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In all animals — nematodes, flies, frogs, mice, chickens
and other species investigated to a lesser extent — Hox
genes appear to control the organization of the embryo
along the anterior—posterior axis!. The structure that forms
in a particular part of the body (legs, wings, antennae,
ribs and so on) is strongly influenced by which Hox
protein is produced there?->. Homeotic mutants can
have missing body parts or, more spectacularly, one part
of the body transformed into a copy of another.

HOX proteins have in common a similar homeo-
domain (HD), a well-conserved DNA-binding motif 6-5.
Hox genes are expressed in the same order along the
body axis as their physical position on the chromosome.
The sequence similarities with corresponding genes in
other animals®19, together with the cluster organization,
allow classification into anterior, central and posterior
gene types. Variations include Amphioxus with at least
ten genes!l, nematodes with a single cluster of four
genes!2, flies with one split cluster of eight genes, and
vertebrates with four clusters containing 39 genes!. The
clustered Hox genes encode HDs that are closely related
compared with most other HDs (Ref. 13), and the clus-
ters are thought to have arisen by divergence from a
smaller number of ancestral genes!4. The exact evolution-
ary relations between HOX proteins, as determined by
cladistic methods, are still in flux as new data are obtained.

The ability of a protein to carry, encoded within its
structure, the recipe for a body structure is still mysterious
and fascinating. HOX proteins are transcription factors,
but how a ‘head” HOX protein regulates transcription
differently from a ‘thorax’ HOX protein continues to be
a key question, particularly because anterior proteins
remain anterior proteins, even across vast evolutionary
distances. The basis of specificity is thought to be, in part,
distinct DNA-binding properties!? and, in part, contacts
with other proteins!6, The best-studied example of a
HOX protein cofactor is the Drosophila extradenticle
(EXD) protein, called PBX in vertebrates where it was
discovered for its role in human leukemia (reviewed in
Ref. 17). In flies and in mice, EXD/PBX binds coopera-
tively with the LABIAL/HOX1 proteins to DNA sequences
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The clustered Hox genes, which encode bomeodomain
transcription factors, control cell fates along the
anterior—posterior axis. Differences between Hox proteins
cause differences between body parts. Vertebrates bave

13 Hox subgroups, called paralog groups, which can be
correlated with some of the insect and Amphioxus genes,
and bave remained distinctive for bundreds of millions of
years. We identify characteristic residues thai define the
different paralog groups. Some paralog groups can be
recognized by the homeodomain sequence alone; others
only by using characteristic residues outside the
homeodomain. Mapping characteristic vesidues onto the
known homeodomain crystal structure reveals that most of
the homeodomain amino acids that distinguish paralog
groups are oriented away from the DN4, in positions
where they might engage in protein—protein interactions.

used for positive autoregulation. EXD also works to-
gether with UBX protein to control a downstream target
in the fly mesoderm.

Hox paralog groups

Mice and humans have four copies of the Hox gene
cluster, called Hoxa-d (HOXA-D), which are believed
to have arisen during two or three ancient duplication
events!1418 Each cluster is located on a different chromo-
some and each contains a subset of 13 gene types. The
types are defined by sequence similarity and are called
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VERT1 pnaiRTNFtTkQLtELeKEFHFNKYLtRARRVEIAatL-LNeTQVKIWFQNRRMKQKKRE
AMP1 PNNGRTNFTTKQLTELEKEFHYNKYLTRARRVEIAAALNLNETQVKIWFQNRRMKQKKRE
LB NNSGRTNFTNKQLTELEKEFHFNRYLTRARRIEIANTLQLNETQVKIWFQNRRMKQKKRV
HOX1 RTNF QL ELEKEFH N YL RARR EIA L LN TQVKIWFQNRRMKQKKR
VERT2 SrRLRTAYTNTQLLELEKEFHFNKYLCRPRRVEIAALLDLTERQVKVWFQNRRMKHKRQT
AMP2 SRRLRTVFTNTQLLELEKEFHYNKYVCKPRRKEIASYLDLNERQVKIWFQNRRMRQKRRD
PB PRRLRTAYTNTQLLELEKEFHFNKYLCRPRRIEIAASLDLTERQVKVWFQNRRMKHKRQT
HOX2 RLRT TNTQLLELEKEFH NKY C PRR EIA LDL ERQVK WFQNRRM KR
VERT3 skRarTa¥TsaQLVELEKEFHYNRYLCRpRRVEIAA1LDLTERQIKIWFQNRRMKYKKDQ
AMP3 GKRARTAYTSAQLVELEKEFHFNRYLCRPRRVEMAAMLNLTERQIKIWFQNRRMKYKKEQ
HOX3 R T YT QLVELEKEFH NRYL R RRVE AA L LTERQIKIWFQNRRMKYKK
VERT4 PKRSRtAYTRQQVLELEKEFHYNRYLTRRRRiEIAHt LcLsERQiIKIWFQNRRMKWKKdh
AMP4 TKRSRTAYTRQQVLELEKEFHFNRYLTRRRRIETAHSLGLTERQIKIWFQNRRMKWKKDN
DFD PKRQRTAYTRHQILELEKEFHYNRYLTRRRRIEIAHTLVLSERQIKIWFQNRRMKWKKDN
HOX4 R R AYTR Q LELEKEFH NRYLTRRRR EIAH L L ERQ KIWFQNRRMKWKK
VERTS gkrartaYTRYQTLeLEKEFHyYNRYLTRRRRIEiAhaLCLSERQIKIWFQNRRMKWKKdAn
AMPS NEKRTRTAYTRYQTLELEKEFHFNRYLTRRRRIEIAHALCLTERQIKIWFQNRRMKWKKEN
HOX5 YTRYQTL LEKEFH NRYLTRRRRIE A LCL ERQIKIWFQNRRMKWKK
VERT6 rRRGROtYtRYQTLELEKEFHENRYLTRRRRIEIAnalCLTERQIKIWFQNRRMKWKKES
AMP6 KKRGRQTYTRYQTLELEKEFHFNKYLTRKRRIEIAHLLGLTERQIKIWFQNRRMKWKKEN
HOX6 RGRQ Y RYQTLELEKEFH N YLTR RRIEIA LTERQIKIWFQNRRMKWKKE
VERT?7 rKRGRQTYTRYQTLELEKEFHENRYLTRRRr iE1AHalCLTERQIK IWFQNRRMKWKKEh
AMP7 RKRGRQTYTRYQTLELEKEFHFNKYLTRRRRIEIAHALCLTERQIKIWFQNRRMKWKKEN
HOX7 KRGRQTYTRYQTLELEKEFH N YLTRRR E AH CLTERQIKIWFQNRRMKWKKE
VERTS rrrGrQTySRYQTLELEKEF 1 fNPYLTrKRRIEVSHaLgLTERQVK INFQNRRMKWKKen
AMP8 RRRGRQTYSRYQTLELEKEFHFNKYLTRRRRIEIAHALGLTERQIKIWFQNRRMKLKKEA
HOX8 G QT SR QTLELEKEF N YLT RRIE H L LTERQVKIWFQNRR KK
VERT9 tRKKRCPYtKyQTLELEKEF 1FNMYLTRDRRYEVARILNLt ERQVKIWFQNRRMKMKKmn
AMP9 SRKKRCPYTRFQTLELEKEFLYNMYLTRERRYEI SQHVNLTERQVK IWFQNRRMKMKKMS
ABD-B VRKKRKPYSKFQTLELEKEFLFNAYVSKQKRWELARNLQLTERQVKIWFQNRRMKNKKNS
HOXg RKKR PY QTLELEKEF N Y R E L ERQVKIWFQNRRMK KK
VERT10 GRKKRCPYTKHQTLELEKEFLFNMYLTRERRLEISksvnLTDRQVK INFQNRRMKLKKM -
AMP10 GRKKRCPYTKYQILELEKEFLFNMYVSRERRQEISRHVNLSDRQVK IWFQNRRMKMKRMN
HOX10 GR KRCPYTK Q LELEKEFLFNMY RERR EIS L DRQVKIWFQNRRMK K M
VERT11 SRKKRCPYtKyQirELErEFfFnvYinkEkRLglSrmlNLTDRQVKIWFQNRRMKeKK1n
HOX11 RKKRCPY K Q ELE EF F Y ERL S NLTDRQVKIWFQNRRMK KK
VERT12 SRKKRkPYtKqQiaELEnEF1lvNe fInrgkRkeLSnrLNLsDQQVKIWFQNRRMKKKr -v
HOX12 RKKR PY K Q¢ ELE EF N I R LS LNL D QVKIWFQNRRMK K
VERT13 gRKKRVPYTK-QLKELENEYAinKFI-KAKRRRISA-TNLSERQVTIWFQNRRVK~KKvv
HOX13 RKKRVPYTK QLKELE EYA KFI K KRRRISA TNLSERQVTIWFQNRRVK KK

progressively fewer in the anterior.
For this reason, loss of HOX func-
tion most-commonly leads to trans-
formations of posterior structures
into anterior ones.

Sequence similarities, as well as
similarities in expression domains,
suggest that paralogous Hox genes
sometimes share similar functions.
This is best exemplified by the
phenotype associated with the mu-
tations of Hoxa3 and Hoxd3 (Refs
19-21). Disruption of the Hoxa3
gene leads to defects in the verte-
bral arch-derived hyoid bone, tyroid
cartilage, thymus and epiglottis.
Mutations in Hoxd3 lead to the
homeotic transformation of the first
cervical vertebra into the adjacent
anterior structure. The abnormalities
observed in each mutant are distinct.
However, in double mutants Hoxa3
and Hoxd3 defects are both exacer-
bated: the entire first cervical vertebra
and the thymus are deleted and the
epiglottis phenotype is more severe.

Thus, paralogous genes are be-
lieved to be functionally equivalent
at least in some cases. In contrast,
genes from different paralog groups
have distinct effects on development.
This raises the question: which pro-
tein structures are COMmMoN among
paralog group members? Although
many alignments of HOX proteins
have been published?2, the residues
that define paralog groups have
not previously been well defined.

FiGure 1. Construction of HOX consensus sequences from the homeodomain (HD)
sequences of vertebrate, Amphioxus and Drosophila HOX proteins. For vertebrate HD
consensus sequences (VERT). uppercase letters indicate a residue conserved in all
vertebrate sequences of the paralog, lowercase letters indicate a residue found in a
majority of the sequences, and dashes indicate a lack of consensus. Ampbioxus sequences
(AMP) are shown below the vertebrate consensus sequences. When Drosopbila
sequences clearly belong to a paralog group, they are also shown and considered for
consensus establishment [labial (LB), proboscipedia (PB), deformed (DFD) and
abdominal B (ABD-B)]. The resulting consensus is highlighted in gray, and shows only
residues that occur in all members of the paralog group. The accession numbers and other
sources of the sequences used in these comparisons are given in Box 1.

paralogs. Paralogs in the four complexes, and corre-
sponding genes in other organisms, share greater HD
sequence similarity than do different members of a single
complex. This often allows the relationships among para-
logs of different species to be recognized. As in flies, the
order of mammalian genes corresponds to the locations
of gene expression along the anterior—posterior axis in
multiple tissues, such as hindbrain, somites, gut and limb3.
In most cases, an anterior boundary of gene expression
is further rostral for the ‘anterior’ genes and further cau-
dal for the ‘posterior’ genes, but the anterior genes are
also transcribed in more caudal regions. This leads to a
nested pattern of Hox gene transcription, with the
largest number of genes transcribed in the posterior and

We have compared more than 150
HOX proteins from a variety of
animals to determine which parts
of the proteins are specifically con-
served in each paralog group. We
systematically define a ‘characteris-
tic residue’ as an amino acid con-
served by all members of one para-
log group, but not conserved at that
position by any other. The 60 amino
acids of the HD were used to align
the sequences and, depending on
the length of sequence available, comparisons were
extended to as many as 100 amino acids on each side of
the HD. We find that characteristic residues are suffi-
cient to identify and to distinguish paralog groups
uniquely, with some groups having more distinctive
features than others. The positions of characteristic
residues, inside or around the HD, might constitute
contact surfaces for cofactor proteins. Finally, as a test
of the usefulness of characteristic residues in classifying
HOX proteins, we examine the classification of the dis-
tantly related nematode and sea urchin HOX proteins.
To what extent the characteristic residues turn out to be
conserved among other animals remains to be seen;
some important evolutionary events are likely to be
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Box 1. Sources of HOX sequences

Caenorbabditis elegans CEH-13 (SWISS-PROT P17488), LIN-39 (SWISS-PROT P34684), MAB-5 (SWISS-PROT P10038), EGL-5 (SWISS-PROT
P17486). .

HOX12 HOX1 Amphbioxus (PIR $47600), HOXA1 human (E. Boncinelli, pers. commun.), HOXA1 mouse (SWISS-PROT P09022), HOXB1 axolotl
(SWISS-PROT P31357), HOXBI chick (SWISS-PROT P31259), HOXB1 human (SWISS-PROT P14653), HOXB1 mouse (SWISS-PROT P17919),
HOXD1 human (PIR C60941), HOXD1 mouse (SWISS-PROT Q01822), HOX1 Xenopus (PIR C40856), labial Drosophiia (SWISS-PROT P10105).

HOX2 HOX2 Ampbioxus (PIR $47601), HOXA?2 chick (SWISS-PROT Q08727), HOXA2 mouse (SWISS-PROT P31245), HOXAZ2 newt (SWISS-
PROT P31261), HOXAZ rat (SWISS-PROT P31246), HOXB2 human (SWISS-PROT P14652; P17485; P10913), HOXB2 mouse (D. Duboule, pers.
commun.), HOXB2 salmon (SWISS-PROT P09638), proboscipedia Drosopbila (SWISS-PROT P31264).

HOX3 HOX3 Amphioxus (PIR 524762), HOXA3 mouse (SWISS-PROT P02831), HOXB3 chick (SWISS-PROT P23682), HOXB3 human (SWISS-
PROT P14651; P17484), HOXB3 mouse (SWISS-PROT P09026; P10285), HOXB3 Xenopus (SWISS-PROT P31247), HOXD3 human (SWISS-PROT
P31249), HOXD3 mouse (SWISS-PROT P09027), HOXD3 mouse (SWISS-PROT P18867), HOXD3 newt (PIR JC1162).

HOX4 HOX4 Ampbhioxus (PIR $47602), deformed Drosopbila (SWISS-PROT P07548), HOXA4 chick (SWISS-PROT P17277), HOXA4 human
(SWISS-PROT Q00056), HOXA4 mouse (SWISS-PROT P06798), HOXA4 rat (SWISS-PROT P09635), HOXB4 chick (SWISS-PROT P14840),
HOXB4 human (SWISS-PROT P17483), HOXB4 mouse (SWISS-PROT P10284), HoxB4 Xenopus (SWISS-PROT P09070), HOXC4 human (SWISS-
PROT P09017), HOXC4 mouse (SWISS-PROT Q08624), HOXC4 rat (SWISS-PROT P18865), HoxD4 zebrafish (SWISS-PROT P22574), HOXD4
chick (SWISS-PROT P17278), HOXD4 human (SWISS-PROT P09016), HOXD4 mouse (SWISS-PROT P10628),

HOXS5 HOX5 Amphioxus (PIR $47603), HOXAS human (SWISS-PROT P20719), HOXAS mouse (SWISS-PROT P09021), HOXAS salmon (SWISS-
PROT P09637), HoxBS zebrafish (SWISS-PROT P09014), HOXBS5 chick (SWISS-PROT P14838), HOXBS5 human (SWISS-PROT P0O9067; PO9069),
HOXBS5 mouse (SWISS-PROT P09079), HoxB5 Xenopts (SWISS-PROT P09019), HoxC5 zebrafish (SWISS-PROT P09074), HOXC5 human
(SWISS-PROT Q00444), HOXC5 mouse (SWISS-PROT P32043), HoxC3 newt (SWISS-PROT P31262), HoxC5 Xenopus (SWISS-PROT P09020).

HOX6 HOXG6 Amphioxus (PIR $50067), HOXAG human (SWISS-PROT P31267), HOXA6 mouse (SWISS-PROT P09092), HoxB6 zebrafish
(SWISS-PROT P15861), HOXB6 human (SWISS-PROT P17509; P09068), HOXB6 mouse (SWISS-PROT P09023), HoxC6 zebrafish (SWISS-PROT
P15862), HOXCG6 human (SWISS-PROT P09630), HOXC6 mouse (SWISS-PROT P10629), HoxC6 newt (SWISS-PROT P14858; P14857), HOXC6
Xenopus (SWISS-PROT P02832), HOXC6 chick (PIR S08303).

HOX?7 HOX7 Amphioxus (PIR $47605), HoxA7 quail (SWISS-PROT P24061), HOXA7 human (SWISS-PROT P31268), HOXA7 mouse (SWISS-
PROT P02830), HOXA7 rat (SWISS-PROT P(09634), HoxA7 Xenopus (SWISS-PROT P09071), HOXB7 human (SWISS-PROT P09629), HOXB7
mouse (SWISS-PROT P09024), HOXB7 rat (SWISS-PROT P18864), HoxB7 Xenopus (SWISS-PROT P04476; P09018).

HOX8 HOX8 Amphioxus (PIR $47606), HOXBS chick (SWISS-PROT P23681), HOXBS8 human (SWISS-PROT P17481), HOXB8 mouse (SWISS-
PROT P09632), HOXBS rat (SWISS-PROT P18863), HOXBS pig (SWISS-PROT P09078), HOXC8 human (SWISS-PROT P31273), HOXC8 mouse
(SWISS-PROT P09025), HOXC8 rat (SWISS-PROT P18866), HOXDS8 chick (SWISS-PROT P23459), HOXD8 mouse (SWISS-PROT P23463),
HOXD8 human (PIR S05957; $14937).

HOX9 Abdominal B Drosophila (SWISS-PROT P09087), HOX9 Amphioxus(PIR S47607), HOXA9 human (SWISS-PROT P31269), HOXA9 mouse
(SWISS-PROT P09631), HOXB9 human (SWISS-PROT P17482), HOXB9 mouse (PIR A32391), HoxB9 Xenopus (SWISS-PROT P31272), HOXC9
human (SWISS-PROT P31274), HOXD9 chick (SWISS-PROT P09633), HOXD9 human (SWISS-PROT P24340), HOXDY mouse (SWISS-PROT
P28356), HOXA9 axolot]l (SWISS-PROT P28357).

HOX10 HOX10 Amphioxus (13), HOXA10 human (SWISS-PROT P31260), HOXA10 mouse (SWISS-PROT P31310), HOXC10 human (PIR
B60941), HOXC10 mouse (SWISS-PROT P31257), HOXD10 chick (SWISS-PROT P24341), HOXD10 human (SWISS-PROT P28358), HOXD10
mouse (SWISS-PROT P28359).

HOX11 HOXA11 chick (SWISS-PROT P31258), HOXA11 human (SWISS-PROT P31270), HOXA11 mouse (SWISS-PROT P31311), HOXC11
human (PIR A60941), HOXC11 mouse (SWISS-PROT P31312), HOXD11 chick (SWISS-PROT P24342), HOXD11 human (SWISS-PROT P31277),
HOXD11 mouse (SWISS-PROT P23813), HOXD11 newt (SWISS-PROT P31263).

HOX12 HOXC12 human (SWISS-PROT P31275), HOXC12 mouse (SWISS-PROT P31313), HOXD12 chick (SWISS-PROT P24343), HOXD12
mouse (SWISS-PROT P23812), HOXD12 human (PIR C39065).

HOX13 HOXA13 human (SWISS-PROT P31271), HOXC13 human (SWISS-PROT P31276), HOXD13 chick (SWISS-PROT P24344), HOXD13
human (PIR B39065).

#HOX1-13 represent paralog groups.

changes in HOX characteristic residues that lead to the
acquisition of new functions.

Defining characteristic residues of Hox paralogs
inside the homeodomain

Consensus sequences for HOX paralog groups were
determined using vertebrate, fly and Amphioxus HD se-
quences (Fig. 1; see Box 1 for sources of sequences). Only
positions common to all the sequences of each paralog
group are given in the final HOX consensus sequence
(lower line in each group). For most of the paralog
groups a clear consensus can be defined; the most con-
served residues are the same in other paralog groups.

Using the consensus sequences defined in Fig, 1, we
searched within the paralog consensus sequences for

‘characteristic residues’. The number, position and nature
of characteristic residues (summarized in red letters in
Fig. 2) distinguish most paralog groups from one another.
Paralog groups 1, 2, 3, 10 and 13 have a large number
of characteristic residues (3 to 12); HOX groups 4, 7, 8,
11 and 12 each have a single distinguishing residue that
defines the group. HOX5, 6 and 9 paralog groups can-
not be distinguished from one another based solely on
their HDs. The gray highlighting indicates framework
residues common to all the HDs,

Projection of characteristic residues on the HD-DNA
interaction model

The NMR or X-ray crystal structures of the HDs of
several HD proteins have been determined (Refs 23-26;
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Heli : ) Characteristic residues outside the
Consensus _flli-l-_m M ﬂ homeodomain
1 10 20 30 40 50 60 Extended sequence conservation
HOX1 N Q LEE A LN TQ WFQNRR QK R near the HD, on both N- and C-
HOX2 L NTQ LE E cep DL Q WFONRR KR terminal sides, provides useful ad-
HOX3 QV LE E v L Q WFONRR YK ditional criteria for paralog grouping.
HOX4 A Q LEE L Q@ WFONRR K The available sequences extend as
HOX5 Q IEE L O WFONRR K far as 100 residues on either side of
HOX6 b LEE L O wegmR K the HD, but conservation is limited
HOX7 K Q LEE t o WPQER K to sequences close to the HD. The
HOXS s o wEE Lo < pattern of conservation and' cha}mc-
teristic residues are shown in Fig. 4
HOX9 @ LEE L (see also Ref. 22).
HOX10 ¢ Q LEE - N L@ WRONRR K ¥ Within the HOXI, 2, 3, 12 and
HOX11 @ IEE - L @ WFONRR X 13 paralog groups, little or no simi-
HOX12 Q LEE E L Q WFQNRR K larity is observed outside the HD.
HOX13 Q KLE EYA F K KRR TLS Q T WFQNRRV K HOX1 and HOX3 have only one
characteristic residue each, while

Ficure 2. Conserved and paralog-characteristic residues within the homeodomain. The
results shown are derived from the Drosopbila, Amphioxus and vertebrate consensus
sequences assembled in Fig. 1. The positions of the three helices are shown in light blue for
helix 1, dark blue for helix 2 and purple for helix 3. The 13 invariant positions are highlighted
in gray. A residue is considered characteristic if no other paralog group conserves that
amino acid at the same position. Characteristic residues are indicated in red. No characteristic
residues were found in the homeodomain for HOX paralog groups 3, 6 and 9.

Fig. 3). Despite their striking primary sequence differences
the structures are remarkably similar, indicating that the
mode of HD-DNA interaction has been extraordinarily
well-conserved during the billion years of evolution sep-
arating yeast and animal progenitors?’. We used the ANTP
HD-DNA interaction model to examine the locations of
characteristic residues in the HD-DNA complex.

The HD consists of a flexible N-terminal arm, which
touches the minor groove of the DNA, followed by three
a-helices. The N-terminal arm is required for high-affinity
association with DNA and for specificity of protein
action in developing fly embryos2$-30, Helix 3, some-
times termed the recognition helix, lies in or near the
major groove, and is essential for successful and spe-
cific DNA binding3!.32. Figure 3 illustrates the mapping
of paralog-specific characteristic residues on the ANTP
HD-DNA complex.

Residues that touch the DNA are usually conserved
among multiple HOX paralog groups and appear to
provide a general means of binding to DNA. In con-
trast, characteristic residues, viewed using the three-
dimensional structure of the ANTP-DNA complex, are
not close to or oriented towards the DNA. Few lie
within the third ‘recognition’ helix. Similar conclusions
have been reached for residues shown to confer speci-
ficity of function in chimeric protein experiments33-35.
Among the paralog groups, only HOX1 proteins con-
tain a characteristic residue that can touch the DNA. At
position 7, which contacts the minor groove in the
ANTP structure, all HOX1 proteins have asparagine.

The main conclusion from these comparisons is that
members of the 1-3 and 10-13 paralog groups have
characteristic residues, which are likely to touch other
proteins, while the members of paralog groups 4-9 have
few features that distinguish them from members of other
groups. However, we find that residues outside the HD
help to distinguish the members of this latter set.

HOX2, 12 and 13 have none. All
other paralog groups have signifi-
cant conservation and characteristic
residues outside the HD. HOX9 and
10 proteins have conserved and
characteristic residues within eight
amino acids just upstream of the
HD. HOX10 and 11 proteins have
long stretches of characteristic resi-
dues C-terminal to the HD. N-terminal to the HD, most
HOX proteins, except HOX paralog groups 2 and 9-13,
have in common a conserved hexapeptide motif pre-
sumably involved in the interaction with HOX-assisting
cofactors. Within paralog groups 1 and 3 not all members
have a hexapeptide motif and, when it is present, its
position relative to the HD is variable. In contrast, mem-
bers of HOX paralog groups 48 all share the motif in
constant position for each paralog group. For these
groups, the motif, as well as some residues flanking the
motif or scattered some distance away, provide HOX-
paralog-specific characteristics.

HOX classes with one (or no) characteristic residue
inside the HD have many in the regions adjacent to the
HD. In contrast HOX1, 2, 3 and 13 proteins have a large
number of characteristic residues inside the HD, but
few or none outside of the HD. In general, sequence
comparisons using up to 100 residues outside of the HD
reveal clusters of conserved amino acids lying close to
the HD. The conserved and characteristic amino acids
in HOX9-11 proteins extend the HD, while conserved
residues N-terminal to the HD in HOX4-8 probably
contribute to the specific function of the hexapeptide
motif in each paralog.

Classifying Hox genes in Caenorbabditis elegans

The small Hox cluster in the nematode C. elegans
consists of four genes. In 3’ to 5 order, they are ceb-13,
lin-39, mab-5 and egl-5 (Ref. 36). Even though a
nonsegmented body sets apart the nematode from
insects and vertebrates, genes in the complex specify
anterior—posterior position-specific information in the
determination of cell fates!2. Which HOX paralog char-
acteristics does each nematode HOX protein exhibit,
and to what extent do the characteristic residues de-
fined in fly, Amphioxus and vertebrate Hox genes extend
to nematodes?
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