BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 235, 103—107 (1997)

ARTICLE NO. RC976748

Hydrophobic Cluster Analysis Reveals a Third
Chromodomain in the Tetrahymena Pdd1p

Protein of the Chromo Superfamily

Isabelle Callebaut,** Jean-Claude Courvalin,t Howard J. Worman,t and Jean-Paul Mornon*

*Systemes Moléculaires et Biologie Structurale, LMCP, CNRS URAQ9, Universités Paris 6 et Paris 7, 4 Place Jussieu,
75252 Paris Cedex 05, France; TDépartement de Biologie Cellulaire, Institut Jacques Monod, CNRS, Université Paris 7,
2 Place Jussieu, 75251 Paris Cedex 05, France; and tDepartment of Medicine and Department of Anatomy and Cell
Biology, College of Physicians and Surgeons, Columbia University, 630 West 168th Street, New York, New York 10032

Received April 18, 1997

The protein Pddlp (for programmed DNA degrada-
tion) links heterochromatin assembly and DNA elimi-
nation in Tetrahymena and has recently been identi-
fied as a new member of the chromo superfamily that
contains two chromodomains. Using the sensitive bi-
dimensional Hydrophobic Cluster Analysis (HCA)
method, we have identified a third, highly divergent
chromodomain in the Pdd1p sequence. Based on simi-
larity to chromo shadow domains that mediate pro-
tein-protein interactions, this newly identified chro-
modomain may direct the binding of Pdd1lp to other
proteins. These findings suggest that Pdd1p may be
the prototypical member of a new class in the chromo
superfamily as all other members contain only one or
two chromodomains. The results also demonstrate the
power of HCA in identifying relationships which are
not detected by conventional methods of sequence

analysis. © 1997 Academic Press

The chromodomain (for chromatin organization mod-
ifier) is a conserved sequence of approximately 60
amino acids originally identified in the Drosophila pro-
teins heterochromatin protein 1 (HP1) and Polycomb
(1). Many chromodomain-containing proteins have
since been identified (2, 3), and based on the number
and general features of the chromodomains, have been
separated into three classes (2). Proteins with a classi-
cal chromodomain followed by a related but distinct
sequence termed the chromo shadow domain have been
termed class A, proteins with a single classical chromo-
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domain have been termed class B and proteins with
two classical chromodomains have been termed class
C (2). Different classes of chromodomain proteins ap-
pear to have different functions, all of which are related
to chromatin structure or organization. The class A
protein HP1 is a suppressor of position effect variega-
tion (4) and mammalian homologues of HP1 interact
with transcriptional coactivators (5) and inner nuclear
membrane protein LBR (6). The class B protein Poly-
comb is involved in the down-regulation of homeotic
genes during development, presumably by stabilizing
heterochromatin (1). Class C proteins, exemplified by
mouse CHD-1, have additional DNA binding and heli-
case domains (7).

The protein Pdd1lp that links heterochromatin as-
sembly and DNA elimination in Tetrahymena has re-
cently been described as a new member of the chromo
superfamily with two chromodomains (8). However,
only the first chromodomain of Pdd1p can be detected
using the chromodomain profile described in PROSITE
(PDOCO00517) (9). This domain closely resembles ca-
nonical chromodomains although it does not fulfill the
chromodomain consensus sequence. The second chro-
modomain in Pdd1p is one of the most divergent mem-
bers of the family and, although clearly related to the
first domain (28% sequence identity), it is not detected
by the chromodomain signature or profile. In this re-
spect, Pdd1p would not fall into the three above men-
tioned classes of chromodomain-containing proteins.

In the present study, we have used Hydrophobic
Cluster Analysis (HCA) (10,11) to identify the presence
of a divergent third chromo domain in Pddlp, sug-
gesting that it may be the prototypical member of a
new class of proteins within the chromo superfamily.
HCA is a sensitive method of sequence analysis that is
able to detect 3-dimensional similarities between pro-
tein domains showing very limited relatedness. Its sen-
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Hydrophobic Cluster Analysis of the Pdd1p sequence (GenBank accession number U66364). (A) Global view of the Pdd1p HCA

plot. Globular domains are boxed and the hinge regions separating them underlined. Symbols used in the plots and the manner in which
the 1-dimensional sequence and 2-dimensional structuration are presented are indicated in the insert. (B) HCA comparison of the first and
second globular domains of Pdd1p. Similar clusters are shown shaded; sequence identities are shown as white on a black background. The
central cluster, which is highly conserved in the chromo superfamily (2), is indicated by an arrow. (C) HCA comparison of the three globular

domains of Pdd1p.

sitivity at low levels of sequence identity, typically be-
low the so-called “twilight zone” (25-30 %), stems from
its ability to detect secondary structure elements (12).
The effectiveness of the HCA method has been widely
demonstrated (for examples see 13-18), especially in
detecting internal repeated domains (15-18).

MATERIALS AND METHODS

Guidelines for the use of HCA have been published previously
(10,11). Briefly, protein sequences are shown on a duplicated «-heli-
cal net with amino acid numbers indicated above. The contours of
the hydrophobic residues are automatically drawn. The a-helical net
has been shown to offer the best correspondence between the posi-
tions of hydrophobic clusters and regular secondary structures (12).
Four symbols are used in the plots, regarding the specific structural
behavior of the amino acids they represent: a star for proline, a

diamond for glycine, a square for threonine and a dotted square for
serine.

The statistical significances of alignments are assessed through
the calculation of Z-scores. The Z-score represents difference between
the alignment score under consideration and the mean score of a
distribution computed for the alignment of sequence 1 versus a large
number (10,000) of randomly shuffled versions of sequence 2 (13,16).
These differences are expressed relative to the standard deviation
of the random distribution, with values exceeding 3.0 considered to
represent authentic relationships for small domains, as it is the case
for the chromo superfamily (13,16).

RESULTS

Examination of the Pdd1p sequence using HCA dem-
onstrates the presence of three globular domains sepa-
rated by two hinge regions of about 90 (hinge 1) and
160 (hinge 2) amino acids, respectively (Figure 1A).
Globular regions are characterized by a typical, thick
distribution of hydrophobic clusters contrasting with
hinge regions which only contain scattered hydropho-
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CHROMO DOMAINS ——l--
DmPc 19/ 84 DDPVDLVYAAEKIIQKRVKK=-——~ GVVEYRVKWKGWNQ--RYNTWEPEVNIL---—— DRRLIDIYEQTNKSSGTPSK
MoMOD3 5/ 70 SSVGEQVFAAECILSKRLRK---—- GKLEYLVKWRGWSS--KHNSWEPEENIL--—-- DPRLLLAFQKKEHEKEVONR
CeYO82 1/ 67 MADGSELYTVESILEHRKKK----— GKSEFY IKWLGYDH--THNSWEPKENIV-———— DPTLIEAFFTREAARKAEIK
DmHP1_A 17/ 82 AEEEEEEYAVEKIIDRRVRK----- GKVEYYLKWKGYPE--TENTWEPENNLD-—~—— CODLIQQYEASRKDEEKSAA
DvHP1 A 17/ 82 AEEEEEEYAVEKILDRRVRK----— GKVEYYLKWKGYAE--TENTWEPEGNLD---—— CODLIQQYELSRKDEANAAA
HuHP1 A 13/ 78 SSEDEEEYVVEKVLDRRVVK---—- GQVEYLLKWKGFSE--EHNTWEPEKNLD---—— CPELISEFMKKYKKMKEGEN
MoMOD1_A 14/ 79 LEEEEEEYVVEKVLDRRVVK~~——~ GKVEYLLKWKGFSD--EDNTWEPEENLD-——--- CPDLIAEFLOSQKTAHETDK
MoMOD2_A 13/ 78 EEAEPEEFVVEKVLDRRVVN-——-— GKVE YFLKWKGETD--ADNTWEPEENLD-~—~— CPELIEDFLNSQKAGKEKDG
PCHET1 A 4/ 69 SGSEEEEYVVEKIIDKRTVN---—- GKVQYFLKWKGYDE--SENTWEPHENLE---——~ CPELIAEFERKWEKKQEEKK
PCHET2_A 6/ 72 VPAVEEEFIVEKILDKRTEPD----GSVRYLLKWKGYGD-~EDNTWEPPENMD—~-—~ CEDLLEEFEKKLSKPKKRRK
SmPAJ26 (49/ 219) ESXGEDEFQVEKILKVRIRN----- GRKEYFLKWKGYSE--EDNTWEPEENLx-~——~ CPDLIKEFEERRARERPSLT
SpSWI6_A 74/ 143 EEEEEDEYVVEKVLKHRMARKG---GGYEYLLKWEGYDD-PSDNTWSSEADCS~-~-GCKQLIEAYWNEHGGRPEPSK
CeT9a58 17/ 84 EGKSDEIFEVEKILAHKVTD-———— NLLVLQVRWLGYGA--DEDTWEPEEDLQ---ECASEVVAEYYKKLKVTDKTEL
DmSuv3 9 212/ 278 KRPPKGEYVVERIECVEMDQ-——-— YOPVFFVKWLGYHD--SENTWESLANVA--~--DCAEMEKFVERHQQLYETYIA
HuMG44 (250/ 448) SKRNLYDFEVEXLCDYKKIR----- EQEYYLVKWRGYPD~-SENTWEPRQNLK-——--— CVRILKQFHKDLERELLRRE
C£TENV 81/ 143 EPEAENEFEVEKILDKK-——-———-- GQRYLVKWKGYDE--SENTWEPRINLA----NCYQLLROFOKWRQDSRKQEA
FoSKPY 1229/1296  EISGPEVYEAEAIRDTRKIN--—-- GOREYLIKWKNYPE--NENTWEPPKHLV----NAQRLLKDFHQRARKKERRPK
MoCHD1 A 263/ 362 QPEDEEFETIERVMDCRVGRK< 28>GDIQYLIKWKGWSH-— I HNTWETEETLKQONVRGMKKLDNY KKKDOETKRWLK
ScYEZ4 A 188/ 257 KTSLEEGKVLEKTVPDLNNCK-—--ENYEFLIKWTDESH--LHNTWETYESIG--QVRGLKRLDNYCKQFI IEDQQVR
MoCH1 B 380/ 450 DDLHKQYQIVERIIAHSNKQSAA--GLPDYYCKWQGLPY--SECSWEDGALIS---KKFQTCIDEYFSRNQSKTTPFK
ScYEZ4 B 278/ 350 LDEFEEFHVPERIIDSQRASLEDGTSQLQOYLVKWRRLNY --DEATWENATDIV---KLAPEQVKHFONRENSKILEQY
MgGRH 1266/1332  TGEPEEVWAVEAILAAKNRRGRG--GGRQVLVKWQGYD-~-—NPTWEPLELMT~~~-~ DTRALDEFEARWGGVHTNDG
MgMAGGY 1130/1199  EVEGEREYEVEEILDSFWETRGRGGRRLKYIVRWAGYS----EPTTEPADYLE----NAAQLVKNFHRRYPHKPGPRP*
CeC29H12 39/ 136  TQDSDSEYEIERIIDHVSFLE<29>SNYFFLVKWLGYGN--KEMTWEPESNIP--—-- DSVYLYEYKKLNNMVMNRMN
CHROMO SHADOW DOMAINS -—dm- ——dd--
HuHP1 B 114/ 179  ARGFERGLEPEKIIGATDSC----- GDLMFLMKWKDTDE--ADLVLAKEANVK-——--— CPQIVIAFYEERLTWHAYPE
MoMOD1_B 110/ 175 PRGFARGLEPERIIGATDSS—--—- GELMFLMKWKNSDE--ADLVPAKEANVK————— CPQVVISFYEERLTWHSYPS
MoMOD2_B 104/ 169 PRGFARGLDPERIIGATDSS--——- GELMFLMKWKDSDE - -ADLVLAKEANMK—~= -~ CPQIVIAFYEERLTWHSCPE
PCHET1 B 105/ 170 LNGFERGLKPERIIGATDTS----~ GELMFLMKVEGTDE--ADLVRSVDARTK- -~ CPQLIIEFYEKHLTWNNASE
PCHET2 B 129/ 193 VSDFDR-YVPSEILGVTKVG-———- GSLKFLMKWEGIER--ATFVLAKEANIV-———-— CPQLVIDYYESRLOLEFDPKM
SpSWI6 B 260/ 328 VKQVENYDSWEDLVSSIDTIERKDDGTLEIYLTWKNGAI -—--SHHPSTITNKK—-—-—~ CPQKMLOFYESHLTFRENE*
DmHP1 B 140/ 205 STGFDRGLEAEKILGASDNN-——-— GRLTFLIQFKGVDQ-~AEMVPSSVANEK-——-— IPRMVIHFYEERLSWYSDNE
DvHP1 B 147/ 212 GTGFDRGLEAEKILGASDNN-———— GRLTFLIQFKGVDQ--AEMVPSTVANVK--——- IPQMVIRFYEERLSWYSDNE*
Pddlp S fethd g % ###+wigs - - n# % 34 #%
Pddlp 1 42/ 113 EEEEEDQYEVEKILDSRENP---KTKQKEYLVKWENWPI - -EDSTWEPYEHLS -~ --NVKE I VOAFEKKQKANVMPQP
Pddlp 2 203/ 267 ADADETELVFEEIVDKRILD---—— GOTEYLIRFQNVSQ----PQWVDVGQLI----AIKDDVIAYEDKIAAQSQLNK
Pddlp 3 420/ 492 QOGDFKTDNVDKIEIQGDEN-DIMTSRFEVEWKIRQDNVTPASQVYSAS YLRR-- -~ YEPQVLIDFLLOHSNQSQLRO
oe * o:’; e .

FIG. 2. One-dimensional sequence alignment of the Pdd1p chromodomains, deduced from HCA, with the other members of the chromo
superfamily described in (2). The upper group of sequences contain classical chromodomains, the middle group chromo shadow domains
and the lower group the Pdd1p chromo domains. Identical amino acids between Pdd1p-11l and the other polypeptides are in bold print. @
indicates the positions of these identical amino acids which are highly conserved within the chromo superfamily. The domain positions in
the protein sequences are indicated next to their names. x indicates ambiguous positions, * the end of protein sequences. Between the
middle and lower groups, the consensus described by Aasland and Stewart (2) is shown (%, semi conserved hydrophobicity; #, strongly
conserved hydrophobicity; —, conserved acidic residues; +, conserved basic residues). Note that he third chromo-like domain of Pdd1p meets
the main features of this consensus. 1 indicates the two positions in the conserved hydrophobic cluster where aromatic residues are
substituted by aliphatic residues (V and I). The single and double arrows, as indicated in Figures 1 and 3, are also reported.

bic amino acids. The two chromo domains originally
described by Madireddi et al. (8) correspond to the glob-
ular regions Pdd1p-l and Pdd1p-Il (Figure 1B). These
two domains share 28% sequence identity. The hy-
drophobic clusters YLVKW in Pdd1p-l and YLIRF in
Pdd1p-11 designated with an arrow in Figure 1B and
strongly predicted to be a §-stand, correspond to the
best conserved section between chromo domains (see
Figure 2). This cluster can be coded 11101, where 1 is
an hydrophobic amino acid and 0 any other one with
the exception of proline which interrupts clusters.
The third globular domain of Pdd1p (Pddip-IIl), is
found to have a similar length as the two preceding
ones (approximately 60-70 amino acids). This globular
domain contains several stretches of sequence conser-
vation relative to the protein’s first and second globular
domains (Figure 1C). The hydrophobic pattern charac-
terizing the “chromo fold” is also generally maintained

in Pdd1p-111, with an absolute conservation of the typi-
cal cluster 11101 highlighted above (VFWKI, arrow in
Figures 1B and 1C).

The first and fourth hydrophobic amino acids of the
cluster characteristic of the “chromo fold”, which in typ-
ical chromodomains are generally aromatic, are ali-
phatic in the third globular domain of Pdd1p (V and I,
respectively; highlighted with the symbol f in Figure
2), which may explain why this cluster escaped profile
detection. Aliphatic amino acids are, however, also ob-
served in these positions for some members of the
chromo superfamily, for example a valine (MgGRH) or
an isoleucine (SpSWI16 B) in the first position or a
valine (PcHetl B) in the fourth position (Figure 2).
The three charged amino acids, E447, K451 and R453,
which encircle the cluster 11101 in the third globular
domain of Pdd1p, are also found to be well conserved
in the chromo superfamily, especially K451 which rep-
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FIG. 3. HCA comparison of the third chromo domain of Pdd1p with the chromo shadow domain of Drosophila virilis (Swissprot P29227).
Similar clusters are shown shaded, sequence identities are written white on a black background. The central cluster which is highly
conserved in the chromo superfamily (2) is indicated by an arrow. The cluster representative of the chromo shadow family is indicated by
a double arrow. Identity and similarity Z-scores calculated for this comparison are 4.8 and 4.2, respectively.

resents a prominent feature of the domain (Figure 2).
Amino acids K431, 1432, P474, Q475, 1478 and F480
are also highly conserved in the chromo superfamily
(highlighted with the symbol @ in Figure 2). Several
cluster correspondences and sequence identities are
particularly conserved between the third globular do-
main of Pdd1lp and chromo shadow domains of other
superfamily members (Figure 2).

A detailed comparison of the third globular domain
of Pdd1p to the chromo shadow domain of Drosophila
virilis HP1 is shown in Figure 3. The chromo shadow
domain of Drosophila virilis HP1 shares 20% identity
with the third chromodomain of Pdd1p (Figure 3). This
percent identity is similar to that observed between the
same chromo shadow domain and the classical chromo-
domain of the same protein (21%). In particular, the
third part of the third globular domain of Pdd1p con-
tains features typical of chromo shadow domains, as
illustrated by the conservation of the cluster coded
111011 (double arrow in Figure 3) and by the sequence
identities of P474, Q475, 1478 and F480.

The statistical significance of the alignment of the
third globular domain of Pdd1p with the eight chromo
shadow domains shown in Figure 2 was assessed by the
calculation of Z-scores. The mean of identity Z-scores is
3.7 (standard deviation 0.9) and the mean of similarity
Z-scores (using BLOSUMG62 matrix (19)) is 3.9 (stan-
dard deviation 0.8). These scores are consistent with a
genuine relationship of this domain with the chromo
shadow domains as values between 3 and 6 are fre-
guently observed for divergent but related small do-
mains (16). For comparison purposes, the identity and
similarity Z-scores observed between the canonical

chromodomains and the chromo shadow domains of the
same eight proteins are 3.8 (¢ 1.2) and 5.6 (o 1.2) re-
spectively, for a mean identity of 18.8 % (o 3.9). These
results are confirmed by profile-like procedures, based
on the comparison of the third globular domain of
Pdd1p not with isolated sequences but with the whole
family (Callebaut et al., unpublished results).

DISCUSSION

In this report, we predict that the Tetrahymena
Pdd1p protein contains no other globular domains than
three chromo-like domains that may mediate the func-
tions of this protein. The length of the two hinge regions
(~90 and 160 amino acids) is reminiscent of the struc-
ture of other members of the chromo superfamily, in
particular those containing classical chromo and
chromo shadow domains.

The third, heretofore undescribed chromodomain of
Pdd1p (Pdd1p-111) resembles more chromo shadow do-
mains than classical chromodomains and may function
in mediating the interactions of Pdd1p with other chro-
modomains or chromatin-associated proteins, as re-
ported for some chromo shadow domains. For example,
the chromo shadow domains of HP1-type proteins is
responsible for self-association (5, 20) as well as for the
binding to either inner nuclear membrane protein LBR
(20) or TIF transcriptional coactivators (5). A putative
role of Pdd1-111 in mediating protein-protein interac-
tions therefore warrants investigation.

The third chromo-like domain of Pdd1p was detected
using the HCA method but missed by methods such as
BlastP (21) or consensus or profile detection specific to
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the chromo superfamily (9). By putting sequence simi-
larities in the context of 2-dimensional structuration,
HCA adds a dimension to sequence analysis that over-
comes the limitations of current 1-dimensional meth-
ods into and below the so-called “twilight zone” (typi-
cally under 25-30% sequence identity). The present
data stress the power of the HCA method that may be
particularly useful in interpreting genomic sequence
data.
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