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I n  the eight years since the discovery of the homeodomain 
(McGinnis et al., 1984a,b; Scott & Wiener, 1984), this highly 
conserved DNA-binding domain has been found in dozens of 
transcription factors (Scott et al., 1989; Rosenfeld, 1991). 
Genetic and molecular studies of Drosophila have identified 
more than 20 homeodomain proteins that regulate cell de- 
termination within specific developmental pathways (Akam, 
1987; Hayashi & Scott, 1990). Vertebrate homologues have 
been identified for almost every known Drosophila homeo- 
domain, providing a starting point for directed mutational 
analysis of vertebrate development (Kessel & Gruss, 1990). 

The regulatory function of a homeodomain protein derives 
from the specificity of its interactions with DNA and pre- 
sumably with components of the basic transcriptional ma- 
chinery such as RNA polymerase or accessory transcription 
factors. Although little is known about the second type of 
specificity, the last several years have witnessed important 
advances in our understanding of how homeodomains contact 
DNA. The most important contributions have been the de- 
termination of three-dimensional structures for two homeo- 
domain-DNA complexes (Otting et al., 1990; Kissinger et al., 
1990). These studies confirmed previous predictions that 
homeodomains utilize a helix-turn-helix (HTH) fold to 
contact DNA in the major groove (Laughon & Scott, 1984; 
Shepherd et al., 1984) but together with genetic studies (Hanes 
& Brent, 1989; Treisman et al., 1989) revealed that homeo- 
domain HTH-DNA contacts are different from the proka- 
ryotic HTH paradigm. In addition, homeodomains utilize an 
N-terminal arm to contact DNA in the minor groove. This 
minor-groove contact is sequence-specific and contributes 
substantially to the high affinity of homeodomains for DNA 
(Affolter et al., 1990; Percival-Smith et al., 1990; Florence 
et al., 1991). Here, I review these recent findings and consider 
their implications for the regulatory specificity of homeodo- 
main proteins. 
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HOMEODOMAINS ARE HELIX-TURN-HELIX 
DNA-BINDING DOMAINS 

Prior to the discovery of homeodomains, crystal structures 
had been solved for several prokaryotic repressor proteins 
(Pabo & Sauer, 1984). Although the overall structures of 
these proteins are quite different, each contains a nearly 
identical helix-turn-helix (HTH) DNA-binding motif. The 
second helix, or “recognition helix”, makes base-specific contact 
with DNA in the major groove, while helix 1 lies across helix 
2. HTH structures contain characteristic hydrophobic amino 
acids at the interface between the two helices and at the turn 
between them. The C-terminal halves of homeodomains 
contain a similar motif. The amino acids corresponding to the 
recognition helix of the HTH motif are highly conserved 
among a large number of homeodomains, the first indication 
that many homeodomain proteins have closely related DNA- 
binding specificities. The discovery of homeodomains was soon 
followed by experiments demonstrating sequence-specific 
binding of homeodomains to DNA (Desplan et al., 1985). 

The structures of homeodomain-DNA complexes have been 
determined using NMR spectroscopy for the Antennapedia 
(Antp) homeodomain (Otting et al., 1988, 1990; Qian et al. 
1989) and X-ray crystallography for the engrailed (en) ho- 
meodomain (Kissinger et al., 1990). The two homeodo- 
main-DNA structures are very similar, utilizing a HTH fold 
to make base-specific contact with 3-4 bp in the major groove 
and an N-terminal arm to contact 2 bp in the minor groove 
(Figure 1). The homeodomain contains three helices, with 
helices 2 and 3 forming the HTH. Helix 1 lies across helix 
3 parallel to helix 2. The entire structure is held together by 
a pocket of hydrophobic amino acids at the interface between 
the three helices. In both structures, the homeodomain is 
bound to DNA as a monomer. The equilibrium binding 
constants for high affinity sites have been measured to be about 

M for the Antp homeodomain (Affolter et al., 1990) and 
(2-60) X lo-” M for the fushi tarazu cftz) homeodomain, a 
close relative of Antp (Percival-Smith et al., 1990; Florence 
et al., 1991). 
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FIGURE 1 : Homeodomain-DNA contacts. (A) Phosphate contacts. 
Lines with arrows connect amino acids with the phosphates (shown 
as solid circles) that they contact in the en complex. (B) Base contacts. 
Lines with arrows connect amino acids with the specific bases they 
contact in the en or Anrp structures: see text for details. The drawings 
of homeodomain and DNA are adapted from Kissinger et al. ( 1  990) 
for the en homeodomain-DNA complex, except that Met 54, cor- 
responding to Anrp, is shown instead of Ala 54 of en. The three cy 
helices arc numbered. 

Under identical conditions, the affinity of the Antp ho- 
meodomain for specific sites is about 10000-fold higher than 
the affinities of two prokaryotic repressor monomers for their 
corresponding high-affinity sites (Affolter et al., 1990). As 
shown in Table 1, part of this large difference is due to the 
N-terminal arm, deletion of which reducesftz binding affinity 
over 100-fold (Percival-Smith et al., 1990). The homeodomain 
also makes more extensive contact with backbone phosphates 
(Figure 1A) than do prokaryotic repressors (Jordan & Pabo, 
1988; Aggarwal et al., 1988). A mutation altering one of the 
phosphate contact residues (Arg 53 - Ala) reduces activity 
of the bcd homeodomain 40-100-fold (Table I; Hanes & 
Brent, 1991). I n  addition, the recognition helix is longer in 
homeodomains than in prokaryotic recognition helices and 
contacts the major groove nearer its C-terminus as opposed 
to the N-terminal contact made by prokaryotic recognition 
helices. The C-terminal end of the 17 amino acid en helix 3 
forms a separate helix 4 in Anfp (Qian et al. 1989), and in 
both proteins, it contains three basic amino acids that contact 
phosphates on the DNA backbone. 

Homeodomains have been found in invertebrates, verteb- 
rates, fungi, and plants. A compilation of published homeo- 
domain sequences is presented in Figure 2 and these can be 
divided up into 25 distinct homeodomain groups. Most groups 
contain both vertebrate and invertebrate members, evidence 

Table I: Contributions of Homeodomain Base and Phosphate Contacts to 
DNA-Binding Affinity 

x-fold reduction 
in binding 
affinity or 

transact ivation 
amino acid contact mutation activity 

Arg 53 phosphate bed Arg 53 - Ala 53 400 
Thr 6 phosphate pir-I Thr 6 - Ala 6 ob 

ob 
Arg 3 T- 1 T-l - G Urz) 8 .Y 

T-l + A  7.6' 
Arg 5 T-2' T-2' - c 2oc 

T-2' - G 1 9c 
T-2' - A 3.4c 

Arg 3, Arg 5 ,  T-1 + T-2' f rz (A1-6) 130" 

Asn 51 A-3 bed Asn 51 -. Ala 51 20" 
bed Asn 51 - Gln 51 600 
A-3 - G-3 (frz) 9 2' 
A-3 - T-3 64' 
A-3 - C-3 25' 

Ile 41 T-4 T-4 - A-4 cfrz) 1 4' 
T-4 - C-4 5.3' 
T-4 -. G-4 4.2' 

Gln 50 C-5'. C-6' f r z  Gln 50 - Lys 50 6Sd 
CC - GG 16od 

pit-I Thr 7 - Ala 7 

Thr 6 

Hanes and Brent (1991). * Kapiloff et al. (1991). ' Florence et al. 
(1991). dPercival-Smith et al. (1990). 

that a diverse array of homeodomains had evolved specialized 
structures prior to the radiation of metazoans. 

Because the N-terminal arm and helix 3 make separate 
base-specific contacts (Figure 1 B), the overall arrangement 
of the three helices should be critical for DNA-binding spe- 
cificity. This tertiary structure should be primarily dependent 
on the hydrophobic core amino acids. In addition, amino acids 
that contact backbone phosphates are presumably critical for 
the proper alignment of the entire structure as a homeodomain 
docks with DNA. Ten positions are nearly perfectly conserved 
in all homeodomains (Figure 2) and half of these contribute 
to the hydrophobic core. Three of the 10 contact bases or 
backbone phosphates. Most of the remaining hydrophobic core 
and phosphate contact residues are highly conserved as well. 
These data suggest that the Anfp and en structures should 
serve as good models for the structures and DNA contacts of 
nearly all homeodomains. 

BINDING SITE ALIGNMENT 
From comparisons of sequences protected in DNase I 

footprinting experiments [summarized in Hayashi and Scott 
( 1990)] and selection from random oligonucleotides (Ekker 
et al., 1991; Florence et al., 1991), consensus and high-affinity 
binding site sequences have been identified for many homeo- 
domains or homeodomain-containing proteins. The majority 
of homeodomains characterized thus far recognize the se- 
quence 5' TAAT 3' (Odenwald et al., 1989). These include 
members of the Drosophila Antennapedia and Bithorax com- 
plex gene families as well as a number of more divergent 
homeodomains including en, even-skipped (eue), paired 0, 
and bicoid (bcd). The portions of these binding sites corre- 
sponding to the region of base-specific contact in the Anfp and 
en structures are aligned in Figure 3. Mutational analysis 
suggests that theftz and Ultrabithorax (Ubx) homeodomains 
recognize base sequence at each position of the TAATNN 
sequence (Percival-Smith et al., 1990; Ekker et al., 1991; 
Florence et al., 1991). Flanking sequences are only weakly 
discriminated by thefiz homeodomain (Florence et al., 1991) 
but may be recognized by the full-length proteins, which in 
some cases have been shown to contain additional DNA- 
binding domains (see below). 
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The Anrp and en homeodomain-DNA complex structures 
show that the first two base pairs of TAATNN are contacted 
in the minor groove by the N-terminal arm, while the last four 
base pairs are contacted in the major groove by helix 3 (Figures 
1 B and 4). The high-affinity binding site contained in the 
en structure actually consists of two overlapping and sym- 
metrically arranged TAAT sequences (TAATTA), which 
alone would leave uncertainty in determining the alignment 
of binding sites sequences. However, comparison with the Anrp 
structure makes it quite clear that minor-groove contact occurs 
at the 5’ end of the core TAAT sequence. Methylation in- 
terference and mutational analysis of the frz and bcd ho- 
meodomains and their binding sites have independently led 
to the same alignment of helix 3 and the N-terminal arm with 
respect to the TAATNN sequence (Percival-Smith et al., 1990 
Hanes & Brent, 1991). As shown in Figure 3, a similar 
alignment has been determined for the ocr-1 POU homeodo- 
main (Verrijzer et al., 1990; Kristie & Sharp, 1990). The 
POU-specific domain (POU,), located near the N-terminus 
of the homeodomain, recognizes the sequence ATGC, ap- 
parently by contact in the minor groove adjacent to the site 
of N-terminal arm contact. 

The Antp and en homeodomain-DNA structures are very 
similar, even though the contacts inferred by the positions of 
neighboring amino acids and bases in the Anrp study differ 
somewhat from the contacts apparent in the en structure. 
These results may simply reflect differences in structural 
resolution, but it is conceivable that real differences exist since 
the sequences of both the homeodomains and the DNA differ. 
In addition, B DNA was used in modeling the Anrp structure 
while helical twist, propeller twist, and base tilt vary along the 
length of the DNA in the en structure. Alternatively, com- 
plexes in solution (Anrp) may differ slightly in structure from 
those packed into a crystal (en).  In any case, mutational 
analysis of homeodomains and their binding sites has yielded 
additional information about the nature of homeodomain- 
DNA contacts. Together, the structural and mutational data 
provide a number of insights into the nature of base-specific 
homeodomain-DNA interactions. 

MAJOR-GROOVE CONTACTS 
Three to four side chains of helix 3 make base-specific 

contacts with 3-4 bases in the major groove (Figure 1). In 
the en structure these are Ile 47, Gln 50, and Asn 51. The 
CY carbons of these residues are in approximately the same 
positions in the Anrp structure. In addition, Met 54 of Anrp 
is in position to make base contact, while en contains an alanine 
at position 54 that does not extend far enough for base contact. 
In  the discussion that follows, one strand of the 6-bp region 
of base contact, TAATNN, is numbered 1-6 (Figure 3), with 
1’45’ referring to complementary bases on the opposite strand. 
Positions 1-6 are TAATGG in the Anrp structure and 
TAATTA in the en structure. 

Only the highly divergent pem homeodomain contains an 
amino acid other than asparagine at position 51 (Table 11). 
From these data, it seems that homeodomain structure con- 
strains position 51 to Asn, preventing the evolution of new 
DNA-binding specificities by alteration of this residue. In the 
en structure, Asn 51 forms two hydrogen bonds with the ad- 
enine at position 3 (Figure 4) and is in approximately the same 
position in the Antp structure. Mutation of Asn 5 1  to either 
alanine or glutamine reduces bcd activity in yeast reporter 
assays 20-fold (Table I; Hanes & Brent, 1991) and mutations 
at position 3 reduce frz homeodomain binding 25-92-fold 
(Florence et al., 1991). The conservation of Asn 51 suggests 
that all homeodomains recognize adenine at position 3. 
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Table 11: Helix 3 Sequences That Vary at the Positions of 
Base-Specific Contact Identified in the Anrp and en Homeodomains 

base contact position 
homeodomain 47 50 51 54 

Anrp Ile Gln Asn Met 
HOXl group Val 
en,’ cad, cdx, ro, msh, Hox7.1, P H 0 2  Ala 
ceh-1, NK-1 Thr 
dlx Ser 

eve,‘ H2.0, Hlx Val 
ceh-10, Mix-1, Athb-l,2, zfh-211 Val Ala 

mec-3, Lin-11, ceh-14, zhf-1 Val Ser 
ems, E5, ceh-5 Val Thr 
ceh-7 Val Ile 
prd, gsb Val Ser Ala 
POU family‘ Val Cys Gln 

Arg 
Lys Ala 

bcd 
ord, goosecoid Val Lys 
MATa 1 Val Ile 
BarHI, H O X l l  Thr Thr 
cut Asn His 

NK-2, NK-3, msh-2, TTF-1 TYr 

Isl- 1 Val CYS 

MATa2 Asn Ser Arg 
mat-2-P Asn Ser Arg 

Knl, ZMHl ,2  Asn Ile LYS 

b2 Leu Ile Arg 

HNFla ,  B Asn Ala Ala 
Prl Asn Gly Ile 

Pem Asn Lys Ile Arg 

zfh-21 His Arg Phe 
‘Denotes a group of homeodomains listed in Figure 2. 

Amino acid 47 is more variable and, in the case of Ile 47, 
less specific in base recognition than Asn 51. In the en 
structure Ile 47 makes hydrophobic contact with thymine at 
position 4. The Anrp structure indicates that hydrophobic 
contact also occurs between Ile 47 and the adenine at position 
3. Mutations at position 4 cause up to 14-fold reductions in 
binding by the frz homeodomain (Table I; Florence et al., 
1991), indicating that base contact by Ile 47 is important for 
sequence recognition, although not as critical as contact by 
Asn 5 1. Valine is present at position 47 in many homeodo- 
mains, including even-skipped (eve), prd, and oct-1 (Table 11), 
each of which is capable of high-affinity binding to a 
TAAT-containing site (Figure 3; Hoey & Levine, 1988; 
Treisman et al., 1989; Verrijzer et al., 1990). Asparagine is 
present at position 47 in 10 divergent homeodomains, threonine 
is present three times, and leucine and histidine each occur 
only once. Although there is more variation than at position 
51, it is apparent that homeodomains utilize a fairly limited 
number of amino acids for base contact at position 47. 

Although position 50 is only one of several important se- 
quence-specific contacts, compilation of base contact sequences 
suggests that it may be the principal source of major differ- 
ences in specificity between distantly related homeodomains. 
Genetic and structural studies indicate that amino acid 50 
contacts bases 5’ and 6’. Using a reporter gene assay in yeast, 
Hanes and Brent (1989, 1991) found that changing the lysine 
at position 50 in the bcd homeodomain to glutamine abolished 
recognition of the bcd binding site, TCTAATCCC, and con- 
ferred binding to an en site, ATTTAATTGA (en contains 
glutamine at position 50). The ability of glutamine vs lysine 
at position 50 to directly alter DNA-binding specificity was 
demonstrated in the context of the prd homeodomain by 
Treisman et al. (1989). Both studies also demonstrated that 
changes affecting amino acids corresponding to positions of 
base contact in prokaryotic HTH proteins did not affect 
binding-site specificity. Glutamine 50 is located near bases 
5’ and 6’ in the Anrp and en structures (Otting et al., 1990; 
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K-KP-TSF- -  L - I C - - - -  R- -RPK--ASAE -AAL-K--KM - D A - V - T - - -  - - - T - - R R P T  

TT-V-TVLNE K-LHT-RTCY 
-RGP-T- IKQ N-LDV-NEM- 
-RGP-T- IKA K-LET-KNA- 

AY 
KV-V-TAINE E-PQQ-KPHY 
Q - - A - T R I - D  D-LK I -RAH-  
KRAN-TRF-D - - I K V - P E F -  
N - - L - T - I L P  E-LNF-YECY 

AA-PRPDALM KEQLVEMTG- 
SNTPKPSKHA -AKL-LETG- 
AATPKP--HI  -EQL-AETG- 
PTSSKPA-HV -EPL-SETG- 
SL-ARPS-DE FRM--AR-9- 
DI-NSPSEES IM-MSPKAN- 
EN-S-PKDSD LEYLSKL-L-  
QUEYNPU-KM LE--SKKVN- 

S P - V - R V - - -  
SM-V-QV--- 
NM-V-PV- - -  
D M - W P V - - -  
D P - W P V - -  - 
PMKW-  H- -R 
S P - v - w -  - - 
KK- W P V -  - - 

-K -C-D- -RS 
- - -S-ERRLK 
---S-ERRMK 
-- -S-ERRLK 
-N-SRER-MQ 
-TLF-ERQRN 
- A - P - P R - I Y  
-S-A-D--SR 

KRKR-T- IS1  AAKDA--RH- GEHSKPSSPE IMRMAEE-N- EKEWRV- -C  - - -PRE-RVK 

-RKK-TSIET N I R V A - - - S -  LE-PKP-SEE ITM--DP-NM EKEV-RV--C - - - P - E - R I -  
-RKK-TSIET NVRFA---S-  LA-PKP-SEE I L L - - E a - H M  EKEV-RV--C - - - Q - E - R I -  
-RKK-TSIET T I R G A - - - A -  LA-QKP-SEE ITPL-DR-SM E K E W R V - - C  - - - Q - E - R I -  
-RKK-TSIET TVRTT- - -A -  LM-CKP-SEE ISQL-ER-NM DKEV-RV--C - - - Q - E - R I -  

KRKK-TSIEV SVKGA--PH- -KQPKPSAQE ITSL-DS-Q-  EKEVVRV--C - - -P-E-RMT 
KRKK-TSIEV SVKGA--SH- LKCPKPSSPE ITNL-DS-Q- EKEWRV- -C  - - - Q - E - R  
KRKK-TSIEV SVKGA--SH- LKCPKPSAQE ITSL-DS-Q-  EKEWRV- -C  - - - P - E - R  
KRKK-TSIEV GVKGA--SH- LKCPKPSAHE ITGL-DS-Q- EKEWRV- -C  - - -P -E-RMT 
KRKK-TSIEV NVKSR--FH- QS-QKPNAQE ITPV-ME-P- EKEWRV- -C  - - - P - E - R I A  

K-RK-TSIAA PEKR---QF- KPQPRPSGE- IAS--DR-D- KKNWRV- -C  -GI-9-P-RDF 
K-RK-TSIAA PEKRS--AY- AVPPRPSSEK I A A - - E K - D -  KKNWRV- -C  -P -P-P-R  
GEKK-TSIAA PEKRS- -A I -  AVQPRPSGEK I A A - - E K - D -  KKNWRV- -C  - P - P - P - R I V  

- - - K - T S I E N  RVRWS--TM- LKCPKPSLQQ ITH- -NP-G-  EKDWRV- -C  - - -P -G-RSS 
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HNF 

ATHB 

KN 

FUNGAL 

A n t p  

HNFlQ 

H N F I ~  

A t h b -  1 
A t h b - 2  

K n l  

ZMH2 

ZMH 1 

Pr 1 

pem 

MATQ2 

M A T a l  
P H 0 2  
m t 2 - P  

b2 

D 

R 

M 

A 
A 

ZM 

ZM 

ZM 

H 

M 

Y 

Y 
Y 
Y 

U 

1 0  20 30 40 50 60 
----helix 3-4-----  N - t e r m  ----helix 1---- - - h e l i x  2- -  

PH P HH HH H H BHHB B PBP P * * * ** * *  * *  B B  H 

RKRGRQTYTR YPTLELEKEF HFNRYLTRRR RIEIAHALCL TERQIKIWFP NRRMKUKKEN 

GR-N-FKWGP ASPPI-FPAY ---KEEAFRH 
SNL 

MR-N-FKWGP ASPQI-YPAY - - -KEEAFRP 
SNL 

LPEKKRRL-T E - V H L - - - S -  ETENK-EPE- KTQL-KK-G- P P - - V A V - - -  - - - A R - - T K P  
NS-KKLRLSK D - S A I - - E T -  KDHST-NPKQ KPAL-KQ-G- RA--VEL’--- - - - A R T - L K P  

Jw 
K-KKKGKLPK E A R P P - L S W  YKUP-PSETP KVAL-ESTG- D L K - - ” - - I  -Q-KRHUKPS 

PAH 
---RAGKLPG DTAST-KAM~~KUP-P-EED KARLVPETG- PLK--”--I -a-KRNUHN- 

P&H 
---RAGKLPG D T - S I - K P W  SKWP-P-EDD KAKLVEETG- P L K - - ” - - I  -P-KRNWHN- 

v AR-K-RNFNK P A - E I - N E Y -  LSNP-PSEEA KE-L-KKCGI - V S - V S N - - G  - K - I R Y - - N I  

PMPLPGSFAP H R L R - - - S I L  QRTNSFDVP -EDLDRLMDA CVSRVQN--K I--AAARRNR 

KPYRGHRF-K ENVRI--SW- AK-P--DTKG LENLMKNTS- S R I - - - N - V S  - - - R - E - T I T  
SPK-KSSISP PARAF--PV- RRKPS-NSKE KE-V-KKCGI - P L - V R V - - I  -K- -RS-XXX 
PRPK--RAKG EA-DV-KRK- E I - P T P S L V E  -KK-SDLIGM P - K N V R - - - -  - - - A - L R - K Q  
VRGQCSKC-K PHLMRWLLLH YD-P-PSNSE FYDLSA-TG- - R T - L R N - - S  - - - R  

CRDLSEDLPA -HMRKHFLHT LD-P-P-PEE KEGLVRLTN- E V H - L T L - - I  -A-RRSGUSH 

2 1  

2 1  

22 
22 

23 

23 

23 

24 

2 5  

1 
1 
1 
1 

26 
FIGURE 2: Updated and abridged list of homeodomain sequences first compiled by Scott et al. (1989). Where possible, homeodomains have 
been assigned to subgroups; the grouping of HOX loci is according to Acampora et al. (1989). To minimize redundancy, in most subgroups 
the only vertebrate homeodomains listed are either human or mouse. Matches to the Anfp sequence shown at the top of each page appear 
as dashes. Numbering of amino acids is at the top with amino acid 1 corresponding to amino acid 2 in Scott et al. (1989). Positions corresponding 
to the hydrophobic core (H), base contact (B), and phosphate contact (P) amino acids of the Anfp  and en structures are indicated directly 
above the Antp sequence. Positions that are invariant or nearly invariant are indicated with asterisks. Organism abbreviations are in parentheses 
after the name: A, Arabidopsis; AS, ascidian; D, Drosophila; C, Caenorhabditis elegans; H, human; M, mouse; R, rat; S, salmon; SU, sea 
urchin; U, Ustilago maydis; X, Xenopus; Y ,  yeast; Z, zebrafish; ZM, Zen mays.  References or previous compilations containing lists of the 
original references for these sequences are (1) Scott et al. (1989); (2) Acampora et al. (1989); (3) D’Esposito et al. (1991); (4) Hawkins and 
McGhee (1990); ( 5 )  Kenyon and Wang (1991); (6) Finkelstein et al. (1990); (7) Blumberg et ai. (1991); (8) Price et al. (1991); (9) Kim 
and Nirenberg (1989); (IO) Robert et al. (1989); (11)  Guazzi et al. (1990); (12) Allen et al. (1991), Deguchi et al. (1991); (13) Saiga et al. 
(1991); (14) Kojima et al. (1991); (15) Hotano et al. (1991); (16) Burgh et al. (1989); (17) Freyd et al. (1990), Karlsson et al. (1990); (18) 
Fortini et al. (1991); (19) Rosenfeld (1991); (20) Billin et al. (1991); (21) Mendel et al. (1991), De Simone et al. (1991); (22) Ruberti et 
al. (1991); (23) Vollbrecht et al. (1991); (24) Nourseet al. (1990), Kamps et al. (1990); (25) Rayle (1991), Sasaki et al. (1991); (26) Schulz 
et al. (1990); (27) Dalton et al. (1989). 

Kissinger et al., 1990). In the en structure, Gln 50 makes Even though it recognizes TAAT, the bcd homeodomain 
hydrophobic contact with the thymine at position 6’ (Figure appears to represent a context for base contact by amino acid 
4) and modest changes in DNA conformation would allow 50 that differs somewhat fromftz. As shown in Table 111, 
hydrogen bonding to the adenine at  position 5’. As shown in Hanes and Brent (1991) found that, unlikeftz, bcd recognizes 
Table 111, the ftz homeodomain is capable of recognizing certain sequences primarily a t  base pair 5 rather than at 5 and 
several dinucleotide combinations at base pairs 5 and 6. These 6 (however, base pair 6 does clearly play a role in some se- 
data suggest that, in the context offtz, both Gln 50 and Lys quence combinations). This may be because bcd andftz differ 
50 are able to make specific contacts a t  either the 5’ or 6’ base. a t  an additional site of potential base contact: the amino acid 
Although no structural data are yet available for a Lys 50 at position 54 is methionine inftz and arginine in bcd. As with 
homeodomain-DNA complex, a reasonable extrapolation of positions 47, 50, and 51, position 54 tends to be conserved 
the Gln 50 model supposes that Lys 50 is capable of hydrogen within related groups of homeodomains (Figure 2), an indi- 
bonding with the proton acceptors of guanine at  position 5’ cation that this position is important for homeodomain func- 
or 6’. The aliphatic portion of the Lys 50 side chain may also tion. However, much more variation occurs a t  position 54 
be capable of making specific hydrophobic contacts. between groups than at  the other positions of base contact 
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minor groove major groove 
I- 

147 050 
I- 

R3 R5 N51 MA4 
n n n  

Antp T A A T G G  
en T A A T T A  
ftz T A A T T G  
eve/en T A A T T G  
Ubx T A A T G G  
Dfd T A A T E L  K50, .R54? 

bcd T A A  T ' C C  
S50 .......... 

T A A T ' C G  
prd -.. POUS POU,I, 

act-i ATGCT A A T G T 
FIGURE 3: Alignment of homeodomain binding-site sequences. The 
positions of base contact identified in the en- and Anfp-DNA a m -  
plexes (Kissinger et al., 1990; Otting et al., 1990) are shown as brackets 
at the top. Position 50 contacts deduced for bcd (Hanes and Brent, 
1991) and prd (Treisman et al. 1989) are indicated above their 
binding-site sequences. The oct-2 alignment and sequence is according 
to Kristie and Sharp (1990). POUs is POU-specific domain; POUhd 
is POU homecdomain. Binding-site sequences are from the following 
sources: Antp, Muller et al. (l988), Otting et al. (1990); en, Kissinger 
et al. (1990); euelen, Hoey and Levine (1988), Desplan et al. (1988); 
fiz, Pick et al. (1 990); Florence et al. (1991); Ubx, Ekker et al. (1991); 
Dfd, Regulski et al. (1991); bcd, Driever and Nusslein-Volhard (1989); 
prd, Treisman et al. (1 991 b). Base pairs are numbered at the bottom 
as described in the text. 

Table 111: Recognition of Positions 5 and 6 by Glutamine or Lysine 
at Position 50 in the f tz  and bcd Homeodomains 
binding site" ftz (Q50) frz (K50) bcd (Q50)b bcd (K50)b 

T G  +e + - 
G G  
C G  
A G  
T A  
G A  
C A  
A A  
T C  
G C  
C C  
A C  
A T  
G T  
C T  
A T  

f 

"Nucleotides listed occupy positions 5' and 6'; TAAT occupies posi- 
tions l'-4'. *Hanes and Brent (1991). CFIorence et al. (1991). 
dPercival-Smith et al. (1990). 

(Table IT), providing a potential source of extensive variation 
in sequence specificity. A second possibility is that overall 
structural differences between f t z  and bcd lead to differences 
in how helix 3 docks with the major groove. A difference that 
stands out between the two homeodomains is a t  position 3 1, 
where bcd has leucine whileftz and most other homeodomains 
have arginine. Arg 31 contacts a backbone phosphate in the 
en structure and presumably in the case of f t z  as well. 

The ability of Gln or Lys at position 50 to recognize multiple 
dinucleotide combinations suggests that side chains at position 
50 are inherently more flexible in making base contact than 
are the side chains of Asn 51 or Ile 47. Flexibility would also 
be consistent with the occurrence of a variety of amino acids 
a t  position 50 in various homeodomains (Table 11). Of these, 
prd (Ser 50) and oct-Z (Cys 50) are also able to recognize 
TAAT-containing sites (Figure 3), evidence that, for these 
homeodomains, docking of helix 3 with the major groove is 
similar to that of en and Antp. 

A 
Helix 3 

n 

5 ' T  A A T T A 3' 
3'A T T A A T 5' 

6 5 4 3 2 1  

B 
MAJOR GROOVE 

I .  I 1 

ADENINE THYMINE GUANINE ' 
L - 2  I I N E  

MINOR GROOVE 

FIGURE 4: Base-specific contacts of the en homecdomain. At the top 
is a diagram, using coordinates kindly provided by C. Kissinger and 
C. Pabo, showing helix 3 and the N-terminal arm of en contacting 
the sequence TAATTA. A-T and G-C base pairs appear below, 
showing the positions of functional groups exposed to the major and 
minor grooves. 

It will be interesting to learn whether other amino acids are 
either less or more selective than glutamine at  position 50. It 
is intuitive to expect that short side chains limited to contact 
with only one base might result in less specific, lower affinity 
binding compared to side chains that contact two bases. 
However, since theftz homeodomain can effectively recognize 
at  least 6 out of 16 possible dinucleotide combinations at  
positions 5 and 6 (Table 111), amino acids a t  position 50 that 
contact one rather than two bases may have a more profound 
effect on overall binding affinity rather than on the ability to 
discriminate binding-site sequence. 

A number of Gln 50-containing homeodomains or full- 
length homeodomain proteins have been reported to have 
consensus sequences that differ a t  base pairs 5 or 6 (Figure 
3). For the Ultrabithorax (Ubx) and f t z  homeodomains, op- 
timal binding-site sequences that differ only a t  base pairs 5 
or 6 have been selected from pools of random oligonucleotides, 
and the absolute rankings of four position 5-6 dinucleotide 
combinations measured in both studies were only slightly 
different (Ekker et al., 1991; Florence et al., 1991). It is not 
known whether there are biologically significant differences 
in the recognition of positions 5' and 6' by the closely related 
but functionally distinct Antp, Dfd, f t z ,  and Ubx homeodo- 
mains. 

MINOR-GROOVE CONTACTS 
It has long been realized that the minor groove presents 

fewer combinations of functional groups than the major groove 
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to the Antp consensus, and the two proteins are unable to 
recognize each other’s binding sites. In addition, Gln 50 is 
not critical for TTF-1 binding, suggesting that helix 3 of TTF-1 
does not contact DNA according to the Antplen model. The 
specificity differences between the two homeodomains map 
to sequences outside of helix 3, in both the N-terminal halves 
and the C-terminal ends. The structural basis for these spe- 
cificity differences is unknown; however, from analysis of 
chimeric proteins, it appears that either the N-terminal arm 
or helix 1 of TTF-1 is incompatible with helix 2 of Antp. 

ALTERNATIVE MODES OF DNA SEQUENCE RECOGNITION 
Two groups have reported that individual homeodomains 

are capable of binding to two classes of sites. The eve ho- 
meodomain recognizes the TAATTG sequence but also an 
apparently unrelated sequence, TCAGCACCG (Hoey & 
Levine, 1988; Hoey et al., 1988). Treisman et al. (1989, 
1991a) have found a similar phenomenon for the prd ho- 
meodomain, which is able to recognize both TAATCG and 
TTTGACGT. For prd,  recognition of the first but not the 
second class of sites is dependent upon the amino acid at  
position 50, while recognition of the second class, but not the 
first, is dependent upon the amino acid at  position 43 
(Treisman et al., 1991b). Amino acid 43 corresponds to one 
of the positions of base contact in prokaryotic HTH proteins, 
suggesting that prd and perhaps additional homeodomains are 
capable of utilizing either of two completely different sets of 
DNA contact residues. The additional positions corresponding 
to prokaryotic HTH base contact amino acids are 42,44,46, 
and 47. These positions tend to be conserved within related 
homeodomain groups (Figure 2). However, Arg 43 plays no 
essential role in the f t z  homeodomain, since a mutation re- 
placing it with alanine does not prevent& from functioning 
normally in Drosophila embryos (Percival-Smith et al., 1990). 
It remains to be seen whether mutations altering positions 42, 
43, 44, or 46 will affect the function of prd in Drosophila. 

PROTEIN-PROTEIN INTERACTIONS 
Homeodomain monomers have only about 1 00-fold higher 

affinity for specific binding sites than for nonspecific DNA, 
suggesting that regulatory specificity must require additional 
contributions to specificity. Prokaryotic HTH proteins increase 
their DNA-binding specificities dramatically by forming di- 
mers (Ptashne, 1986). This also appears to be the case for 
at  least some homeodomain proteins. The yeast MATa2 
homeodomain protein represses transcription by binding to 
DNA as either a MATa2-MATa2 or a MATa2-MATa1 
dimer, with protein-protein contact occurring through a region 
of the protein separate from the homeodomain (Goutte & 
Johnson, 1988; Sauer et al., 1988). The homeodomain-con- 
taining mammalian tissue-specific activators H N F l a  and 
HNFlP  form homo- and heterodimers via a myosin-like di- 
merization helix located at a distance from the homeodomain 
(Nicosia et al., 1990; De Simone et al., 1991; Mendel et al., 
1991). Two plant homeodomain proteins, Athb-1 and Athb-2, 
contain leucine zippers as well, suggesting that they also form 
dimers (Ruberti et al. 1991). The mammalian pit-1 protein 
exists as a monomer in solution but binds to DNA coopera- 
tively alone or with the oct-1 protein (Ingraham et al. 1990; 
Voss et al. 1991). pit-pit and pit-oct cooperativity is mediated 
by the POU-specific domains and not the POU homeodomains 
of these proteins. In each case where dimerization or coop- 
erative binding to DNA occurs, it is mediated by sequences 
outside of the homeodomain. 

The Drosophila Antp, en, and fushi tarazu (ftz) homeo- 
domains bind to DNA as monomers in vitro (Affolter et al., 

and therefore contains less information than the major groove 
for base-pair recognition by proteins (Dickerson 1982). In 
spite of this, homeodomains do recognize specific bases, even 
A vs T, by contact of the N-terminal arm with the minor 
groove. Sequence conservation suggests that minor-groove 
binding is a universal feature of homeodomains but little is 
known about how N-terminal arm sequence affects minor- 
groove recognition. 

Deletion of the N-terminal arm reducesftz homeodomain 
binding affinity 130-fold (Percival-Smith et al., 1990). In the 
en structure, Arg 3 and Arg 5 of the N-terminal arm are in 
position to hydrogen bond with the 0 2  proton acceptors on 
the minor-groove sides of the thymines at  positions 2’ and 1, 
respectively (Figure 4). Mutation of T-2’ to A-2’ reducesftz 
homeodomain binding affinity by only 3.4-fold while C-2’ or 
G-2’ reduce affinity 20-fold (Table I; Florence et al., 1991). 
N2 of guanine projects into the center of the minor groove and 
thus may interfere with hydrogen bonding of Arg 3 to the 0 2  
of cytosine in G-C base pairs (Figure 4). Arg 5 is nearly 
invariant in homeodomains, and lysine, which sometimes oc- 
curs instead of Arg 3, should also be limited to contact with 
a protein acceptor in the minor groove. This suggests that A-T 
base pairs at positions 1 and 2 may be optimal for recognition 
by nearly all homeodomains. Mutation of T-1 to either A or 
G reducesftz binding affinity about 8-fold (Table I); appar- 
ently Arg 5 is less flexible than Arg 3 and therefore less able 
to make optimal contact with 0 2  on the wrong side of the 
minor groove. 

Except for Arg 5, there is considerable variation in N-ter- 
minal arm sequence between, but not within, related groups 
of homeodomains. The significance of this variation for DNA 
binding affinity or specificity is unknown and difficult to 
predict since the N-terminus lacks regular secondary structure. 
A recent report has shown that the N-terminal arm of the pit-1 
homeodomain mediates posttranslational regulation of DNA 
binding (Kapiloff et al., 1991). pit-1 is phosphorylated at 
Thr-7 in response to induction of pituitary cells with CAMP 
or the phorbol ester TPA. Phosphorylation at the same residue 
in vitro reduces the binding affinity of pit-1 10-20-fold for 
a subset of binding sites. This effect could be due to elec- 
trostatic repulsion between the phosphate on Thr 7 and the 
nearby backbone phosphate between bases 1 and 2, a site of 
contact for Thr 6 in the en structure (Figure 1A). However, 
neither Thr-6 nor Thr-7 makes any important phosphate 
contacts in nonphosphorylated pit-1 since mutations changing 
either or both of these positions to alanine have no effect on 
the ability of nonphosphorylated protein to bind DNA. 

SEQUENCE RECOGNITION BY DIVERGENT HOMEODOMAINS 
Can the Antplen model for base-specific recognition be 

extended to include highly divergent homeodomains? Studies 
of the divergent (relative to Antp and en) pit-1 and oct-1 POU 
homeodomains have shown that they contact 5-6 bp containing 
5’ TAAT 3’ or a related A-T rich sequence, preceded by 5’ 
ATGC 3’, which is contacted by the adjacent POU, (Figure 
3; Ingraham et al., 1991; Verrijzer et al., 1990; Kristie & 
Sharp, 1991). Although the details of base contact remain 
to be determined, the oct-1 homeodomain appears to be related 
in specificity to Antp class homeodomains (Verrijzer et al. 
1990). 

The Antplen model, however, apparently does not apply to 
the mammalian TTF- 1 (thyroid transcription factor) ho- 
meodomain (Guazzi et al., 1990; Damante & Di Lauro, 1991). 
Even though TTF-1 and Antp are identical at four of six Antp 
base contact positions (5,47, 50, and 51), the CACTCAAG 
consensus binding site of TTF- 1 bears no obvious relationship 
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1989; Kissinger et al., 1990; Florence et al., 1991) and the 
presence of only nonsymmetrical homeodomain binding sites 
in bcd-, ftz-, eue-, and Dfd-regulated enhancers suggests that 
these proteins bind to DNA as monomers in vivo (Driever & 
Nusslein-Volhard, 1989; Kassis et al., 1989; Kassis 1990; Pick 
et al., 1990; Jiang et al., 1991; Regulski et al., 1991). In light 
of the low specificity of homecdomain monomers and the lack 
of additional DNA-binding domains in these Drosophila ho- 
meodomain proteins, how is specific activation of these en- 
hancers achieved? The view emerging for eukaryotic tran- 
scriptional regulation in general is that a high degree of reg- 
ulatory specificity is achieved through the combined action 
of multiple, relatively low affinity interactions between proteins 
bound to nearby DNA sequences (Frankel & Kim, 1991). 
Evidence for such a model is found in the specific autoregu- 
lation of the eue promoter, which requires the action of two 
additional nuclear factors that recognize sites adjacent to two 
eue binding sites (Jiang et al. 1991). Mutation of eve binding 
sites or the sites for either of the two other factors in oligom- 
erized versions of the eue enhancer drastically reduces au- 
toactivation in vivo, evidence that the three components in- 
teract synergistically (although some of this effect is un- 
doubtedly due to the use of repeated copies of the enhancer). 

The best understood interactions between homeodomain 
proteins and other factors involve the MATa2 protein of yeast 
and the mammalian oct-1 protein. In a cells, MATa2 binds 
cooperatively with the MCMl protein to sequences upstream 
of a-specific genes, repressing their transcription (Keleher et 
al., 1988). In a / a  diploids, MATa2 binds with the MATa1 
protein to sequences upstream of haploid-specific genes, re- 
pressing their transcription (Goutte & Johnson, 1988). In 
mammalian cells the oct-1 protein promotes HSV enhancer 
activity by binding cooperatively with the viral VP16 protein 
(Stern et al., 1989) and an additional cellular factor (Kristie 
& Sharp, 1990). The closely related oct-2 protein does not 
interact with VP16, and helix swap experiments were used to 
localize the site of VP16 contact on oct-1 to helix 2 (Stern et 
al., 1989). Protein-protein interactions must place additional 
constraints on the evolution of homeodomains and may help 
to account for the conservation of outward-facing amino acids 
within homeodomain groups (Figure 2). 

Protein-protein interactions may also help account for the 
well-documented differences in regulatory specificity between 
closely-related proteins of the Drosophila homeotic genes. This 
is an important issue since both these genes and their mam- 
malian homologues play central roles in development. The 
Ubx, Dfd, Antp, and Sex combs reduced (Scr) homeodomains 
have identical base contact residues and at least Antp and Ubx 
have very similar DNA binding specificities in vitro (Affolter 
et al., 1990; Ekker et al., 1991), yet each protein generates 
a different phenotype when ectopically expressed in Drosophila 
embryos or larvae (Kuziora & McGinnis, 1989; Gibson et al., 
1990; Gehring, 1990; Mann & Hogness, 1990). By swapping 
of sequences between Ubx and Dfd, Ubx and Antp, and Antp 
and Scr, the specificity differences of these proteins have been 
localized to the homeodomains or sequences immediately 
surrounding them (the proximity of the N-terminal arm and 
of helix 3 to nonconserved sequences that flank homeodomains 
suggests that flanking sequences might easily alter DNA- 
binding specificity). From these results, it appears that ho- 
meodomain DNA-binding specificity alone is unlikely to ac- 
count completely for the differences in regulatory specificity 
between these proteins. 

Alternatively, minor differences in DNA-binding specificity 
may contribute to differential transcriptional regulation by 

different homeotic proteins. This idea is supported by the fact 
that Drosophila is sensitive to the dosage of several homeotic 
genes (animals heterozygous for Ubx, Scr, or Abd-B exhibit 
homeotic transformations of segmental identity), suggesting 
that relatively small differences in the amount of protein bound 
to DNA (or available to bind) could tip the balance toward 
either activation or repression of transcription for a subset of 
regulated genes. 

A number of homeodomain proteins achieve additional 
specificity by the coupling of homeodomains to additional 
DNA-binding domains (Hayashi & Scott, 1990). Associated 
DNA-binding domains include the POU-specific domain 
(Ingraham et al., 1990; Verrijzer et al., 1990), the paired 
domain (Treisman et al., 1991a), the LIM domain [a cyste- 
ine-rich domain which may bind to DNA (Freyd et al., 1990; 
Karlsson et al., 1990)], CzH2 zinc fingers, and even other 
homeodomains (Fortini et al., 1991). The Drosophila zhf71 
protein contains an astonishing three homeodomains and 16 
zinc fingers. This leads to an interesting prediction: if the 
zhf71 homecdomains have dissociation kinetics similar to those 
of the Antp andf tz  homeodomains (Affolter et al., 1990; 
Florence et al., 1991), complexes in which two or three linked 
homeodomains are bound to DNA should be stable for as long 
as the zhflI protein remains active (Florence et al. 1991). 

CONCLUSIONS 
Although the Antp/en model for homeodomain-DNA in- 

teractions is quite detailed, it fails to explain the different 
binding modes of the TTF-1 and prd homeodomains. With 
regard to the Antp/en model for DNA contact, it appears from 
base specificity and from the conservation of base contact 
amino acids among homeodomains that differences in DNA 
binding specificity are likely to arise mainly from differences 
in sequence at position 50 and possibly position 54. The tighter 
constraints on positions 47 and 51 would be consistent with 
a fairly restricted orientation of helix 3 as it docks with the 
major groove, probably due to numerous backbone phosphate 
contacts. These constraints on homeodomain-DNA contact 
may make it possible to determine some rules for base-pair 
recognition by groups of homeodomains with related amino 
acids at position 50 and 54. Initial hope that a “recognition 
code” would emerge from structural studies of HTH proteins 
subsided as it become apparent that different HTH recognition 
helices dock with the major groove differently (Harrison & 
Aggarwal, 1990). It is obviously important to learn more 
about the nature of homeodomain binding mechanisms that 
differ from the Antp/en paradigm before the prospects of 
deciphering a widely applicable code for homeodomain-DNA 
interactions can be reasonably assessed. 

Finally, for the most part, homeodomains proteins are 
transcription factors in need of regulatory targets. There are 
only a handful of genes known to be regulated by any of the 
Drosophila homeodomain proteins, although the situation is 
better for mammalian tissue-specific homeodomain (Rosenfeld, 
1991). Since it is a virtual certainty that most homeodomain 
proteins act in combinatorial fashion with other transcription 
factors (Han et al., 1989; Vincent et al., 1989; Stern et al., 
1989; Jiang et al., 1991), more extensive characterization of 
enhancer or promoter sequences which are bound by homeo- 
domains and other factors will be essential for understanding 
the normal role of DNA-binding specificity in the regulation 
of transcription. 
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ABSTRACT: Color vision in humans is mediated by three pigments from retinal cone photoreceptor cells: 
blue, green, and red. We have designed and chemically synthesized genes for each of these three pigments. 
The  genes were expressed in COS cells, reconstituted with 1 l-cis-retinal chromophore, and purified to 
homogeneity using an immunoaffinity procedure. To facilitate the immunoaffinity purification, each pigment 
was modified a t  the carboxy terminus to contain an additional eight amino acid epitope for a monoclonal 
antibody previously used to purify bovine rhodopsin. The spectra for the isolated pigments had maxima 
of 424, 530, and 560 nm, respectively, for the blue, green, and red pigments. These maxima are in excellent 
agreement with the maxima previously observed by microspectrophotometry of individual human cone cells. 
The spectra are the first to be obtained from isolated human color vision pigments. They confirm the original 
identification of the three color vision genes, which was based on genetic evidence [Nathans, J., Thomas, 
D., & Hogness, D. S. (1986) Science 232, 1931. 

H u m a n  color vision is mediated by three visual pigments 
present in retinal cone photoreceptor cells [cf. Boynton (1979)l. 
The spectra for these pigments have been determined by 
microspectrophotometry of individual human cone cells 
(Dartnall et al., 1983). The spectra show absorption maxima 
at 420, 530, and 560 nm for the blue, green, and red cone 
pigments, respectively. Despite their very different absorption 
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maxima, these pigments all contain an identical 1 l-cis-retinal 
chromophore covalently attached to the protein by means of 
a Schiff base linkage to the e-amino group of a conserved lysine 
residue. Thus, the different absorption maxima for the pig- 
ments arise from differences in the amino acid sequence of 
the individual proteins and in the interaction of these amino 
acids with the chromophore. 

Several years ago, Nathans et al. (1 986a,b) cloned the genes 
for the blue, green, and red pigments using a homologous 
rhodopsin probe. The genes were identified by the following 
genetic criteria. 

Blue Gene. Only one gene was localized to an autosome, 
chromosome 7. This gene was concluded to be that of the blue 
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