 units

Mam- Mam-  Verte-
mal/ Mam- mal/ brate/
Rodent/ mam- mal/ amphib- inverte-

Protein rodent mal bird ian brate
Fn3 units '
Fibronectin — 91.7 85.0 — —
N-CAM 929 ,923 83 68.6 —
Insulin receptor 97.6 93.0 — — —
GH receptor — 86.1 — — —
Titin—twitchin — — — — 46.7f
LAR — — — N
Comparison proteins
Enolase — 94.0 922 87.0 72.1
Cytochrome ¢ 100.0 91.3 875 82.7 82.0
B-/y-Fibrinogen — 87 .0J ~ 816 70.9 (33.0)
Albumin 90.0 72.1 — 38.4 —

N-CAM, neural cell adhesion molecule; GH, growth hormone;
LAR, leukocyte-related antigen.
*Orthologous, as defined by Fitch (21), indicates direct lineage, in
contrast to paralogous, which implies descent after gene duplication.
TMay be paralogous.
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Y

exo-poly-a-D-Galacturonosidase Erwinia chrysanthemi - g(-)

Fn3

depolymerase, Alcaligenes faecalis - g(-)
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organisms—including plants—that do not have Fn3 modules
(22).

Phylogenetic Trees. A computer-determined alignment was
prepared of 39 Fn3 sequences, including representatives of all
the major categories from animals (Table 1) and all 13
bacterial sequences (Fig. 3). Widely divergent animal se-
quences were chosen purposely in order that the deepest
roots of the phylogeny would be apparent. The average
pairwise resemblance for the 26 animal sequences used in the
alignment was 20% identity.

The resulting phylogenetic trees have all the bacterial
entries clustered as a single group and the animal sequences,

@—®

DOOED

F1G.2. Schematic depiction of
six different extracellular carbo-
hydrate-splitting enzymes from
widely divergent bacteria, show-
ing diverse locations of Fn3 units.
g(+) and g(—), Gram-positive and
Gram-negative; S, signal peptide;
cbd, cellulose-binding domain; rl,
12, r3, repeats.

|100 aal

for the most part, clustered according to their previously
assigned categories (Table 1). The most reassuring aspect is
that the trees made by two fundamentally different methods,
albeit from the same alignment, are so similar (Fig. 4). The
phylogenetic trees also showed that there has been a ten-
dency for the Fn3 units from a given protein to cluster
together. This was especially evident for units that are
adjacent in the bacterial enzymes (Fig. 2), an indication of
recent tandem duplication.

Because some of the pairs described in Table 2 were
included in the alignment, it was possible to put an approxi-
mate time dimension on the trees. By extrapolation, the

D UNH1 AITGPPTELITSEVT ARSFMVNWT HA P GNVEKYRVVYY P TRG GKP DE VV VDGTSST V LKNLMSLTEYQIAVFAIYAHTAS EGLRGTETT
D UNH2 LALPMASDLLLYDVT ENSMRVKWD AV P GASG YLILYA PLTEGLAGDE KE MK IGETHTD IE LSGLLPNTEYTVTVYAMFGEEAS DPVTGQETT
D TNH1 SEVSPPKDLVVTEVT EETVNLAWD NE M RVTE YLVVYT PTHEG GLE MQ FR VPGDQTS TI IQELEPGVEYFIRVFAILENKKS IPVSARVAT
D TNH7 GETPNLGEVVVAEVG WDALKLNWT AP E GAYE YFFIQV QEADE VEAA ON LT VPGGLRS TD LPGLKAATHYTITIRGVTQDFST TPLSVEVLT
D FNH9 TGLDSPTGIDFSDIT ANSFTVHWI AP R ATITGYRIRHH PEHFS GRP RE DR VPHSRNS IT LTNLTPGTEYVVSIVALNGREES PLLIGQQST
D FNH10 TVSDVPRDLEVVAAT PTSLLISWD AP A VTVRYYRITYG ETGGN SPV OQE FT VPGSKST AT ISGLKPGVDYTITVYAVTGRGDS PASSKPISI
D FNH1 SSGPVEVFITETPSQ PNSHPIQWN APQP SHISKYILRWR PKNSV GRW KE AT IPGHLNS YT IKGLKPGVVYEGQLISIQQYGHQ EVTREFDFTT
D TNH2 TYLPAPEGLKFKSIK ETSVEVEWD . PL D IAFETWEIIFR NMNK EDE GE IT KSLRRPE TS YRQTGLAQEYEISLHIVKNNTRG PGLKRVTTT
F TWD2 KPSPPNGPLQISDVH KEGCHLKWK R P TDDGGTPIEYP QIDKLEPETGC WI PS CRSTEPQ VD VTGLSPGNGYKPRVSAVNAEGES QPLVGDESI
F TWE4 GVPGKPGRPEITDFD ADRIDIAWE PP H KDGGAPIEEYI VEVRDPDTKEW KE VK RVPDTN AS ISGLKEGKEYQFRVRAVNKAGPG QPSEPSEKQ
F TIR3 KPGIPTGPIKFDEVT AEAITLKWG PP K DDGGSEITNYI LEKRDSVMMKW VT CA SAVOKTT FR VTRLHEGMEYTFRVSAENKYGVG EGLKSEPIV
F TWD1 GVPTKPGVPEPTDWT ANKVELAWP EP A SDGGSPIQGYI VEVKDKYSPLWEKA LD TNSPTPT AT VOGLIEGNAYQFRVVAVNIGGLS EPSDPSKIFT
F MKC1 KPDPPAGTPCASDIR SSSLTLSWY GS S YDGGSAVQSYT VEIWNSVDNKW TD LT TCRSTS FN VODLOADREYKFRVRAANVYGIS EPSQESEVV
F PCC2 APTSEPTHVVLEDVT DTTATIKWR PP E RIGAGGVDGYL VEWCREGSNEWVAA NT ELVERCG LT ARGLPTGERLLFRVISVNMAGKS PPATMAQPVT
E I2M1 RLVAPHSLQVL HID TQRCNISWK VSQV SHYIEPYL EF EARRRLLGHSWEDA SV LSLKQROQWLE LEMLIPSTSYEVQVRVKAQRNNT GTWSPWSQPL
E 1I7H1 KPEAPFDLSVIYREG ANDFVVTEN TSHLQOKKYVKVLMHDV AYRQEKDENKWTHV NL SSTKLT LL ORKLOPAAMYEIKVRSIPDHYFK GFWSEWSPSY
B LRH1 ALPKPPIDLVVTETT ATSVTLTWD SGNSEPVTYYG IQYRAAGTEGPFQE VD GVATTR Ys IGGLSPFSEYAFRVLAVNSIGRG PPSEAVRART
E GRBF PPIGLNWTLLNVSLTGIHADIQVRWE PPPNADVOKGWIVLEYE LQYKEVNETQW K MM DPVLSTS VP VYSLRLDKEYEVRVRSRQRSSEKYGEFSEVLYVT
B CDH1 GSPGEPQIIFCRSEA AHQGVITWN PPQ  RSFHNFTLCYI KETEK DC LN LDKNLIK YD LONLKPYTKYVLSLHAY ITAKVORNNGSAAMCHF
C NCHU VQOADTPSSPSIDQVEPYSSTAQVQFD EPE ATGGVPILKYK AEWRAVGEEVWHSKWYD AKEASMEGIVT IVGLKPETTYAVRLAALNGKGLGEISAASEFKT
G IBH2 EVPSEPGRLAFNVVS STVTQLSWA EPAETNGEITAYEVCYG LVNDDNRPIGPMKKVLV DNPKNRM LL IENLRESQPYRYTVKARNGAGWGPEREAIINLA
C CMMS ALFGKPDFGNISATAG ENYSVVSW VPRKGQCNFRFHILFK ALPEGKVSPDHQPQPQY VSYNQSS YT QWNLQPDTKYEIHLIKEKVLLHHLDVKTNGTGPV
G 45TW EYPSLRDIFAWEPPT SNSIGLTWQ RHAFPGVEREVLTLKAV PTSEPNNTKT AY AKLGSGK VT LDGLKPNATYLVTATANISGDTILVLSNTFHTLA
G KLH2 APPANLRLANSTVNSDGSVTVTIVWD LPEEPDIPVHHYKVFWSWMVSSKSLVPTKKKRRKT TDGFQONS VI LEKLOPDCDYVVKLQAITYWGQTRLKSAVKVSL
H EPH1 GPPSAPRNLSFSAS GTQLSLRWEPPADTGGRQDVRYSV RCSQCQGTAQDGGPCQPCGVGVHFSP  GARGLTTPAVH VNGLEPYANYTFNVEAQNGVSGLGSSGHASTSVS
H AXH1 VLPQOPRNLHLVSRQ ~PTELEVAWTP GLSGI YPLTHCTLQAVLSDDGMGIQAGEPDPPEEPLTSQASVPPHQOLR LGSLHPHTPYHIRVACT SSQGPSSWTH WLPV
H DPAl QAGSAPTGLAVTATT STSVSLSWN AVAN ASSYGVYRNGS X VGSATAT AYT DSGLIAGTTYSYTVTAVDP TAGESQPSAAVSATT
H AME3 TSPSKPTDLTAIATA HT VSLSWT ASADD VEVAGYKIYRDGV E IGVTEST TYT DSGLTAETTYSYMVQAYDTSNNFSALSDELTIET
H CHB2 QAPTAPTNLASTAQT TSSITLSWT ASTDN VGVTGYDVYNGTA L ATTVTGT TAT ISGLAADTSYTFTVKAKDAAGNVSAASNAVSVKT
H CHB1 TAPSVPGNARSTGVT ANSVTLAWN ASTDN VGVTGYNVYNGAN L ATSVTGT TAT ISGLTAGTSYTFTIKAKDAAGNLSAASNAVTVST
H AME2 EPAEAPENLRIADIT DTTVTINWN ASNGY VTGYEVLRDGV ) IGETTRT TFI DTGLDADRTYTYTIVALGDGGOKSDPSEALEVTT
H AMEl EPATTPKNLSVVNVT ETTIVTFEWD QSDGY VVEYEILRDED v VASTIRT TFT MEDLNPDTTYTYSVVAVGEGGOKSAP SEALKVTT
H AML2 TAPQPITDLKAVS G NGKVDLSWS VVDK AVSYNIYRSTVKGGLYEKI ASNVTQI TYT DTEVTNGLKYVYAVTAVDNDGNESALSNEVEAYP
H GICF TPPTTPGTPVATGVT TVGASLSWA ASTDA GSGVAGYELYRVQG TTQTL VGTTTAA AYI LRDLTPGTAYSYVVKAKDVAGNVSAASAAVTEFTT
H GLICF EPPTTPGTPVASAVT STGATLAWA PSTGD PAVSGYDVIRVQG TTTT VVAQTTVPTVT LSGLTPSTAYTYAVRAKNVAGDVSALSAPVTETT
H GICF VAPTVPGTPVASNVA TTGATLTWT ASTDSGGSGLAGYEVLRVSG TTQT LVASPTTATVA LAGLTPATAYSYVVRAKDGAGNVSAVSSPVTEFTT
H CILCF QAPSVPSGLTAGTVT ETSVALSWT ASTDN VGVTGYDVYRNGS K VGSSSGT TYS DTGLTAATAYQYSVAAKDAAGNVSQRSSALSVTT
H AML1 ETPTAP VLQOPGIE SSRVTLNWS PSADD VAIFGYEIYKSSSETGPFIKI ATVSDSVYNYV DTDVVNGNVYYYKVVAVDTSYN RTASNTVKATP
H PXEl ATAQAPOKLQIPTLSYDDHSVMLVWD TPEDT SNITDYQIYONGOLIGLASON NDKNSPAKPYI.. (21 res.)..VDGLKAGTDYQFTVRTVYADGTTSNDSNTVTTTT

F1G. 3.

Computer-generated multiple alignment of 39 Fn3 sequences, including 13 taken from seven bacterial enzymes and 26 representative

Fn3 sequences from assorted eukaryotic sources. Letters at beginnings of lines correspond to categories in Table 1. Boldface letters indicate
highly conserved residues. UNH, human undulin; TNH, human tenascin; FNH, human fibronectin; TWD, fruit fly- twitchin-like protein; TWE,
nematode twitchin; TIR, rabbit titin; MKC, chicken myosin light chain kinase; PCC, chicken muscle protein C; I12M, mouse interleukin 2
receptor; I7H, human interleukin 7 receptor; LRH, human leukocyte-related antigen; GRBF, rabbit growth hormone receptor; CDH1, human
CD45 antigen; NCHU, human neural cell adhesion molecule; IBH, human B4 integrin; CMM, mouse neural cell adhesion molecule; 45TW,
tapeworm 45-kDa protein; KLH, Kallmann syndrome protein; EPH, human tyrosine kinase receptor; AXH, human AX tyrosine kinase; DPA,
Alcaligenes depolymerase; AME, Gram-positive bacterium amylase; CHB, Bacillus chitinase; AML, Clostridium amylase; GLC, Cellulomonas
fimi cellulase; CLCF, Cellulomonas flavigena cellulase; PXE, Erwinia galacturonosidase.
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intracellular and extracellular types of Fn3 module diverged
about a billion years ago. Both phylogenetic trees have the
bacterial Fn3 units emerging more recently and certainly well
after the divergence of prokaryotes and eukaryotes. This
assumes the bacterial rate has been similar to that for animals
(Table 2). If anything, the bacterial rate might be expected to
be greater and the divergence time correspondingly more
recent.

DISCUSSION

The first report of an Fn3 occurrence in bacteria was in a
_chitinase from Bacillus circulans (6); the motif was subse-
quently noted (7) also in the cellulases of Cellulomonas fimi
and C. flavigena (22). We have now found the motif in several
other published sequences of bacterial carbohydrases, includ-
ing the sequences of a poly(3-hydroxybutyrate) depolymerase
from Alcaligenes faecalis (23), an exo-poly-a-D-galacturonosi-
dase from Erwinia chrysamthemi (24), a bifunctional a-amy-
lase—pullulanase from Clostridium thermohydrosulfuricum
(25), and a maltopentaose-producing amylase from an alka-
liphilic Gram-positive bacterium (26). The resemblance to Fn3
units was not described in any of these latter reports (23-26).

Although the enzymes have the common functional feature
of mobilizing metabolites from polymeric substances in the
environment, the organisms involved are diverse and repre-
sent a broad distribution of both Gram-positive and Gram-
negative bacteria. They appear to have little in common other
than a dependence on these hydrolytic enzymes to obtain
their food source, although it is significant that most of them
are soil ogganisms. The Fn3 units occur in different locations
and in different numbers in the bacterial enzymes (Fig. 2).
The modular fashion in which many of these proteins are
constructed and the possibility of genetic shuffling has been
remarked upon by others (7).
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Proc. Natl. Acad. Sci. USA 89 (1992) 8993

We are aware that the sequences being compared in this
analysis are of a most challenging sort. Thus, they are only
90-100 residues long and have resemblances as low as 9%
identity, well below the perilous ‘‘twilight zone.’” Still, it is
our carefully considered judgment that the presence of Fn3
units in some contemporary prokaryotes is the result of an
unconventional gene transfer at some point in the past.

There are three principal observations that lead us to this
conclusion. First, the bacterial sequences are much more
similar to the animal sequences than would be expected for
conventional vertical descent during the period since the
prokaryote—eukaryote divergence (27). Convergent evolution
leading to the degree of similarity observed seems unreason-
able. Second, the Fn3 sequence occurs only sporadically in
bacteria and in situations suggestive of a mobile domain; it is
absent from many homologous enzymes. Third, the domain
has yet to be found in a fungal or plant protein. All of these
considerations are reinforced by sequence alignments and
phylogenies generated by an objective computer regimen.

If the bacterial and animal Fn3 sequences had last shared
acommon ancestor 1.5-2.0 billion years ago at the time of the
divergence of prokaryotes and eukaryotes, then it would be
anticipated that such sequences would be found in most
eukaryotes, including protists, fungi, plants, and animals. It
might be expected, also, that the sequences would be found
in most bacteria. Such is not the case. No Fn3-like sequences
from plants or fungi were detected in our screening. There is
a report (28) of a sequence bearing some, but not all, of the
features of Fn3 in a trypanosomal enzyme, but the relation-
ship was marginal and the sequence was not retrieved by
either searching scheme (Fig. 1). This result can be viewed in
two ways, either of which supports the case for horizontal
transfer from animals to bacteria. First, the trypanosomal
sequence may not be a homologue of Fn3, in which case the

B TIR3 7
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FiG. 4. Phylogenetic trees constructed from the sequence alignment shown in Fig. 3. (A) Constructed by a distance matrix method (17). (B)
Constructed by a four-taxon character analysis method called pAPA (19). See legend to Fig. 3 for codes.
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result is moot. Or, second, the sequence has changed so
much that it was not recognized by the screening procedures.
The latter would be all the more testimony to the fact that the
bacterial sequences, which were readily retrieved, are overly
similar to animal types and must not be the result of con-
ventional vertical gene propagation.

Many fewer plant and fungal sequences have been reported
than for animals, and it is conceivable that sampling biases
have excluded the kinds of protein that would likely contain
such segments. On the other hand, we estimate that the Fn3
unit occurs in about 2% of all animal proteins: more than 50
independent occurrences in about 2500 proteins, immuno-
globulin variable regions and species redundancies aside. As
such, this domain is at least as common as the epidermal
growth factor (EGF) domain, another unit widespread among
animal proteins but not, so far, found in plants or fungi.
Several hundred fungal and about as many plant sequences
have been reported. Even with great allowances for bias in
sampling, it would be expected that at least one Fn3 candi-
date would have surfaced by now, if they occur at all. We can
add that neither the Fn3 nor the EGF units occur anywhere
in yeast chromosome III (30). As for prokaryotes, apart from
the exceptions described in this article, the Fn3 unit has not
yet been found in other bacteria, even though sequences
accounting for more than a third of all Escherichia coli
proteins have been reported.

Naturally occurring horizontal gene transfers are difficult
to prove. If sequences are the only criterion, then the case
must be made by showing that objective comparisons con-
sistently misplace the entry in an accepted organismic phy-
logeny. In a sense, the challenge is less great the more distant
the putative donor and acceptor in that the distinction be-
tween other comparable sequences from the two groups will
be clearer. For the same fundamental reason, horizontal
transfers between distantly related organisms can sometimes
be documented by features like codon usage and general base
composition. One very relevant case involves the transfer of
a cellulase gene from Erwinia, a Gram-negative organism, to
Cellulomonas, a Gram-positive one (31).

The broad diversity of the bacteria with carbohydrases
containing Fn3 modules, as well as the fact that the sequence-
based phylogeny of the bacteria is not in accord with accepted
bacterial taxonomy, implies that the units are being spread by
a series of horizontal transfers. Not only are the bacteria
themselves diverse, but the occurrences are in related but
different enzymes, and in different locations within the various
enzyme sequences. It is as though the unit has been spread by
rampant transformation or some broadly based plasmid in
some local habitat. That this kind of flagrant transfer might not
be exceptional is illustrated by arecent analysis of codon usage
in E. coli that revealed a cohort of genes sharing the codon
distribution profile of phages and which appear to have been
imported by horizontal transfer (32).

Recent x-ray and NMR studies (33, 34) have shown that the
three-dimensional structure of the Fn3 module is an all-8
structure with a rendering not unlike the fold observed in
immunoglobulins. Similar folding patterns have been found in
proteins as diverse as the CD4 membrane protein (35) and the
bacterial chaperone protein PapD (36). There is no recogniz-
able sequence resemblance, however. By coincidence, an
extracellular cellulase from Clostridium thermocellum has
had its crystal structure determined recently, and an acces-
sory immunoglobulin-like domain was found (29); the se-
quence does not resemble either immunoglobulins or Fn3
units. The question remains: are the similar folds observed in
Fn3 units and these other structures the result of common
ancestry, or is this a case of structural convergence? It is
possible that these structures shared a common ancestor at a
very early stage, but all sequence similarity has been eroded.

Proc. Natl. Acad. Sci. USA 89 (1992)

In the meantime, we must be cautious about assuming that
the appearance of similar sequences in animals and bacteria
implies an existence before the divergence of prokaryotes
and eukaryotes. The Fn3 domain may very well have ancient
roots, but its occurrence in bacterial extracellular carbohy-
drate-splitting enzymes appears to be the result of a much
more recent gene acquisition from a eukaryote.
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