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ABSTRACT

Effective intercellular communication is an important feature in the development of multicellular
organisms. Secreted hedgehog (hh) protein is essential for both long- and short-range cellular signaling
required for body pattern formation in animals. In a molecular evolutionary study, we find that the
vertebrate homologs of the Drosophila kA gene arose by two gene duplications: the first gave rise to
Desert hh, whereas the second produced the Indian and Sonic hh genes. Both duplications occurred before
the emergence of vertebrates and probably before the evolution of chordates. The amino-terminal
fragment of the kk precursor, crucial in long- and short-range intercellular communication, evolves two
to four times slower than the carboxyl-terminal fragment in both Drosophila ik and its vertebrate
homologues, suggesting conservation of mechanism of 44 action in animals. A majority of amino acid
substitutions in the amino- and carboxyl-terminal fragments are conservative, but the carboxyl-terminal
domain has undergone extensive insertion-deletion events while maintaining its autocleavage protease
activity. Our results point to similarity of evolutionary constraints among sites of Drosophila and verte-
brate kh homologs and suggest some future directions for understanding the role of ki genes in the
evolution of developmental complexity in animals.

ORPHOGENESIS and pattern formation require
intercellular communication for which extracel-
lular signaling molecules are essential. The hedgehog (hh)
gene was first identified as an embryonic segment polar-
ity gene in Drosophila (NUSSLEIN-VOLHARD and
WIESCHAUS 1980). It encodes a secreted protein product
that provides neighboring cells with positional informa-
tion in embryos and imaginal discs (reviewed in INGHAM
1994; HEBERLEIN and MOsES 1995; PERRIMON 1995). Ho-
mologs of the Drosophila kk gene have been identified
in other invertebrates (e.g., sea urchin, leech, and beetle)
and in vertebrates (e.g., zebrafish, chicken, and mam-
mals). One of the vertebrate ik protein products, Sonic
hh (Skh), has been found to play crucial roles in the
development of neural tube, somites, and limbs (ECHEL-
ARD et al. 1993; KrAUSS et al. 1993; RIDDLE et al. 1993;
CHANG et al. 1994; ROELINK ¢t al. 1994; SMITH 1994).
The secreted hh gene product has dual functions,
one being a short-range contact-dependent inducer for
maintaining gene expression in neighboring cells, and
the other being a long-range contact-independent sig-
naling activity (see JOHNSON and TABIN 1995). A prote-
ase cleavage site in the hh precursor protein has been
identified and the resulting amino-terminal fragment
has been shown to be active in both short- and long-
range signaling in Drosophila, while the carboxyl-termi-
nal peptide is required for autocleavage and may be
involved in regulating the range of action of the amino
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terminal peptide (FIETZ ¢f al. 1994; LEE ef al. 1994; POR-
TER et al. 1995). Similarly, vertebrate &k precursor pro-
teins are processed to generate two distinct doinains
(BUMCROT et al. 1995; PORTER ¢t al. 1995). In one exam-
ple, the mouse amino-terminal domain of Ak protein,
but not the carboxyl domain, has been shown to induce
distinct ventral cell types in a cultured CNS system
(MARTI et al. 1995; ROELINK et al. 1995).

The hh action is coordinated with other signaling
molecules that include members of Wnt and TGF-8 su-
per gene families. Shh expression in the vertebrate limb
bud has been shown to be induced by Wnt-7a and FGF-4
expressed in neighboring tissues (PARR and MCMAHON
1995; YANG and NISWANDER 1995). It is possible that
bone morphogenetic protein 2 (BMP2), a member of
TGF3 gene family, also participates with Skhin control-
ling vertebrate limb development (FRANCIS et al. 1994).
In Drosophila, Ak activity is critical for the expression
of dpp (decapentaplegic) and wg (wingless) genes. For in-
stance, dpp expression near the morphogenetic furrow
in eye imaginal discs is abolished in Ak mutants, re-
sulting in failure of eye formation (HEBERLEIN ef al
1993; Ma et al. 1993). Thus, the coordinated action of ih
seems essential in many aspects of animal development,
such as embryonic segmentation, limb outgrowth, and
retinal patterning.

Even though the knowledge of kA signaling has been
rapidly accumulating, many questions remain unan-
swered. For instance, it is not clear how widely the Ak
gene and its mechanisms of action have been conserved
in evolution, and how two other vertebrate hh genes
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(Indian and Desert) are evolutionarily and functionally
related to Sonic hh. By using a molecular evolutionary
approach, we have reconstructed the evolutionary his-
tory, estimated the rates of amino acid substitution at
individual sites, and inferred the relative frequency of
different amino acid substitutions to understand the
forces that have shaped the evolution of the Ak gene
family. We have also estimated the approximate times
of major evolutionary events that led to different verte-
brate homologs of the fly Ak gene in an attempt to assess
the ubiquity of these genes in the animal kingdom.
The results presented may be useful in devising future
molecular genetic experiments to study the function(s)
of hh gene products and to probe for the presence of
hirlike genes in unexplored invertebrate lineages.

MATERIAL AND METHODS

Amino acid sequence data: We obtained all published nu-
cleotide and amino acid sequences of Drosophila 44 and their
homologs (GenBank accession numbers in the parentheses).
The data set contained Sonic hh (Shh) sequences of a human
(Homo sapiens, 1.38518; MARIGO et al. 1995), a mouse (Mus
musculus, X76290; ECHELARD ef al. 1993), a chicken (Gallus
gallus, L.28099; RIDDLE et al. 1993), an African clawed frog
(Xenopus laevis, 1.39213; STOLOW and SHI 1995), and a zebra-
fish (Brachydanio rerio, 2Z35669; FIETZ et al. 1994); Vhh-1 se-
quences of a rat (Rattus norvegicus, 1.27340; ROELINK et al.
1994), a frog (X. laevis, 1.35248; RUIZ et al. 1995), and a zebra-
fish (B. rerio, 1.27585; ROELINK et al. 1994); Indian hh (Ihh)
sequences of a human (H. sapiens, L38517; MARIGO et al. 1995)
and a mouse (M. musculus, X76291; ECHELARD et al. 1993);
Desert hh (Dhh) sequence of a mouse (M. musculus, X76292;
ECHELARD ¢t al. 1993); and Drosophila melanogaster hh (102793,
LEE et al. 1992; 711840, S50757, 850758, MOHLER and VANI
1992; S66384, TABATA and KORNBERG 1994; 1.05404, 105405,
TASHIRO et al. 1993) and D. hydei hh sequences (CHANG et al.
1994).

Before the sequence alignment, we noticed that the zebra-
fish Shh and Vhh-1 were identical in their amino acid and
nucleotide sequences. Thus, only one of them was included
in the phylogenetic analysis. The published amino acid se-
quences of Skh and Vhh-1 genes of X. laevis differ. However,
an alignment of their nucleotide sequences revealed that the
observed differences may be due to multiple shifts of the
reading frame in the reported Skh sequence and that the
X. laevis Shh sequence may contain a stop codon. The D.
melanogaster hh sequence reported by TASHIRO ef al. (1993)
differs from others’ in the signal peptide region. This differ-
ence can also be explained by shifts in the reading frame.
Thus, these sequences were excluded from the evolutionary
analysis.

The final data set contained 11 amino acid sequences that
were first aligned using the default options of CLUSTAL V
program (HIGGINS et al. 1992) and were further aligned by
eye following the alignments presented in CHANG et al. (1994)
and FIETZ ef al. (1994). This alignment is given in Figure 1.
The autoproteolytic action cleaves between residues 272 and
273 in the consensus sequence (PORTER et al. 1995). We refer
to the fragment from residue 96 to 272 in the consensus
sequence as the N domain and the fragment from the cleav-
age site to the end as the C domain (273-526).

Evolutionary analysis: The amino acid sequences were pri-
marily used for the evolutionary analysis because the species
analyzed are distantly related. The evolutionary divergences
(number of amino acid replacements per site) were estimated

by the Poisson correction distance (d-distance) to account for
multiple substitutions at the same site. For a pair of amino
acid sequences, the d-distance is related to the proportion of
different amino acids (p) by the following equation (NEI 1987,

pp- 41)
d = —log.(1 ~ p) (1)

The neighborjoining (N]J) method (Saitou and NE1 1987)
based on the ddistance was used to infer phylogenetic rela-
tionships and Drosophila k2 sequences were used as out-
groups to establish the root of the tree. The reliability of the
inferred relationships was evaluated by the bootstrap test with
2000 replications and by the interior branch length test
(FELSENSTEIN 1985; RZHETSKY and NE1 1992) (see Figure 2
legend). The MEGA program package was employed for these
computations (KUMAR ef al. 1993). Phylogenetic trees were
also reconstructed by the maximum parsimony methods im-
plemented in the PAUP program (SWOFFORD 1993).

To examine the differences in the rates of amino acid re-
placement among sites (and, thus, differences in evolutionary
constraints), we generated the variability profiles for Skh and
other hh genes. These profiles were generated by first estimat-
ing the rate of evolution at each amino acid site in the align-
ment by the maximum-likelihood approach of YANG (1994)
and YANG and WANG (1995). (For directly comparing differ-
ent variability profiles, evolutionary rates were scaled such
that the mean of rates across sites was one.) Then the moving-
average evolutionary rates in segments of length 5 were esti-
mated. The moving-average rate in the sth segment (%) was
computed by the formula: r, Equation (r_o + 25_, + 45 +
2741 + 149)/10, where % is the rate at the ith site. The seg-
ments were offset from each other by one amino acid and
the average rates were plotted at the center of each segment.
Evolutionary rates could not be estimated for sites with align-
ment gaps or missing data, and whenever a segment con-
tained such sites the moving average was adjusted by taking
average over sites in the segment for which rates could be
estimated.

ZUCKERKANDL and PAULING (1965) showed that the num-
ber of amino acid substitutions accumulate at a steady rate
with time in different evolutionary lineages. This clock-like
behavior of amino acid sequence evolution has been observed
for a variety of genes (see NEI 1987, pp. 47-50). Whenever
the molecular clock ticks at a constant rate, the evolutionary
divergence (d) is directly proportional to the time (T), i.e,

T=d/(2r), (2)

where ris the rate of evolution per site per million years; a
factor of 2 appears because the total time separating the two
groups is two times the age of their common ancestor.

For the hk data, we estimated r by using a widely accepted
date of 350 mya for the divergence of amphibian and mamma-
lian lineages (BENTON 1990; AHLBERG and MILNER 1994).
Given this time of divergence and the average d-distance (d..)
between these two groups, we obtain 7 by the equation

7 = dy,/ (2 X 350), 3
Substituting r into equation (2), we get
T =350 (d/ du)- )

A program for calculating T'and a rough estimate of its stan-
dard error is available from S.K. upon request.

RESULTS

Evolutionary relationships of genes of the hedgehog
family: Figure 2 shows that the vertebrate homologs of
the Drosophila kh gene fall into three groups: Sonic,



hedgehog Gene Family Evolution

967

W Exon 1
SAASATCLSL DAKCHSIEPN PDGKAAADVN NNNNNHNKIS AIPDAESQKL RHIAHTMRCM MLLLARCLLV LLASALLVCS PPGLA|CGPGR 100
Human Shh ceeeeeeoon e i e oo .. 28
Mouse SHh  cs-iieee meeeeceel aeiioooo oo ooeeoeees 29
Rat Whh-1 = cceeiemee eeeeiien eeiiiiien oo eaoe 29
Chicken Shh  c-eoomemo oo eeiieio e e 31
Frog Vhh-1/Shh - ---emeen cemimiiom oo e el 30
Zebrafish Vhh-1/SBh - -------co fceiiiiiin aiiioin oo e 28
Human Thh = ----coooom moeeomooom oomeomeees eeeeeieaas oo
Mouse Thh —c-coeoon emen eeeiee oo oo
Mouse DA s meeeeee eeeion oeion el AS..PL.C.- ----...AL. --AQS]..... 27
D. hydei hh O - SR QUSSP e ST --SCFMA..L ..LL..NFRH --AHS|..... 95
D. melanogaster hh sV e SSSS SSS.S..--- ------ Ss.. SR.TSLVA.L .IVLPMVFSP --AHS]..... 89
W Exon I
GPFGKRRHPK  KNLTPLAYKQ FIPNVAEKTL GASGRYEGKI TRNSERFKEL LMTQ|RCKDKL NALAISVMNQ WPGVKLRVTE 200
Human Shh ereeeee. - T O TR PR 126
Mouse Shh teeereees STeeaverer esevesesre svessenees  sesecacias 127
Rat Vhh-1 1 127
Chicken Shh ) CThesteeet eeasaevece enesasuess eesesesens 129
Frog Vhh-1/Shh S G Teeeieaes eeesssneee seseneenes ..DC. 128
Zebrafish Vhh-1/Shh .-Y.R..... N 126
Human Thh = co-oemiin meeeeeein oo oo e oo 32
Mouse Thh  —--emmemee s eieeen e EEE TP 56
Mouse Dhh V.R..YWVR .Q.V..L N.SMPLR.. ....PAL.RV ..G....RD. GE 127
D. hydei hh -L.R..--E R..F..VL TV..LS.YHN S...PL..A. Q.D.PK..N. V.SK|..RE.. .M..Y.... 192
D. melanogaster hh  .-L.RH.--A R..Y..VL.. T...LS.Y.N S...PL..V. R.D.PK..D. SK[L LB VLY.L 186
P109LY 1TNSASG115- 120IRL
WExon 11 W Cleavage Site
GWDEDGHHSE  ESLHYEGRAV DITTSDRDRS KYGMLARLAV EAGFDWVYYE A|ENSVAIAKS GG CFPGSATV HLESGGTKAV KDLSPGDRVL 300
Human Sh i i it ciiebieriee seraaeeees eeeeaesaas I e e e e [ T 226
Mouse SAh i hiiiiiiees ciesreiene eeeiaasees eeveaeenes evevemane ve i 226
Rat VAh-1 il eeiiiieen e .. 226
Chicken Shh ... ciiil ciiiiiiir diees . 228
Frog Vhh-1/Shh ........ Lo iiiiiier e .. 227
Zebrafish Vhh-1/Shh ........ N K. . 225
Human Thh il s e N S 131
Mouse Ihh 1 N . S 255
Mouse Dhh ... ..., AQ D........ Loveenenns N ceee WRNLLVLLL 226
D. hydei hh ST . 0 Y ¢ ¢ T.A...H.Q. veeeeslSVORRLYLLLL S . ..TPES.A L....AE..L Al 292
D. melanogaster bh  S....Y..GQ .......... T.A.....Q e eeeeees S.V .RR..Y.... S . ..TPES.A L....VR.PL GE..I..... 285
E202Kt tA205V F2301t twW232* 1S244F tC258A
AADAQGRLLY SDFLTFLDRD LGAKKVFYVI TAAH|LLFVA PHHDEPLAFM EAASGPTPAP GGALGFRALF ASRVRPGQRV LVVGERGGDL 400
Human Shh R 1 R Devevennnn veer]enee. NSATGEP L.S..SG.PS Lo Pl e, Y..A..D..R 325
Mouse Shh T | PPN coelNeeee e e —--PSLLL Yo AL R 311
Rat Vhh-1 FSR | SN F [ N | B R T T ST TP ) N Y. AL R 311
Chicken Shh FR ) M DSSR.L.... ..RQ..A... .]....|..... .Q.NQSE.T- N.K.ewoo YiL..-..0- 314
Frog Vhh-1/Shh SS.P..N . MJILQE ROV..L.... ..SQRKI.-- .].... QTKVN----- ..NIQ..DLI YTAESQDH.. 309
Zebrafish Vhh-1/Shh ... SANN.VF .. IM.T... STIRR..... ..... V.KIT .]. L DNST.D.HT ..S.LALK. M..DDS.QLK 309
Human Ihh .MGED.SPTF ..V.I....E PHRLRA.Q ...D.PR..A .].P. .T. DN.T..A.R- LHAQLLYL LAWVPLLGP 215
Mouse Ihh .MGED.TPTF ..V.I....E PNRLRA.Q ...D.PR..A .].P..]...I. DN.T..A.H- L HAQ.L Y. LUSLVPLLQP 239
Mouse Dhh L GALVWWP TPVLL.LL.. LQRRAS.VAV . ER.PRK.. .|.PW.}. V.- —c-ommones .R.L.A.DS. .AP.GDALQP 310
D. hydei hh SM.VK.QPV. .EVIL.M..N .EQVEN.VQL H.DGGAV-.T V|.P..|.IS.W QPERQT.N.- .D..EELDY. ..RD-AT.E. 371
D. melanogaster hh  SMT.N.CAV. .EVIL.M..N .EQMON.VQL H.DGGAV-.T V|.P..|.VS.W QPESCK.T.- .D.IEEKNQ. ..RDVET.E. 365
1A294* tH329Y
RLLPAAVHSV  TLREEAAGAY APLTAHGTIV AKSATPAAAA  QQOEGIHWYS 500
Human SPh ... LS Ll | D S - S e 384
Mouse Shh ... el Eover veneninnn L I... Q...E.RG. EPTA...... 411
Rat VBh-1 s e e TR T O S S ¢ T I L L e PR 386
Chicken Shh Q....S.... S..... Seel eeen Q...L I... ----PT..TT --TT...... 399
Frog Vhh-1/Shh EG-RGKWRRL I...DT-... ........ v. .. SG---emmms mmmmenes 382
Zebrafish Vhh-1/Shh SVIVQRIYT- ---..QR.SF ..V....... .D. ----SRSN.T L....----- 387
Human Ihh ARVA.VSTH. A.----- R G I ) R ce-uB--- ---LVLLP 286
Mouse Ihh ARVA.VSTH. A.----- .S. ..R...L. .ED. --e-l 8- << VUSLP 310
Mouse Dhh ARVARVA---  -- .. V.VF ..., LL 3 N ¢ R S O R ¢ B R e TR .GG.V -.PT.M.... 384
D. hydei hh Q--.QR.LRL G-SVQSR.WV ..RE.... ..S.A. . P.K.Q.R D..TPKD.T. ...N.L...A 463
D. melanogaster hh  .--.QR.VK. G-SVRSK.WV ..RE. .S.A..... L.NSP.L..W GL..M..--- -.ST.-E.WL P.KEQ.H.S. -.VWV---SS. ...N..... A 453
1C400Y tHA10*
QLLYRLGOLL LDESTFHPLG MSGAGD 526
Human Shh oo e ol
Mouse Shh HI.TW. ..SE.M.... .AVKSS 437
Rat WBh-1 eeeeioi e ol
Chicken Shh R....1.SWV GDAL.... .V---- 421
Frog Vhh-1/Shh oo oo LQ.-- -HHQV. 390
Zebrafish Vhh-1/Shh  ---------- ccoooon oo
Human Ihh ... R.. LEGS..... ..... S 312
Mouse Ihh T O S 336
Mouse Dhh R..... P T T TP 390
D. hydei hh NA. .KVK.YV  PK.WR.--- ----- 481
D. melanogaster hh  NA. .KVK.YV ,PQWR.--- ----- 471
1Y457*

FIGURE 1.—An alignment of amino acid sequences of the hedgehog genes. Residues identical to the consensus sequence are shown
with a dot (+) and dashes (-) represent alignment gaps or missing data. Landmarks above the consensus sequence show exon boundaries
and the site where autocleavage occurs. gﬁle amino terminal fragment (N domain) is from site 9 to 2(;2 and the carboxyl terminal
fragment is from site 273 to 526 in the consensus sequence. Primary sequence lesions in the open reading frame from PORTER e al.
(1995; Table 1) are shown with bold letters beneath E}lle D. melanogaster sequence, and the stop codon mutations reported in LEE et al.
(1994) are shown with bold-italics. Regions C1 and C2 in the C domain are from 273 to 348 and from 418 to 456, respectively.
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% Human Sonic
. _% Mouse Sonic
0.05 100 Sl Rg Vih-1

10 Chicken Sonic
2l Frog Sonic / Vhh-1
A97 68 Zebrafish Sonic / Vhh-1
B .
% 99— Human | Indian
rem it 100
A Mouse Indian
Mouse | Desert

| D. melanog
;—-D. hydei

FiGure 2. —Evolutionary relationships of genes of the kedge-
hog family. The NJ method based on d-distance with the com-
plete-deletion option in MEGA (KUMAR et al. 1993) program
was used. Only N and C domains sequences (96~526) were
used. Results from the interior branch length test (confidence
probability that a branch length is significantly different from
0) are shown above the corresponding branches, and the
numbers to the right of each fork represent the percentage
of the bootstrap replicates that support the branch. The scale
bar has the units of number of amino acid replacements per
site. In the maximum parsimony branch-and-bound analysis,
a single most parsimonious tree was recovered, which was
identical in topology to the NJ tree.

Indian, and Desert. Shhand Vhk-1form a cohesive group,
and the vertebrate relationships within this group are
identical to what is known from the fossil record and
other molecular evidence. The two Ihh sequences are
more closely related to Shh/ Vhh-1 than to either mouse
Dhh or Drosophila ik sequences. The inferred phyloge-
netic relationships among different Drosophila hedgehog
homologues are statistically supported in the interior-
branch test at 95% confidence level. However, some of
these groupings are only moderately supported in the
bootstrap analysis because the bootstrap is known to be
a conservative test (e.g., SITNIKOVA et al. 1995). Phyloge-
netic analyses using data from the N and C domains
independently also indicated that all Shh and Vih-1
genes form a monophyletic group and that Dhh is a
sister group to the cluster of Shh and Ihh genes.

The close relationship of the mouse Skh and the rat
Vhh-1 and the conspicuous absence of the human and
mouse Vhh-I sequences in the literature may indicate
that Shh and Vhh-1 are not distinct genes in mammals.
As mentioned earlier, reported Skh and Vhh-I se-
quences of X. laevis are almost identical. If these genes
are indeed distinct in X. laevis, it is likely that they have
arisen from a recent genome duplication which re-
sulted in the tetraploidization of the X. laevis genome
(e.g., BISBEE et al. 1977). In this case, one of the copies
may have been inactivated (or diversified in function)
because of a nonsense mutation in the position 313.
Thus, we refer to Shh and Vhh-1 genes as Shh.

The evolutionary relationships of the Ak family genes
indicate that the three vertebrate homologs of Drosoph-
ila kh arose by two gene duplications: the first duplica-
tion event gave rise to Desert hh and the second pro-
duced Indian and Sonic hh. Because both of the hh gene
duplications occurred before the emergence of verte-
brates (Figure 2), we expect to find the three hh genes

in all vertebrates as in mouse. KRAUSS ¢t al. (1993) am-
plified three different fragments from zebrafish geno-
mic DNA. One of these was shown to correspond to
Shh and the other two were named hh[a] and hh{b].
In our phylogenetic analyses, zebrafish hhb appeared
to be more similar to the human and mouse Ihh than
to others; and, hha appears to be a homologue of
mouse Dhh. However, these results are not supported
with high statistical confidence that may be due to their
short sequence length. RIDDLE et al. (1993) sequenced
Shhin chicken and detected two other ‘‘unique’” bands
with Akspecific probes, suggesting that chicken may
have three different hh genes. CHANG e al. (1994) re-
ported detecting five clones each for frog (X. laevis)
and zebrafish (B. rerio), but did not indicate how many
were distinct at the nucleotide sequence level.

After this manuscript was submitted, EKKER et al.
(1995) reported the isolation of four X. laevis hh genes:
sonic hh (X-shh), banded hh (X-bhh), cephalic hh (X-chh),
and hh4 (X-hh4). Based on sequence similarity, they
suggested that X-shh and X-bhh are closely related to the
Sonic and Indian hh, respectively, and that X-chh and X-
hh4 are most similar to the mouse Desert hh. Our phylo-
genetic analyses confirmed their suggestions (results
not shown). In agreement with our initial speculation
that the recent genome duplication in X. laevis may
be responsible for the presence of two homologs of
vertebrate Sonic hh in X. laevis, EKKER el al. suggested
that the X-chh and X-hh4 have been produced by a re-
cent genome duplication in X. laevis. In our phyloge-
netic analyses, X-chhand X-hh4 were closer to each other
than either is to Skh or [hh of other vertebrates.

If Desert, Indian, and Sonic hh are indeed specific to
vertebrates, we expect that diverse coelomic inverte-
brates including proterostomes (e.g., arthropods and
annelids) and deuterostomes (e.g., echinoderms) will
carry only one hh gene. Genomic library screenings of
Drosophila (an arthropod), leech (an annelid), and sea
urchin (an echinoderm) have suggested the presence
of only one hh gene (e.g., KRAUSS ef al. 1993; CHANG el
al. 1994).

Variability in amino- and carboxyl-terminal domains:
The alignment given in Figure 1 clearly shows that the
amino acid sequences of the N domain are highly con-
served. This is reflected in large differences in the rates
of amino acid substitution between the N and C do-
mains (Figure 3). The signal peptide is highly variable
in its amino terminal, but is well conserved near the
start of the first exon. High amino acid sequence simi-
larity (low evolutionary rates) are also observed near
other exon boundaries. In Skh, the average rate of
amino acid substitution in the N domain is fourfold
lower than that in the C-domain (Figure 3A). An analy-
sis of Shh, Dhh, and Drosophila hh shows a 2.5 times
lower rate of evolution in the N domain than in the C
domain (Figure 3B). A nice correlation exists between
the variability profiles given in Figure 3, A and B, which
suggests that the evolutionary constraints on ditferent
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A) .
51 Sonic
C1 Cc2
4 e
£ FIGURE 3.—The number of
% 3 amino acid replacements per site
g autocleavage (A) in only Shh genes and (B) in
g, all hh genes except Ihh, which was
- excluded because the sequence of
= he fi ilabl
1 the first exon was not available at
the time of the analysis. The rate
0 of amino acid substitution at each
0 50 100 150 200 250 300 400 450 500 site were determined by the maxi-
Jikelihood
ExonI Exon II Exon III mum llk(:;tllhoo approach and
the moving average in segments
B) of length 5 were plotted at the

41 Sonic, Desert, Drosophila hh

34

Evolutionary rate
(]

0 50 100 150 200 250 300

regions of the hh gene have not varied considerably in
the long evolutionary history of vertebrates (>500
mya). Experimental evidence for the similarity of devel-
opmental functions of Sk in vertebrates and the Dro-
sophila ki gene is now accumulating (KRAUSS et al.
1993; INGHAM 1994, SMITH 1994; JOHNSON and TABIN
1995).

DISCUSSION

Age of hedgehog gene duplications: By using the ik
protein sequence data, approximate times of the two
gene duplications that can be estimated provided that
the evolutionary rates in the lineages leading from
ancestral nodes A and B have remained the same (Fig-
ure 3). In statistical tests, existence of the molecular
clock was not rejected at 5% significance level at these
nodes (TAKEZAKI et al. 1995). That is, even though
the rates of amino acid replacements vary among sites
because of functional constraints, the rates of evolu-
tion have remained constant among lineages leading to
the extant sequences of Skh, Ihh, and Dhh genes. Thus,
the times of two gene duplications (7, and T3) can be
estimated. The average d-distance between the am-
phibian X. laevis and mammals is 0.251. Thus, the rate
of evolution is 3.59 X 107" substitutions per site per
million year (0.251/700). The average d-distance be-
tween the mouse and human 7/ik and all vertebrate
Shh is 0.404. Thus, Indian and Sonic hh diverged 563
mya. Similarly, the average d-distance between the
mouse Dhh and the [hh and Shh is 0.475, which trans-
lates to 662 mya (Figure 4).

Clearly, both A4k gene duplications preceded the evo-
lution of vertebrates (Figure 2) and possibly occurred
before the emergence of chordates (570 mya) (HAR-

center of each segment (see text
for details). Sites are numbered
following the consensus sequence
in Figure 1. Regions with exten-
sive alignment gaps or missing
data are marked as indel regions.
Various landmarks shown in Fig-
ure 1 are also marked.

400 450 500

LAND et al. 1990; BENTON 1993). If the gene duplication
that produced Indian and Sonic hi occurred after the
split of vertebrates from other chordates, we expect
to find Desert and Soniclike hh genes in the primitive
chordate lineages (tunicates and cephalochordates).
The likelihood of finding Sonic kh in all chordates is
rather high because the notochord is a unique feature
of chordates and the expression of Skh in the notochord
appears to be critical for inducing neural tube forma-
tion at least in vertebrates (MARTI et al. 1995). Of all
complete or partial kk sequences available, sea urchin
(an echinoderm) is most closely related to vertebrates
and appears to carry only one ki gene (CHANG et al.
1994). The evolutionary relationships of this partial sea
urchin hk gene were uncertain in our evolutionary anal-

]

Dhh  Ihh Shh

t— 350 mya

Drosophila  Desert Indian
hh hh hh

Sonic hh

FIGURE 4.—Model for the evolution of the hedgehog gene
family. The approximate times of the gene duplication events
at nodes A and B in Figure 2 were computed by equation (4).
The standard errors of the estimates of T, and Ty are of the
order of 100 mya.
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yses; however, it appear to be closely related to mouse
Dhh and Drosophila hh genes. The knowledge of the
number of k4 genes and their primary sequences in
early diverging chordate lineages and closely related
deuterostomes may provide new insights into the role
of hh genes in the evolution of the chordates and verte-
brates.

The divergence of triploblasts was rapid and the rela-
tive branching order of major triploblastic lineages has
been difficult to establish (ConwAy MORRIS 1993). How-
ever, it is clear that deuterostomes (e.g., chordates and
echinoderms) and proterostomes (e.g., arthropods and
annelids) constitute two major lineages of coelomate
triploblasts that diverged earlier than 600 mya (CONwAY
Morris 1993). The time for the first 44 gene duplica-
tion provides a lower bound of 662 mya on the age of
hh gene family. This lower bound suggests that the ik
gene most likely evolved prior to the proterostome-
deuterostome split. However, CHANG et al. (1994) failed
to detect any hh homologs in a pseudocoelomate
triploblast (Caenorhabditis elegans). Evolutionary analy-
ses of the 18S small subunit ribosomal RNA and RNA
polymerase II have suggested that the nematodes (e.g.,
C. elegans) may constitute one of the basal triploblastic
lineages (SIDOW and THOMAS 1994; WINNEPENNINCKX
et al. 1995). Thus, it is possible that the kk gene family
evolved after the divergence of nematodes from other
triploblasts. However, the hh gene may be present in
nematodes or may have been lost independently, and
the origin of hedgehog gene family may have predated
the evolution of all triploblasts. By using the estimate
of r previously obtained and assuming that the amino
acid sequences of hk genes have evolved in a clock-
like fashion throughout the evolutionary history of 4k
genes, we obtain a tentative estimate of 900 mya for
the age of the common ancestor of Drosophila and
vertebrate ki genes. This estimate is similar to that ob-
tained by NEWFELD and GELBART (1995) in the compari-
son of intercellular signaling molecules of the TGF3
super-family from human and Drosophila, which sug-
gests that the A4 gene may have evolved at the same
time as some other intercellular signaling molecules.
However, this estimate of time for the origin of 4k genes
is not reliable because the constancy of molecular clock
could not be tested at the root of the tree in Figure 2
due to the absence of an outgroup sequence.

Conserved features of the hedgehog proteins: The hh
protein is characterized by the presence of a signal se-
quence near the amino-terminal (except in the Dro-
sophila Ak protein, which has an internal signal se-
quence) and a highly conserved autocleavage site that
splits the hh protein into the N and C domains. The
evolutionary conservation of the primary sequence of
the N domain, including the carboxyl end of the signal
peptide, correlates well with the functional significance
of this domain in the Ak signaling activity (Figure 3).
The zebrafish and mouse Skh genes were shown to func-
tion in a similar manner as fruit fly k4 to induce gene
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FiGURE 5.—The average frequency of different amino acid
replacements for (A) the N domain (96-272 in consensus)
and (B) the C1 and C2 domains (273-348, 418-456). Ances-
tral states were inferred by using the MacClade program
(MADDISON and MADDISON 1992). The diameter of the largest
circle in A is proportional to nine changes, and other circles
in A and B are scaled in diameter proportionally.

expression in Drosophila embryos (KRAUSS ef al. 1993;
CHANG et al. 1994), suggesting that not only the hkh
activity, but also the h# signaling pathway has been con-
served in evolution. Furthermore, various primary se-
quence lesions identified in the open reading frames
of hh mutant alleles are mapped to amino acid positions
that have remained invariant in the k4 gene family for
=500 million years. This points to the similarity of func-
tional constraints on these sites (and corresponding
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domains) in the Drosophila A4 and its vertebrate homo-
logs (Figures 1 and 3).

In the C domain, several regions have undergone
extensive insertion-deletions in the course of evolution,
yet it maintains its autocleavage activity. These inser-
tion-deletion events have not only occurred among dif-
ferent hh genes, but also in Skh genes in different verte-
brate lineages. Interspersed among these regions are
two fragments that appear to have evolved with lower
rates of amino acid replacement and contain only a few
alignment gaps: C1: 273-348 and C2: 418—-456 (Figures
1 and 3). It is possible that the autocleavage activity of
the C domain has been conserved through the C1 and
C2 regions. Indeed, replacement of the Cys residue with
Ala at the start of the Cl-domain (site 273 in the consen-
sus) prevents proteolysis and diminishes kA activity and
a short sequence (342-345) with limited similarity to
the catalytic site of serine proteases is crucial for au-
tocleavage activity (LEE et al. 1994; PORTER et al. 1995).

Because the N domain and the Cl- and C2-domains
are evolutionarily conserved and crucial for cellular sig-
naling activities, we examined the relative frequency of
the amino acid replacements that have been permitted
in these domains during the course of evolutionary
change. Figure 5 shows the average frequency of amino
acid changes between different residues in the N do-
main and in the Cl and C2 domains. Arg < Lys and
Ala < Ser changes occur most frequently in the N do-
main, whereas Leu < Val, Leu « Ile, and Asp < Glu
changes are abundant in the C1 and C2 domains in
addition to Arg < Lys and Ala < Ser changes. Of these,
only Ala © Ser changes are radical amino acid replace-
ments. The primary sequence mutations in the N and
C domains that disrupt the function of the kh genes in
the laboratory studies appear to occur with rather low
frequency naturally (Figure 1), and, thus, rarely toler-
ated in the evolution of #h genes. It would be interesting
to examine correlations between the inferred frequency
of amino acid replacements (Figure 5) and those ob-
served in the mutagenesis experiments. However,
amino acid mutations that do not alter the phenotype
of the organism in the laboratory are generally not re-
ported. If such data were available, we could study the
evolutionary and functional relationships of the in-
ferred and laboratory mutagenesis amino acid replace-
ments at different sites.

Although structurally similar, it is not clear how Dhk
and fhh may be functionally related to Skhi. Based on
their structural conservation, it is likely that they act in
a similar fashion as Shh. Ihh and Dhh proteins are ex-
pected to be processed like Skh, including signal se-
quence and autoproteolytic cleavages. The structure of
a putative receptor that is recognized by the N domain
may also exhibit conserved features. However, Ihh and
Dhh may show distinct expression profiles that may re-
flect their distinct roles in development. After the sub-
mission of this manuscript, LAI e al. (1995) have shown
that the N domain in X-shh is critical in cellular signal-
ing. Furthermore, EKKER et al. (1995) have reported dis-

tinct patterns of expressions of X-shh (Shh homologue),
X-bhh (Ihh homologue) and X-chh (Dhh homologue),
which provide support for some of our speculations.
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