Evolution of Sp Transcription Factors
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The Sp family of transcription factors binds GC-rich DNA sequences. The ubiquitously expressed Spl and Sp3
have been well characterized in mammals. Presented here is the characterization of the only Sp protein expressed
in the liver or heart tissue of the teleost fish Fundulus heteroclitus. This protein, fSp3, is most similar to and
homologous with mammalian Sp3 proteins. The evolution of the Sp transcription family is described, with Sp1 and
Sp3 representing the most recent duplication of the Sp family. Sp4 appears to be the most ancestral member. Spl,
Sp3, and Sp4 form a monophyletic group without Sp2. Sp2 is the least smilar of the Sp family and is more similar
to the non-Sp transcription factors. These results suggest that Sp2 should not be considered a member of the Sp
family. Only two domains (zinc fingers and B domain) share similarity outside the Sp family. The zinc fingers are
homologous to other GC-binding domains, yet the B domain is homologous to protein-protein interacting domains
in the CCAAT-binding/NF-Y transcription factor families. These results suggest that these different domains have

different evolutionary histories.

Introduction

Transcription is a concerted effort between binding
of transcription factors to specific DNA sequences, gen-
eral transcription factors, and RNA polymerase 11, form-
ing a complex resulting in the initiation of transcription
(Tjian and Maniatis 1994). Proximal promoters (first few
hundred base pairs [bp], 5' to the start of transcription)
typically have a TATA sequence at —30 bp, relative to
the start of transcription. These TATA sequences bind
TFIID, an essential factor for al MRNA transcription
(Roeder 1991). Nonetheless, many promoters lack a
TATA sequence (e.g., approximately 50% of the tran-
scribed genes in Drosophila are without a TATA se-
quence [Arkhipova 1995]). These TATA-less promoters
require Sp-binding sites (consensus sequence; GGGCGG
[Dynan and Tjian 1983]) for significant activity (Aziz-
khan et a. 1993), and the degree of activation from Spl
tends to be stronger in the context of the TATA-less pro-
moters than the TATA-containing promoters (Colgan and
Manley 1995). Activation of the TATA-less promoters by
Spl most likely involves Spl recruitment of TFIID to
TATA-less promoters (Pugh and Tjian 1991; Wiley,
Kraus, and Mertz 1992). Furthermore, in many of these
promoters, Spl binding is intimately involved in the de-
termination of the transcription start site or sites (Jolliff,
Li, and Johnson 1991; Kollmar et a. 1994; Lu et 4.
1994; Boam, Davidson, and Chambon 1995).

The Sp family has four members in humans. Spl,
Sp2, Sp3, and Sp4 (Suske 1999). Of these, Spl was iden-
tified first and is the most well characterized (Dynan and
Tjian 1983). Spl and Sp3 are ubiquitous transcription
factors that have been implicated in the control of awide
variety of genes (Hagen et a. 1994). Spl and Sp3 are
thought to compete for similar binding sites, and the rel-
aive rate of transcription is affected by the outcome of
this competition (Hagen et al. 1992; Hata et a. 1998).
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Sp2 isleast similar to the other Sp family members, with
a 20%—27% protein sequence similarity, and very little
is known about its function (Kingsey and Winoto 1992).
Lastly, Sp4 has tissue-specific expression restricted to the
brain and nervous tissue (Hagen et al. 1992).

The structure of the polypeptides Spl, Sp3, and Sp4
consists of five domains (fig. 1). In Spl, domains A, B,
C, and D form both homotypic and heterotypic protein-
protein interactions. Higher-order structures or multiple
tetramers occur through protein-protein interactions in the
A, B, or D domains (Mastrangelo et al. 1991). These
higher-order structures result in super activation in which
multiple-binding sites have much more transcriptional ac-
tivity than the sum of single sites. Domains A and B are
in the N-terminal half of the protein, which can be further
divided into subdomains containing a serine and threo-
nine-rich areafollowed by a glutamine-rich area. Domain
C contains a highly charged region, which is responsible
for the inhibition of transcription in Sp3 (Dennig, Beato,
and Suske 1996). The DNA-binding domain contains
three zinc fingers that recognize DNA-binding sites
GGGCGG or CACCC with similar binding affinities (Ha-
gen et a. 1992, 1994). Each zinc finger motif is com-
posed of an alpha helix and a beta sheet structure that
tetrahedrally binds a zinc atom. Finally, domain D is lo-
cated at the C-terminus beyond the zinc fingers and forms
protein-protein interactions with other transcription fac-
tors (Ding et a. 1999).

Presented here is a nonmammalian Sp homologue,
fSp3 (teleost fish, Fundulus heteroclitus Sp gene that will
be shown to be homologous to the Sp3 subfamily). The
evolutionary relationships between this protein, fSp3, the
other mammalian Sp proteins, zinc finger proteins, and
nonzinc finger proteins are provided. Different domains
of the Sp proteins are homologous to different families
of transcription factors, indicative of modular evolution.

Materials and Methods
Population Cloning by Reverse Transcription PCR

The origina partial Sp cDNA from Fundulus was
isolated using degenerate primers to amplify Sp genes
from liver cONA. Degenerate primers were made on the
basis of an alignment of human, mouse, and rat Sp pro-
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Fic. 1.—Sp protein with labeled domains. Sp proteins have five
domains: A, B, C, zinc fingers, and D forming a protein that is ap-
proximately 785 amino acids long. The A, B, C, and D, domains form
protein—protein interactions. The zinc fingers recognize and bind GC-
rich DNA sequences.

teins (Spl, Sp2, Sp3, and Sp4). The 5 end primers
were: Spl91f = CATAYCARGTNATHCC and Sp231f
= GGNGCNAAYCARCARAT. The 3’ end primers
were: sp744R = AANCKYTTNCCRCARTA and
sp761R = TTYTCNCCNGTRTGNGT. Numbers refer
to the targeted N-terminal amino acids. Gene-specific
primers along with vector-specific primers were used to
amplify other regions of Sp gene from a killifish F. het-
eroclitus cDNA library (Karchner, Powell, and Hahn
1999). To isolate most of the F. heteroclitus Sp gene
cDNA, poly-A RNA was made from F. heteroclitus liv-
er tissue, reverse transcribed using MMLV reverse tran-
scriptase (Promega), and amplified with gene-specific
primers. PCR products were cloned into pGEM-T easy
vector (Promega).

Alignment and Phylogenetic Construction

Fundulus heteroclitus Sp nucleotide and protein se-
guences were used to search the GenBank database at
the National Center Biological Information. Sequences
matching more than one domain (fig. 1) among Sp fam-
ily proteins were aligned using a Clustal aignment pro-
gram (MacVector). The zinc finger regions of non-Sp
genes with significant similarity (P < 10°'%) were
aligned with Sp zinc finger sequences. For the B do-
mains, non-Sp proteins with significant similarity (P <
10-%) were aligned with Sp B domains. Aligned se-
guences were subjected to a heuristic search for the best
possible trees using the maximum parsimony program
in PAUP (Swofford 2000). Bootstrap (1,000 replicates)
values were obtained from the best tree.

Proteins Used in Analyses
S Family Phylogeny

Proteins used for the Sp phylogenetic anaysis in-
cluded: human Sp3 (Q02447), mouse Sp3 (AF062567),
human Spl (AF252284), mouse Spl (S79832), rat Spl
(S25287), pig Spl (U57347), human Sp4 (NP-003103),
mouse Sp4 (NP-0033265), and human Sp2 (Q02086).

B Domain Phylogeny

Proteins used for the phylogenetic analysis of the
B domain included the Sp proteins (listed above) human
OCT-1 (A47001), nuclear transcription factor Y
(AAHO05003), POU-domain class 2 transcription factor
(NP-035267), histone H1 transcription factor (A56365),
transcription factor NFY-C (AF191744), and CCAAT-
binding transcription factor (159348).
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Zinc Finger Phylogeny

Zinc fingers used for the phylogenetic analysis in-
cluded the Sp proteins, Drosophila buttonhead
(Q24266), human BTEB1 transcription factor (Q13886),
rat BTEB1 (Q01713), human BTEB2 (Q13887), human
erythroid KLF1 (Q13351), mouse EKLF1 (P46099), hu-
man EKLF4 (043474), mouse EKLF4 (Q60793), hu-
man ubiquitous KLF7 (O75840), human WILMS' Tu-
mor protein (P19544), aligator WT1 (P50902), rat WT1
(P49952), mouse WT1 (P22561), human ZNF74
(Q16587), human ZF9 (Q99612), mouse ZF9 (035819),
mouse AP-2 rep transcription factor (Y 14295), human
TIEG1 (NP-005646), rat TIEG1 (U78875), human
TIEG2 (NP-003588), Drosophila Sp (AAF46519), and
mouse Sp5 (NP-071880).

Results

cDNA was made from F. heteroclitus liver mRNA.
Degenerate primers for conserved amino acids among
all members of the Sp family were made, used to am-
plify the liver cDNA, and these products were cloned.
Six clones were sequenced. All six were most similar to
Sp3: 48% amino acid identity to human Sp3 protein
versus 32% to human Spl. Thus, this gene was tenta-
tively named fSp3 (Fundulus Sp3). The rest of the fSp3
was isolated using fSp3-specific primers with linker
primers ligated onto the 5" end of cDNA or with vector-
specific primers (used for heart and liver cDNA librar-
ies). On the basis of the amino acid alignment of Sp
proteins, it appears that none of the members of the Sp3
subfamily (human, mouse, and Fundulus) are of full
length. None of the Sp3 cDNAs have the initiation co-
don methionine. All are approximately 50 amino acids
shorter than Spl or Sp4. Additionally, all methods to
isolate the 5’ end of both the human and F. heteroclitus
cDNAs resulted in a truncated product: the 5" end in an
open reading frame, lacking an initiation codon (methi-
onine), and lacking a 5° UTR. Genomic sequence re-
veals an intron >10 kbp, with no identifiable 5" exon.
These results are similar to the attempts made at other
laboratories to isolate the 5" end of Sp3 cDNA (Kingsley
and Winoto 1992; Kennett, Udvadia, and Horowitz
1997).

Only a single Sp, Sp3, was found in the Fundulus
liver and cardiac tissue. All six PCR products using
primers to conserved regions among Spl, Sp2, Sp3, and
Sp4 were fSp3. The sequence variations among these
six PCR products are within the range of sequence var-
iations found among 14 different Fundulus Sp alleles
(unpublished data). Amplification with Spl-specific
primers did not result in any product. No other Sp
cDNAs were isolated among greater than 6,000 cardiac
cDNAs from F. heteroclitus (Oleksiak, Kolell, and
Crawford 2001). Northern analysis on the liver and car-
diac mMRNA reveded a single product with an Sp3
probe. Southern analysis with human Spl probe did not
hybridize to Fundulus genomic DNA. In Western anal-
yses and gel shift analyses, Sp3-specific, but not Spl-
specific, antibodies cross-reacted with proteins in Fun-
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Fic. 2—Unrooted phylogeny among Sp family. The entire pro-
tein sequences of Sp proteins were aligned and subjected to maximum
parsimony analysis.

dulus nuclear extract (data not shown). Thus, unlike
mammals, there is only one ubiquitously expressed Sp.

The fSp3 protein sequence was aligned with Spl,
Sp2, Sp3, and Sp4 protein sequences from human,
mouse, and rat. These are the only genesin the GenBank
that are similar to more than one Sp domain. The Sp
proteins were subjected to maximum parsimony analysis
(fig. 2). Each of the three of the Sp subtypes (Sp1, Sp3,
Sp4) is supported by 100% bootstrap values (1,000 rep-
licates). The F. heteroclitus Sp protein groups with the
mammalian Sp3 proteins, supporting the hypothesis that
this transcription factor is an Sp3 gene.

The evolutionary relationships of the protein do-
mains (fig. 1) within the Sp family were examined.
These domains were identified in human Sp3 and Spl
(Pascal and Tjian 1991; Gill et al. 1994) and used to
define regions in fSp3. The fSp3 domain A consists of
amino acids 1-202, domain B of amino acids 203387,
domain C of amino acids 388-479, the zinc finger of
amino acids 480-574, and domain D of amino acids
575-624. All five fSp3 domains were used to search the
GenBank database. Only the zinc finger and domain B
had significant similarities to non-Sp proteins in the
database.

The three contiguous fSp3 zinc fingers were used
in a BLAST similarity search of the GenBank database.
Proteins with significant similarity (P < 10-14) to the
zinc finger were aligned using CLUSTAL. Maximum
parsimony analyses (PAUR fig. 3) was applied to these
zinc finger proteins using the invertebrate Drosophila Sp
buttonhead protein as the outgroup. There were 208
minimum trees. The consensus tree (fig. 3) of these 208
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Fic. 3.—Zinc finger phylogeny. Evolutionary relationship among
zinc finger proteins (consensus of 208 shortest trees). Overal tree is
significant (P < 0.01, PTP). All proteins in GenBank with significant
similarity to fSp3 zinc fingers were used in maximum parsimony anal-
yses. Numbers above branches are bootstrap values >50% for 1,000
replicates. A smaller case letter before the gene name denotes the or-
ganism: a, aligator; d, Drosophila; f, Fundulus heteroclitus; h, human;
m, mouse; I, rat; X, Xenopus laevis.

trees has a significant phylogenetic signal (P < 0.001,
permutation tail probability [PTP] test [Faith and Cran-
ston 1991]). That is, maximum parsimony analysis was
applied to each if the 1,000 random permutations of the
zinc finger proteins, and these analyses of the random-
ized data sets never produced as short a tree (280 char-
acters). The shortest random permutated tree had 615
characters. The zinc fingers from F. heteroclitus groups
with the mammalian Sp3 proteins, supporting the hy-
pothesis that this transcription factor is an Sp3 gene.
Similarly, Spl and Sp4 each form separate clades within
the Sp zinc finger family. Among zinc finger regions,
Spl, Sp3, and Sp4 form a monophyletic group (figs. 3
and 4). This group never includes Sp2 among the 208
minimum trees. Sp2 shares only 8 of the 16 unique,
derived amino acids (fig. 4). Although the bootstrap val-
ue for monophyletic Spl, Sp3, and Sp4 is not >50%,
fewer than 10% of bootstrap trees included Sp2 with the
other Sp proteins. The T-PTP test (topology-dependent
permutation tail probability [Faith 1991]), with the con-
straints that Spl, Sp3, and Sp4 are monophyletic and
Sp2 is monophyletic with the other zinc fingers, is sig-
nificant (P < 0.01, T-PTP). Finally, the trees that are
constrained so that Sp2 groups with the other Sp pro-
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33 proteins, identical or nearly identical amino acids (lower case letters,

shared by 31 of the 33 zinc finger proteins) are displayed next to ALL. Sites that have only two conserved amino acids are shown as a ratio,
and bold letters are amino acids that are proposed to interact with DNA in Spl (Narayan, Kriwacki, and Caradonna 1997). Sps lists amino acids
that are unique, derived amino acids for Spl, Sp3, and Sp4 versus the other major clades (i.e., ignoring dSp, Buttonhead, and Sp2). Unique,
derived amino acids within each subfamily of Sp proteins are listed next to each group. The amino acids for Sp2 that are in a variable region
are listed next to Sp2. Derived Sp amino acids that are not shared with Sp2 are underlined.

teins are four steps longer than the tree with Sp2 ex-
cluded. This analysis supports the observation (fig. 3)
that Sp2 groups are outside the Sp family of transcrip-
tion factors. Sp2 and the newly identified Sp5 (Harrison
et al. 2000) have considerably less sequence similarity
with other Sp family members (i.e, 27% and 20%, re-
spectively). The zinc finger data suggest that Sp2 and
Sp5 proteins represent the most divergent proteins of the
Sp family and may not be members of the Sp family.
The zinc finger domain of Fundulus was 99% iden-
tical to human Sp3 with only one amino acid change, a
fish serine to mammalian proline. The amino acids for
zinc fingersin the Sp family, and all significantly similar
proteins, are depicted in figure 4. Notice, these amino
acids are for the three contiguous zinc fingers found
among all the 33 proteins (fig. 3) and are similar to the
conserved amino acids found within and between the
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FiG. 5.—Evolutionary relationship for B domain. The B domain
(aa203-387) from Sp proteins and proteins with significant similarity
were aligned with Clustal and analyzed using maximum parsimony.
Bootstrap values >50% from 1,000 replicates are listed above branch-
es. Protein sequences represent three major families: (1) CCAAT-bind-
ing/nuclear transcription factor Y family, (2) POU domain/octamer 1
transcription factor family, and (3) Sp transcription factor family.

zinc finger proteins: (FYH)XCxXy_4CXgFXsLX,HX3HXs
(where bold letters are metal-binding residues [Narayan,
Kriwacki, and Caradonna 1997]). Among the triplicate
zinc finger proteins used in this analysis (ALL, fig. 4),
32 of 87 amino acids are invariant, and an additional 18
positions possess only one of the two amino acids. Thus,
50 of 87 amino acids are invariant or virtually invariant.
These proteins not only have conserved amino acids but
also share function by binding to GC-rich sequences.

The phylogenetic analysis of the B domain includ-
ed four nonzinc finger proteins (fig. 5). POU domain
transcription factor was used as an outgroup because it
had the lowest similarity score to fSp3. This analysis
produced three minimum trees. The strict consensus had
two major clades: one for the Sp family and the other
for Sp2 and CCAAT-binding/NF-Y transcription factor
families. This tree is well supported (P < 0.01, PTP),
and the bootstrap values for these two clades are >75%.
Spl, Sp3, and Sp4 form a monophyletic group that does
not include Sp2. Forced topology in which Sp2 is
grouped with the other Sps is six steps longer than the
topology of Sps without Sp2.

Within the Sp family, the phylogeny of domains A
and C are topologically similar to the zinc finger domain
and whole-protein phylogeny (fig. 6). These data indi-
cate that Spl and Sp3 are more closely related and sug-
gest that they arose by duplication from Sp4 (figs. 3 and
6).

Unlike whole protein or the other three domains,
for both the B and D domains (figs. 5 and 6), there is

Domain A Domain C Domain D
SP3 SP3
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FiG. 6.—Evolutionary relationships for different domains within
the Sp family. The three domains (A, C, and D) are listed above the
trees. Domain A is composed of amino acids 1-202, domain C is
composed of amino acids 388—-479, and domain D is composed of
amino acids 575-624. Maximum parsimony analyses were done using
PAUP (Version 4.0b8). Numbers above branches are bootstrap values
>50% for 1,000 replicates.
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little resolution among members of the Sp subfamilies.
This is not because of alack of derived characters: the
D domain tree has 20 informative characters and the B
domain has 75. However, the difference in topology be-
tween the B and D domains versus the other domainsis
not supported by partition homogeneity test (P > 25;
1,000 replicate, PAUP). Partition homogeneity is based
on the observed incongruent tree length difference re-
sulting from combining the data matrices. Thus, because
the B and D domains lack resolution among Sp subfam-
ilies, it is not surprising that these two domains do not
provide significant heterogeneity. Findly, for the B do-
main, unlike all other domains, fSp3 shares more de-
rived characters with the mammalian Sp4.

Discussion
Fundulus Sp3

Four members of the Sp transcription family have
been characterized in mammals (Spl, Sp2, Sp3, and
Sp4). The Fundulus Sp protein (fSp3) is most similar
to, and shares the most derived characters with, other
Sp3 proteins (figs. 2—4 and 6). The phylogenetic rela-
tionship between Spl and Sp3 suggests that they arose
by duplication from Sp4 (figs. 3 and 6). In mammals,
Spl and Sp3 are ubiquitously expressed and can have
antagonistic effects (Hata et al. 1998; Suske 1999).
Thus, one might expect to find several Sp subtypes in
the teleost. However, Fundulus Sp3 was the only Sp
gene expressed in the liver or cardiac tissue (see Re-
sults). This could be because of a more restrictive pat-
tern of expression for the other Sp genes (Spl and Sp4).
Sp4 has been shown to be restricted to the brain and
nervous tissue in mammals. However, Spl is thought to
be ubiquitous. For the teleost fish, Spl may have a strict-
ly developmental role or may be tissue restricted. Thus,
Sp3 may serve as the only ubiquitous Sp factor in
teleosts.

In the B domain, unlike al other domains, fSp3
does not group with the mammalian Sp3s (fig. 5). In-
stead, fSP3 clades with the more ancestral Sp4. The
grouping of fSp3 with Sp4 may reflect a difference be-
tween mammals and teleosts in the pattern of Sp ex-
pression. The B domain interacts with the essentia tran-
scription factor TFIID (TATA-binding factor) via
hTAF130. Among TATA-less promoters, Sp-binding
sites (consensus sequence: GGGCGG; [Dynan and Tjian
1983]) are required for significant activity (Azizkhan et
al. 1993), and the degree of activation from Sp tends to
be stronger in the context of TATA-less promoters than
TATA-containing promoters (Colgan and Manley 1995).
In mammalss, both Sp1 and Sp3 are most often expressed
together and are often antagonistic (Hagen et a. 1992;
Hata et al. 1998). Thus, anong mammals, because both
Spl and Sp3 are affecting transcription via the interac-
tion of the B domain with TFIID, selection may favor
divergence among B domains. However, in Fundulus
there is only one Sp, fSp3, which is expressed ubiqui-
tously. This expression pattern could cause selection to
maintain a more general or ancestral function, and thus
the fSp3 B domain would lack the derived characters

found in the rest of the protein. This idea is supported
by the lack of polymorphism in the B domains among
Fundulus populations (unpublished data). If the differ-
ence in the phylogeny of the B domains versus the other
domains is in response to the pattern of expression for
Spl, it suggests that this domain plays an important role
in defining the different roles of Sp3 and Spl.

Sp Family

Among Sp proteins, only Spl, Sp3, and Sp4 have
al five SP domains (fig. 1). Sp2 has four of the five
domains. Other proteins with Sp nomenclature (e.g.,
dSp, mSp5) have only one of these domains—the three
consecutive zinc finger domains. The functions of Sp
proteins are to bind GC-rich DNA and interact with
TAFs aswell as other proteins. The four protein—protein
interactive domains as well as the zinc fingers define
these functions. If one defines Sp proteins by their func-
tions, then the other proteins which lack all the five do-
mains will not be functionally similar. These functional
relationships are a reflection of their evolutionary
history.

In the evolutionary analyses in which other tran-
scription factors can be aligned with Sp proteins (figs.
3 and 5), Sp2 does not group with other Sp transcription
factors. Using the DNA-binding zinc fingers (Nardelli
et a. 1991; Pavletich and Pabo 1991), Sp2 does not
form a monophyletic group with other Sp proteins (fig.
3). In the B domain, the Sp2 groups with CCAAT/NF-
Y transcription factors, not with the other Sp proteins
(fig. 5). For Spl, Sp3, and Sp4 proteins, the B domains
form a monophyletic group. These data suggest that Sp2
is not a member of the Sp family.

The zinc finger proteins used in this analysis (fig.
3) have three consecutive zinc fingers (Cx,_,CXsFXs
Lx,Hx3HXs, where bold letters are metal-binding resi-
dues [Narayan, Kriwacki, and Caradonna 1997]). Most
of the amino acids (50 of 87) are invariant or have only
one aternative amino acid (ALL, fig. 4). Of the remain-
ing 37 amino acids, 16 derived amino acids distinguish
al Spl, Sp3, and Sp4 proteins from the other major
clades of similar zinc finger proteins (Sps, fig. 4). Sp2
shares only 8 of the 16 derived amino acids. Thirteen
amino acids vary among Spl, Sp3, and Sp4 (fig. 4). The
most interesting variable site is amino acid 81, one of
the amino acids that interact with DNA (Narayan, Kri-
wacki, and Caradonna 1997). For this interactive site,
al the Sps have a serine or adanine: Sp3s have an ala-
nine, Sp4 and Spl have a serine. The threonine found
in Sp2 is found in several other zinc fingers. It seems
likely that these amino acids could affect the Sp binding
to DNA.

These data (the presence of all the five domains,
the evolutionary relationship of the whole protein or the
Sp domains, and the derived amino acids in zinc fingers)
al indicate that Sp1, Sp3, and Sp4 form a monophyletic
group and thus describe members of the Sp family. The
observation that other proteins have similar zinc fingers
(e.g., dSp or mSp5) or B domains (e.g.,, CCAAT/NF-Y-



binding proteins) should not necessarily alow them to
be classified as Sp proteins.

Modular Evolution

The Sp family is often grouped with other proteins
that contain zinc fingers. The zinc finger tree shows (fig.
3) that Sp transcription factors can be grouped with a
myriad of transcription factors that (1) contain three zinc
fingers and (2) bind GC-rich templates. The zinc fingers
share homology with several proteins, including Krup-
pel factors. Although these proteins share an ability to
bind to GC-rich sequences, this does not adequately de-
scribe the evolution or homology of the Sp transcription
factors. Instead, it may represent the evolution of that
single domain. In contrast to the zinc fingers, the B do-
main suggests a different phylogeny: Sp, CCAAT/NF—
Y-binding proteins, and POU/OCT1 transcription factors
that bind to different promoter sequences. The signifi-
cant similarity (P < 10-4) of the B domains and the
apparent homology among the B domains (fig. 5) for
these proteins suggest that these proteins may be
grouped based on protein—protein interactions much like
grouping proteins based on the zinc finger DNA-binding
region.

The diverse B domains (fig. 5) have a conserved
function; they bind to the same TAFs (TFIID associated
factors [Coustry et al. 1998; Wolstein et al. 2000]). Ad-
ditionally this function is phylogenetically conserved.
The B domain of hSpl binds both the human TAF130
(Tanese et al. 1996; Rojo-Niersbach, Furukawa, and Ta-
nese 1999) and its Drosophila homologue dTAF110
(Gill et a. 1994). This occurs even though Drosophila
lacks an Sp protein (Pugh and Tjian 1990). Similarly,
OCT1 and CCAAT-binding factors have been shown to
bind both hTAF130 and dTAF110 (Coustry et a. 1998;
Wolstein et al. 2000). The observation that the homol-
ogous B domain proteins interact with TFIID subunits
in phylogenetically distant species appears to reflect a
more ancestral state than the homology among Sp fam-
ily members. This functional similarity among different
families of transcription factors either causes the simi-
larity in the B domain’s amino acid sequence (conver-
gent evolution) or these transcription factors have
evolved from different domains or modules, so that the
B domain enjoys a separate evolutionary history from
the zinc fingers.

Modular evolution occurs when protein domains
are created by gene duplication followed by domain
shuffling to evolve novel transcription factors. Modular
evolution is thought to contribute to the evolution of the
basic helix—oop—helix transcription factor family (Mor-
genstern and Atchley 1999). For modular evolution to
occur, the expectation would be that these individual
domains would have different ancestry. This appears to
be true for the Sp family: zinc fingers and the B domains
are related to different factors (compare figs. 3 and 5).
Consistent with a modular theory of evolution, the B
domain is a different exon from the DNA-binding do-
main (Suske 1999). These data suggest that these do-
mains had different evolutionary histories prior to the
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creation of the Sp family and that the Sp family of tran-
scription factor is a mosaic of different protein modules.

In summary, in Fundulus, the only member of the
Sp family to be widely expressed is homologous to the
Sp3 subtype. Among the Sp transcription factors, only
Spl, Sp3, and Sp4 form a monophyletic group. Yet the
domains of these Sp proteins have different evolutionary
histories: the zinc fingers to GC-binding proteins and B
domain to TAF-binding proteins. These data suggest
that for these three members, the ancestral form was
formed by mosaic evolution: the assortment of different
domains to form a new functional protein.
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