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COMMENTARY

The DNA-binding homeo domain of the

Oct-2 protein

The specific interactions of a ubiquitous nuclear factor
Oct-1 (also called OTF-1, NF-Al, NFIII, or OBP100) and
of a lymphocyte-specific cellular protein Oct-2 (also
called OTF-2 or NF-A2) with the regulatory octamer
DNA clement ATGCAAAT have been characterized ex-
tensively (Landolfi et al. 1986; Singh et al. 1986; Sive
and Roeder 1986; Staudt et al. 1986; Bohmann et al.
1987; Eaton and Calame 1987; Fletcher et al. 1987;
Scheidereit et al. 1987, Sturm et al. 1987). The octamer
element is found in a large number of promoters and en-
hancers that are served by either RNA polymerase II or
RNA polymerase 111 (Falkner and Zachau 1984; Parslow
et al. 1984, for reviews, see Folk 1988 and Sollner-Webb
1988), and it has been shown to be a functional tran-
scription regulatory element by deletion analysis of im-
munoglobulin promoters (Bergman et al. 1984; Mason et
al. 1985). Mutagenesis experiments have demonstrated
that the octamer element is responsible for the lym-
phoid-specific activation of immunoglobulin promoters
{(Wirth et al. 1987}, and the B-lymphocyte-specific ex-
pression of Oct-2 has implicated it as a cell-type-specific
trans-activator of these genes (Landolfi et al. 1986;
Staudt et al. 1986; Gerster et al. 1987; Scheidereit et al.
1987; LeBowitz et al. 1988). Recently, we (Clerc et al.
1988; Staudt et al. 1988) and others (M.M. Miiller et al.
1988; Scheidereit et al. 1988) have isolated cDNAs that
encode Oct-2, and have demonstrated by Northern anal-
ysis that mRNAs encoding the cloned protein are re-
stricted to cells of lymphoid origin (Clerc et al. 1988;
M.M. Miiller et al. 1988; Staudt et al. 1988). Further-
more, expression of the Oct-2 ¢DNA in non-B lympho-
cytes activates promoters containing the octamer motif
(M.M. Miller et al. 1988; for review, see Schreiber et al.
1989). Finally, analysis of the Oct-2 predicted amino
acid sequence has revealed a series of conserved se-
quences: a homeo domain (Gehring 1987), a POU box
(Herr et al. 1988), a leucine repeat {Landschultz et al.
1988), and several regions rich in either acidic amino
acids or glutamines (Courey and Tjian 1988; Hope et al.
1988, Ptashne 1988).

The region of the protein that is involved in DNA
binding to the octamer DNA element has been shown to
include a 60-amino-acid segment that is 31% homolo-
gous to the Antennapedia homeo domain (Schneuwly et
al. 1986; Clerc et al. 1988; Ko et al. 1988). The homeo
domain is thought to contain a helix—turn—helix struc-
ture similar to that of bacterial repressor proteins
{Laughon and Scott 1984). We will argue here that this
structural homology can be extended to the tri-a-helical

DNA-binding domain of prokaryotic repressors. This ar-
gument is based on the comparison of conserved amino
acid sequences among homeo domains and several bac-
terial repressors, and on the atomic structure of re-
pressor—operator co-crystals. The implication is that the
entire homeo domain is the DNA-binding domain.

Comparison of Oct-2 with well-characterized
prokaryotic proteins containing helix—turn—helix
structures

The homeo domains, including less conserved versions
such as those found in the yeast mating type (Mat) pro-
teins, show remarkable conservation of hydrophobic
amino acids known to be important in folding and stabi-
lizing the helix—turn—helix structure of prokaryotic re-
pressors (Laughon and Scott 1984; Pabo and Sauer 1984;
Figs. 1 and 2). Computer analyses of homeo domains
also have predicted «-helices in agreement with those
seen in prokaryotic repressors {Buerglin 1988; Scott et al.
1989), and more recent proton nuclear magnetic reso-
nance (NMR) studies on a purified homeo domain from
the Antennapedia protein (Fig. 2) suggest that the
homeo domain includes a helix—turn—helix structure
(Otting et al. 1988). Chou—Fasman computer analysis
predicts a similar structure in Oct-2 (Fig. 2)—not a sur-
prising finding given the high sequence conservation
with other homeo domains.

An alignment of the primary sequence of the homeo
domain of Oct-2 with the DNA-binding domains of
three prokaryotic repressors—the 434 repressor, the A
repressor, and the Escherichia coli trp repressor—is
shown in Figure 1. These prokaryotic domains all have
been shown to include three a-helices; the latter two are
the helix—turn—helix structure (Pabo and Sauer 1984;
Ptashne 1986; Fig. 1) demonstrated in protein crystals by
X-ray crystallography (Pabo and Sauer 1984). Moreover,
the interactions of these domains with their respective
operator sites have been demonstrated in protein : DNA
co-crystals by X-ray crystallography (Aggarwal et al.
1988; Jordan and Pabo 1988; Otwinowski et al. 1988),
and these interactions fit well with predictions from ge-
netic data (Pabo and Sauer 1984). A summary of the
crystallographic findings is presented in Figure 1.

What can we learn from such a summary? At first
glance it is clear that the DNA-binding domain of these
repressors includes at least three a-helices, not just the
helix 2—turn—helix 3 motif (Fig. 1). Moreover, in 434
and \ repressors, there are many amino acids outside of
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Figure 1. Comparison of the structures of DNA-binding domains of prokaryotic repressors with the Oct-2 homeo domain. The
primary amino acid sequences of the trp repressor (Gunsalus and Yanofsky 1980; Otwinowski et al. 1988), \ repressor {Sauer and
Anderegg 1978), and 434 repressor (Kuziel and Tucker 1987) were aligned based on the secondary structure and the position of
conserved hydrophobic amino acids, as has been described {Pabo and Sauer 1984). The alignment of the Oct-2 was based on the
previous alignment of the homeo domain putative helix 2—turn—helix 3 motif with the same motif in the A repressor {Laughon and
Scott 1984). The only gap necessary in this alignment was made in the 434 repressor sequence. Elements of secondary structure in the
repressor proteins are indicated above the primary sequence; a-helices are represented by open boxes; the number within the open
boxes indicates helix number in the DNA-binding domain. Numbers above the structural representation indicate residue numbers in
the protein, except for Oct-2 where they represent residue numbers in the homeo domain. Shaded areas I, II, A, and B indicate
conserved elements found in Oct-2 and at least one prokaryotic repressor protein (see text). The symbols shown under certain amino
acid residues indicate that the amino acid is in contact with the operator site and detail the type of interaction (see identification of
symbols at bottom of figure). This information was derived from the description of trp repressor—(Otwinowski et al. 1988), \ re-
pressor—~(Jordan and Pabo 1988), and 434 repressor—(Aggarwal et al. 1988) operator co-crystals. When an amino acid was shown to be
involved in multiple interactions with the operator, not all interactions are necessarily indicated. The interactions shown are, for the
most part, found in both operator half-sites. The interaction between T2 of the A repressor and base pair 8 of the operator was assumed
to be hydrophobic; however, this was not clear from the original paper {Jordan and Pabo 1988). The solvent bridged hydrogen bond of
D46 in trp repressor may involve a Ca?* ion (Otwinowski et al. 1988). Interestingly, the tryprophan bound to the trp repressor also
contributes a hydrogen bond to the operator; this is not indicated in the figure (Otwinowski et al. 1988).

these three helices that are also in contact with the
DNA.

Upon alignment of the Oct-2 homeo domain with the
DNA-binding domain of three prokaryotic repressors
there are, in addition to the helix 2—turn—helix 3, three
elements conserved between Oct-2 and one or all of the
repressors: (1) A cluster of basic amino acids (K or R)

A cluster of basic amino acids carboxy terminal to the
recognition helix 3 is present in 434 repressor and is the
most highly conserved element in the homeo domain

Oct-2 contains the amino acids RRQKEKR (iI in Fig. 1)
immediately following the predicted helix 3. The 434 re-
pressor contains the sequence KRPRF (residues 40—44 in

immediately following the putative helix 3 in Oct-2 (II
in Fig. 1}; (2) a cluster of basic amino acids (K or R) pre-
ceding the predicted helix 1 in Oct-2 (I in Fig. 1); and (3) a
conserved pair of amino acids in the predicted helix 1 of
Oct-2 (A and B in Fig. 1). By analogy to similar elements
in one or all of the prokaryotic repressors in Figure 1,
these elements in Oct-2 may be in contact with the
DNA and may contribute to the binding specificity.
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Fig. 1) in the turn following helix 3. Each of these five
amino acids in the 434 repressor was shown to make
contact with the operator DNA in protein : DNA co-
crystals; all but F44 make more than one contact (Ag-
garwal et al. 1988). It is clear from Figure 1 that these
clusters of basic amino acids in Oct-2 and the 434 re-
pressor align well. Although the A repressor does not
contain such a cluster of basic amino acids, residues in
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Figure 2. Alignment of the homeo domain amino acid sequences of Oct-2 (Clerc et al. 1988), cut (Blochlinger et al. 1988), and Antp
[McGinnis et al. 1984). Antp is considered the consensus homeo domain and cut a distantly related homeo domain. a-Helices 1, 2, and
3 {arrows) are depicted as described for the Antp homeo domain {Otting et al. 1988). Oct-2, cut, and Antp amino acid sequences are
aligned based on the predicted helix 2—turn—helix 3 motif (Scott et al. 1989). Basic clusters I and II are in shaded boxes; A and B
indicate positions of conserved amino acids (shaded boxes) in the predicted helix 1. Vertical lines indicate highly conserved hydro-
phobic residues in predicted helices {Laughon and Scott 1984; Pabo and Sauer 1984).

equivalent positions make many contacts with the A op-
erator (Fig. 1). The trp repressor has a longer recognition
helix 3; the carboxy-terminal end of this helix 3 has a
lysine residue (K90) that aligns with R54 in Oct-2. This
lysine in the trp repressor hydrogen-bonds to a phos-
phate group in the trp operator. Two other prokaryotic
DNA-binding proteins, 434 Cro and A Cro, have a cluster
of basic amino acids following helix 3, and there are
structural and genetic data that also suggest the involve-
ment of these residues in DNA binding (Pabo and Sauer
1984; Wolberger et al. 1988).

Basic amino acids in cluster II are the most conserved
element within the homeo domain (Fig. 2; Buerglin
1988). In the 86 homeo domains other than Oct-2 re-
viewed by Scott et al. {1989), the five underlined posi-
tions in RRQKEKR are either K or R in 84, 86, 86, 86,
and 80 cases, respectively. Thus, this cluster of basic
amino acids is probably a conserved DNA-binding ele-
ment within the homeo domain.

A cluster of basic amino acids amino terminal to the
putative helix 1 is present in the \ repressor and
conserved in the homeo domain

Oct-2 has the sequence RRRKKR (I in Fig. 1) at the
amino terminus of the homeo domain, and this se-
quence aligns well with the sequence TKKKPL in the A
repressor amino-terminal arm. Both T2 and K4 in this
arm make contact with the \ operator (Fig. 1; Jordan and
Pabo 1988). By analogy to the \ repressor, these basic
residues in Oct-2 may be involved in DNA contacts.

Three basic residues in cluster I of Oct-2 {underlined
in Fig. 2] are conserved in 76, 76, and 84 of 86 homeo
domains, respectively (Fig. 2; Scott et al. 1989). This
cluster of basic residues in all homeo domains may be a
DNA-binding element outside the helix—turn—helix
structure.

The average conservation, among homeo domains, of
the underlined amino acids of these two basic clusters II
and I (RRQKEKR and RRRKKR) is well over 95%,
whereas the average conservation of the functionally
equivalent amino acids (e.g., K, R, or H and E or D) in the
homeo domain is less than 80%. Therefore, the degree of

conservation within clusters I and II is remarkable even
within the conserved homeo domain.

Helix 1 may be involved in DNA binding

There is NMR evidence for the existence of an a-helix in
the Antennapedia homeo domain that aligns well with
helix 1 in the prokaryotic repressors (Otting et al. 1988),
and it is reasonable to assume that this a-helix exists in
all homeo domains, including Oct-2 (in Oct-2, an a-helix
1 is predicted by Chou—Fasman analysis; R.G. Clerc,
unpubl.). Given that in prokaryotic repressors this helix
interacts directly with the operator, a similar interaction
between the octamer DNA element and the predict-
ed helix 1 in Oct-2 may occur. Within the predicted
Oct-2 helix 1, there are two residues that show an in-
triguing level of conservation with DNA-binding res-
idues in helix 1 of the bacterial repressors. First, the
Oct-2 K19 could be equivalent to K19 in the A repressor,
R10 in the 434 repressor, and R54 in the trp repressor, all
of which contact the prokaryotic operators (Fig. 1).
Second, F21 in Oct-2 aligns with Y22 in the \ repressor,
an amino acid that contacts the operator.

Position 19 in the family of homeo domains is K or R
in 72 of 86 cases, and in six cases in which homeo do-
main amino acid 19 is neither K nor R, neighboring
amino acids (positions 18 or 20) are K or R. F21 is highly
conserved in the homeo domain, being either F or Y in
86 of 86 cases (Scott et al. 1989).

Given the similarities of structural elements, basic
cluster I, helix 1 followed by the helix 2—turn—helix 3
structure, and cluster II, the entire homeo domain shares
structural homology with the tri-a-helical DNA-binding
domains of prokaryotic repressors shown in Figure 1.
Therefore, the DNA-binding domain of Oct-2 and all
other homeo box-containing proteins is probably en-
coded by the 60-amino-acid-long homeo domain and not
merely by the helix—turn—helix structure. A schematic
of a hypothetical interaction is shown in Figure 3.

It is possible that Oct-2 embraces the DNA using
clusters I and II. These basic amino acids could con-
tribute to specific DNA binding by stabilizing the inter-
actions between the helix—turn—helix structure and
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Figure 3. Schematic for the homeo domain (DNA-binding do-
main) of Oct-2. This schematic was derived by analogy to the
structure of the phage A\ repressor—operator complex. The
figure is meant to convey a general trihelical structure in con-
tact with DNA, and not the precise spatial coordinates of the
a-helices. It is very possible that the relative positions of the
three helices will vary significantly from that of the A repressor.

the DNA helix. Whereas the A, 434, and trp repressors
bind DNA as dimers, Oct-2 binds the octamer sequence
as a monomer {Clerc et al. 1988 and unpubl.|. Thus, the
presence of two basic clusters might be more important
for helix—turn—helix proteins binding as monomers
than for those binding as dimers.

Recently, Desplan et al. (1988), Mihara and Kaiser
(1988), and M. Miiller et al. {1988) showed that the 60-
amino-acid homeo domain was sufficient for engrailed
(en) and for Antennapedia DNA-binding activity. In
both cases, the proteins probably bind to approximately
8—16 bp of specific sequences.

The question remains as to whether or not the full
homeo domain is essential for DNA binding, as is sug-
gested by the model presented in Figure 3. Results ob-
tained recently from Drosophila even-skipped (eve) null
mutant embryos have been shown that a single amino
acid substitution in either homeo domain position 10 or
53 (respectively, T — I [helix 1] and R — H [cluster II])
disrupts the normal eve expression pattern in vivo
(Frasch et al. 1988). These two point mutants also show
significantly decreased DNA binding in vitro (M. Levine,
pers. comm.). These data are consistent with a require-
ment for a full homeo domain for efficient DNA
binding.

It has been suggested that the 74-amino-acid region
POU box conserved among all POU domain proteins,
Oct-2, Oct-1, Pit-1, and Unc-86 (Herr et al. 1988), is re-
quired in addition to the 60-amino-acid homeo box re-
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gion for binding to the octamer sequence (Sturm and
Herr 1988). This conclusion was based on the observa-
tions that mutation or deletion of the POU box region
produced proteins that failed to bind specifically in
vitro. These mutant proteins had an intact homeo do-
main. These data, however, do not exclude the possi-
bility that the POU box region could enhance the sta-
bility of interactions between the homeo domain and
the octamer sequence. In this case, the binding speci-
ficity to the octamer sequence would be specified solely
by the homeo domain structure.

The above discussion is directed at the construction of
a model for the structure of the entire homeo domain as
a DNA-binding domain. It is of interest to ask whether
or not an examination of the cis-acting elements bound
by these related proteins sheds any light on the above
discussion.

Oct-2 binds a family of related sites

The octamer binding transcription factors Oct-1 and
Oct-2 (which have identical residues in 54 of the 61 po-
sitions of the homeo domain) recognize the octameric
DNA sequence (ATGCAAAT) with high affinity and
specificity. Oct-1 and Oct-2 also bind specifically, but
with diminished affinities, several DNA recognition
sites that deviate from the octamer site canonical se-
quence {ATGCAAAT) (see Fig. 4). Both proteins bind
several related sequences in SV40 (e.g., ATGCAAAG)
(Sturm et al. 1987), the adenovirus replication protein
NFIII binding site (TATGATAATGA] (Pruijn et al.
1988), the recently recognized heptamer sequence in im-
munoglobulin genes (CTCATGA) (Poellinger and
Roeder 1989), the herpes simplex Octa-TAATGARAT
cis-element (Gerster and Roeder 1988), the en site

A B

OCTAMER ATGC[AAAT]

SV40 OCTAl ATGOAAAG]
NFIII TRTGA|TAATIGA
HEPTAMER BC11 NNNNOTCAT|GA
HEPTAMER V1 NINNNCJTAAT|GA
OCTA~TAATGARAT ATGATAAT|GATAT
en TCAATTIAAATI|GA
Ubx TAATAG|GTGTIAATA]
Mat-a2 ATGTRCTTIACC

Figure 4. Oct-2 binds a family of related sites. Alignment of
the Oct-2 DNA-binding site (Parslow et al. 1984) together with
degenerate octamer DNA motifs [SV40 Octal, Sturm et al.
1987; NFIII, Pruijn et al. 1988; heptamer BC11, Poellinger and
Roeder 1989 {same as BCL1 in Eaton and Calame 1987), and
heptamer V1, Eaton and Calame 1987; OCTA-TAATGARAT,
Gerster and Roeder 1988; en, Scheidereit et al. 1988; Ubx, Thali
et al. 1988; Mat-a2, Ko et al. 1988] that have been shown to
bind specifically the Oct-2 protein. The DNA-binding sites are
divided into a 5’ region {box A} and into a conserved AT-rich 3’
region (box B). It is important to point out that Baumruker et al.
(1988) showed that the highly related Oct-1 bound directly to
the TAATGARAT motif in the herpes simplex virus imme-
diate early promoter.
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[TCAATTAAATGA) (Scheidereit et al. 1988), the Ultza-
bithorax (Ubx) homeo domain protein target sequence
(TAATAGGTGTAAAT) (Thali et al. 1988), and a Mat-a2
binding site (ATGTACCTTACC) (Ko et al. 1988). These
recognition sites show an intriguing degree of diversity,
with the only obvious conserved element being an AT-
rich box found in the 3’ half of the canonical recognition
site (B in Fig. 4). It should be noted, however, that
flanking sequences affect the binding of the highly re-
lated Oct-1 protein to degenerate octamer sites
(Baumruker et al. 1988). Thus, all of the protein—-DNA
interactions important for binding of the Oct-2 protein
may not be confined to the consensus 8-bp sequence.

Drosophila homeo domain proteins show in vitro
binding promiscuity similar to that observed for Oct-2
protein. The physiologically important binding sites for
most Drosophila proteins have not been determined,
and deletion analysis of binding sites identified in vitro
often have failed to show a corresponding in vivo pheno-
type (R. Warrior and M. Levine, pers. comm.). Interest-
ingly enough, the DNA targets of several homeo domain
proteins, Antennapedia (Mihara and Kaiser 1988; Miiller
et al. 1988}, Ubx (Beachy et al. 1988), en (Desplan et al.
1988; Hoey and Levine 1988), eve (Hoey et al. 1988), and
zerkniillt (Hoey et al. 1988) also show a significantly
high content of AT nucleotides. A murine homeo do-
main protein, Hox-1.3, similarly binds AT-rich se-
quences (Odenwald et al. 1989},

It is possible that the binding of Drosophila homeo
domain proteins to these sites reflects a general affinity
for a type of duplex structure commonly formed by se-
quences rich in AT base pairs. These specific sites may
not all be binding sites for the homeo domain proteins in
vivo. In this case, sites with a higher affinity for the
homeo domain protein than that of these AT-rich se-
quences or, alternatively, sites where the homeo domain
protein might interact with other DNA-bound proteins
would probably constitute the physiologically important
regulatory elements.

The probability that most homeo domain proteins
have a general affinity for a particular type of DNA
structure creates a major difficulty for studies in vivo
with genes encoding these proteins. The window of level
of expression of the homeo domain protein where physi-
ologically significant regulation can be studied might be
narrow. Too low a level of expression would result in
little occupancy of the regulatory element. Too high a
level of expression would result in the binding of the
homeo domain to the regulatory elements of other
homeo domain-containing proteins. As a potential ex-
ample of this, the Drosophila homeo domain proteins en
and Antennapedia have been shown to bind the proto-
type immunoglobulin octamer motif in vitro {cited in
Scheidereit et al. 1988). Moreover, when two plasmid
vectors—one encoding one of these two Drosophila
homeo domain proteins and the other a reporter gene
with an octamer-binding site-—are cotransfected into
HeLa cells, the Drosophila proteins trans-activated the
reporter gene (Thali et al. 1988). This suggests that high
levels of expression of one homeo domain protein can

Oct-2 DNA-binding domain

result in productive binding to the regulatory site of
other homeo domain proteins. If this binding to heterol-
ogous sites in vivo reflects the relative binding affinities
of the various sites in vitro, then a 10-fold range will
distinguish interactions with relevant sites versus heter-
ologous sites.

In conclusion, given the similarities of the entire
Oct-2 homeo domain with the tri-a-helical DNA-
binding domain of \, 434, and trp repressors, we specu-
lated above that the DNA-binding domain of Oct-2 and,
by analogy of other homeo-box-containing proteins, is
encoded by the highly conserved 60-amino-acid-long
homeo domain and not merely by the helix 2—turn-
helix 3 structure. The cross-binding properties of these
regulatory proteins with a family of related DNA targets
probably reflect the common structure of the DNA-
binding domains. The differences in binding affinities
for different DNA sites, however, most likely reflect
subtle differences in protein structure. These differences
together with tight physiological control over homeo
domain protein concentrations should result in the
strong in vivo specificity attributed to regulation by
these homeo domain proteins.
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