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Abstract. On the average, 30% of the residues in a pro-
tein are members of peptidic palindromes, tripeptidic and
longer. This percentage may go up to 50% in histones
and certain other DNA binding proteins. The longest
peptidic palindrome encountered thus far was 14 residues
in length. However, there is every reason to expect even
longer peptidic palindromes in other proteins not yet
analyzed.

Introduction

In celebration of the 60th birthday of my old and very
dear friend, Professor Ulrich Wolf, I begin by dedicating
two palindromes connected with the word “Wolf”. One
rarely finds a surname that makes a comprehensible word
when read from right-to-left. “Wolf” is one such excep-
tion in that when read in the opposite direction, it be-
comes “flow”. Thus, “Wolf” is a surname very amenable
to being a component of palindromes. “Wolf did flow” is
indeed an apt description of one of his more inspired
performances on his beloved cello. Nevertheless, it is no
easy task to form a long palindrome containing the two
words “Wolf” and “flow” in symmetrical positions. The
best I have come up with, thus far, is the following:
“Wolf’s deeds lived was dog DNA, and God saw devil’s
deeds flow.” Indeed, after much disagreement, the an-
cestry of the domestic dog appears to have been settled
on wolves rather than jackals.

Furthermore, it is a fact that in European folklore,
the dog is a messenger of Satan, whereas the horse is a
harbinger of God.

In spite of the difficulty noted above, mankind the
world over has developed a consuming interst in palin-
dromes ever since the invention of writing. The beauty
of perfect symmetry embodied in each palindrome is the
apparent reason for so persistent a consuming passion.

The beauty is more apparent in numerical palindromes,
e.g.,123585321. One may assign the value of a full
note to numeral “1” and that of an 8th note to numeral
“8”, or one might do the converse. Either way, one would
find that each numerical palindrome becomes an inherent-

This article is dedicated to Professor Ulrich Wolf in honor of his
60th birthday

ly pleasing rhythm, because of its perfect symmetry. It is
small wonder that composers of ages past have also ex-
perimented with palindromes. The more successful pieces
are those by Mozart and Haydn.

In view of their perfect symmetry, there is little doubt
that palindromic peptide fragments within a protein should
contribute a remarkable versatility to it. Yet, since the
notification of their presence (Ohno 1989), not much at-
tention has been paid to peptidic palindromes. Thus, |
shall begin by presenting some of the longer peptidic
palindromes found in diverse proteins.

Long peptidic palindromes found in diverse proteins

The longest peptidic palindrome that I have encountered,
thus far, was 14 residues long. It is shown at the top of
Fig.1 as palindrome no. 1. It occupied positions 190-203
of mouse histone H1 variety 1 (Cheng et al. 1989). Be-
cause of its palindromic nature, 6 lysines were spaced
apart by 2, 1, 2, 1, 2 intervening residues, thus, achieving
perfect symmetry in their distribution. Histone HI is a
component of the nucleosome around which DNA wraps
itself. The perfectly symmetrical distribution of basic res-
idues in histone H1 offers two alternative ways in which
DNA can bind to this histone. Perhaps for this reason,
one tends to find long peptidic palindromes in all his-
tones. For example, mouse histone H1 var-1 contained,
in addition to the tetradecapeptidic palindrome noted
above, one octapeptidic, two heptapeptidic, two hexa-
peptidic and as many as five pentapeptidic palindromes.
When the tetrapeptidic and tripeptidic palindromes were
added together, 110 of the 212 residues (52%) of this
histone were involved in palindromes. Of those found in
mouse histone H1 var-1, two heptapeptidic palindromes
are also shown in Fig. 1 as nos. 8 and 9. These two are in-
cluded in Fig. 1, for they were found, not only in H1 his-
tones of other species, but also in other histones, i.e..
H2 and H3. The same applies to nonapeptidic palin-
drome no. 3 derived from histone H1 of the rabbit and
cattle (Dayhoff 1972) as well as to heptapeptidic palin-
drome no. 10 derived from human histone H1.3 (Albig
et al. 1991).

Other long peptidic palindromes of Fig.1 were chosen
because of their divergent amino acid compositions.
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H1-HISTONE (MOUSE VAR-1)

190 203
1) SER-LYS-ALA-VAL-LYS-PRO-LYS-ALA-ALA-LYS-PRO-LYS-VAL-ALA-LYS-LYS

11
-

254 264
2)  Pro-PRO-GLY-ARG-CYS-CYS-ARG-CYS-CYS-ARG-ALA-PRO-GLY

9
-

30 38
3)  ALA-GLY-ALA-ALA-LYS-ARG-LYS-ALA-ALA-GLY-PRO

8
»

21 28
4)  6Lu-ASP-GLU-GLU-ASP-ASP-GLU-GLU-ASP-ALA

7
218 Ll 224
5) LEU-GLU-LYS-GLU-ARG-GLU-LYS-GLU-1LE

370 = 376
6) PRO-PRO-LYS-ARG~GLU-ARG-LYS-PRO-SER

321 n 327
7) AsSP-LYS-GLU-GLY-GLU-GLU-GLU-LYS-LYs

135 - 141
8) ALA-ALA-LYS-LYS-PRO-LYS-LYS-ALA-PRO

155 = 161
9) THR-PRO-LYS-LYS-ALA-LYS-LYS-PRO-ALA

190 = 196
10} seER-PRO-ALA-LYS-ALA-LYS-ALA-PRO-ALA

18 bt 24
11} LEuU-JRP-ARG-TRP-GLY-TRP-ARG-TRP-GLY

350 = 356
12) 6Lu-GLU-SER-ASP-ILE-ASP-SER-GLU-ALA

64 = 70
13) PRO-GLU-SER-GLY-ALA-GLY-SER-GLU-PHE

993 » 999
14)  Hrs-ASN-ASP-PHE-HIS-PHE-ASP-ASN-VAL

332 u 338
15) LEU-PHEGLY-ALA-TLE-ALA-GLY-PHE-ILE

7
372 a 378
16) ser-LEU-ALA-TLE-VAL-TLE-ALA-LEU-THR
7
393 - 399
17)  ser-5LY-GLY-ASN-THR-ASN-GLY-GLY-ARG
7
355 - 361
18)  GLU-YAL-SER-SER-VAL-SER-SER-VAL-SER
7

332 = 338 )
19} PHE-ASN-ALA-ALA-ALA-ALA-ALA-ASN-ALA

Fig. 1. The list of 19 long divergent peptidic palindromes. They are
heptapeptidic and longer in length, differ in amino acid composi-
tion and are derived from divergent proteins. Palindromic parts
are underlined and their sources are indicated at the right. Refer-
ences to these proteins are given in the text. The position of palin-
dromes in a protein is indicated by numbers placed above the first
and last residues

M1 ACETYLCHOLINE RECEPTOR
(HUMAN, PIG)

HI-HISTONE (RABBIT,CATTLE)

DNA REPAIR HELICASE (HUMAN)

90KD HEAT SHOCK PROTEIN
(HUMAN)

RAP74 INITIATION FACTOR
(HUMAN)

RAP74 INITIATION FACTOR
(HUMAN)

HI-HISTONE (MOUSE VAR-1)

H1-HISTONE (MOUSE VAR-1)

H1-HISTONE (HUMAN 1,3)

ENVELOPE PROTEIN (HIV VIRUS)

RAP74 INITIATION FACTOR
(HUMAN)

RAP74 INITIATION FACTOR
(HUMAN)

DHP CA™* CHANNEL (RABBIT)

HEMAGGLUTININ (INFLUENZA A
VIRUS)

Ry BLOOD GROUP  (HUMAN)

NUCLEOPROTEIN (INFLUENZA A
VIRUS)

RED-OPSIN (HUMAN)

ESTROGEN RECEPTOR (HUMAN)

Monodecapeptidic palindrome no.2, derived from the
human M1 acetylcholine receptor (Allard et al. 1987),
for example, contained four cysteine residues. As re-
peatedly noted, in the average amino acid composition,
cysteine is the second rarest residue after tryptophan.
Accordingly, the inclusion of four cysteines in one palin-
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193 200 203 210
LYS-PRO-LYS-ALA-ALA-LYS-PRO-LYS-THR-SER-LYS-PRO-LYS_ALA-ALA-LYS-PRO-LYS ~ HI-HISTONE (RAT D)

340 345 348 351
/ASP-SER-SER-GLU-GLU-SERFASP-SER-SER-GLU-GLU-SER#

218 224
LEU-GLU-LYS-GLU-ARG-GLU-LYS-GLU-ILE

239 243
THR-LYS-GLU-ARG-GLU-LYS-ALA

278 282
GLY-GLY-VAL-ALA-VAL-GLY-THR
175 179
THR-GLY_VAL-ALA-VAL-GLY-PHE

Fig.2. Two examples of tandem repeats of peptidic palindromes
are shown at the rop, whereas two examples of the ubiquity of penta-
peptidic palindromes are shown at the botrom

drome was very significant. So were the inclusion of
three tryptophan residues in heptapeptidic palindrome
no.11 derived from the envelope protein of HIV-III
virus (Ratner et al. 1985). Although this 863-residue-
long viral protein contained 22 tryptophans (2.6 X great-
er than the average), 6 additional tryptophans were in-
cluded in three shorter palindromes. The octapeptidic
palindrome no. 4 contained in human DNA repair heli-
case (Weeda et al. 1990) comprised only acidic residues.
However, both acidic and basic residues were included
in palindrome no.5 derived from human 90-kDa heat
shock protein (Rebbe et al. 1989), as well as in palin-
dromes no. 6 and 7, both contained within the RAP74
protein, which is a general initiation factor for transcrip-
tion by RNA polymerase 1I (Finkelstein et al. 1992).
This RAP74 protein also furnished heptapeptidic palin-
dromes no. 12 and 13, each containing a pair of glutamic
acids. A pair of phenylalanines were contained in two
heptapeptidic palindromes: no. 14 was derived from the
rabbit Ca*™™ channel that was recognized as the DHP re-
ceptor (Tanabe et al. 1987), while no. 15 was derived
from influenza A virus hemagglutinin (Verhoyen et al.
1980). Nucleoprotein of influenza A virus furnished hepta-
peptidic palindrome no. 17, centered by a polar residue,
threonine (Winter and Fields 1981). Palindrome no. 16,
derived from human Rh blood group-related protein
(Cherif-Zahar et al. 1990), consisted only of hydrophobic
residues. Palindrome no. 18, contained in human red-
opsin (Nathans et al. 1986), included four serines that are
polar. Heptapeptic palindrome no. 19 containing five suc-
cessive alanines derived from human estrogen receptor
(Greene et al. 1986) is deliberately shown to dispute a
widely held misconception that homo-oligopeptides are
rare. In fact, homo-oligopeptides, pentapeptidic to hepta-
peptidic in lenght, were regularly found in divergent pro-
teins. Needless to say, all the homo-oligopeptides are
palindromes. Five successive glutamic acids contained in
palindrome no.7 should also be recalled.

RAP74 INITIATION FACTOR (HUMAN)

90KD HEAT SHOCK PROTEIN (HUMAN)
DHP Ca™™ CHANNEL (RABBIT)

R# BLOOD GROUP (HUMAN)

yop BACTERIAL TOXIN
(YERSINIA PSEUDOTUBERCULOSIS)

Figure 1 shows that long peptidic palindromes are to
be found in divergent proteins and that their amino acid
compositions are very diverse, often containing rare res-
idues such as tryptophan, cysteine and histidine. Al-
though not shown, another rare residue, methionine, is
also found in long palindromes.

I have already noted that histones tend to be excep-
tionally rich in peptidic palindromes — residues involved
in tripeptidic and longer palindromes approaching or ex-
ceeding 50% of the total. Excluding histones, the aver-
age content of peptidic palindromes was estimated at
28.9% based upon the sampling of 54 diverse proteins.
Positioned at the opposite end from histones were vari-
ous sugar metabolizing enzymes in which the average
palindromic content was a mere 18.3%. These sugar
metabolizing enzymes evolved soon after the beginning
of life on this earth, therefore, long before the division
of eukaryotes from prokaryotes, and each has been per-
forming the same task ever since. Perhaps, their vener-
able old age has something to do with the paucity of pep-
tidic palindromes. Indeed, these sugar metabolizing en-
zymes were rich in degenerate palindromes, e.g., Val-
Asp-Phe-Asn-Val.

Tandem repeats of peptidic palindromes
and their ubiquity

Peptidic palindromes are often found in tandem. Two
such examples are shown at the top of Fig. 2. Within rat
histone H1.D (Cole et al. 1990), two copies of the octa-
peptidic palindrome appeared in succession separated by
two residues. Needless to say. this octapeptidic palin-
drome is a core portion of the tetradecapeptidic palin-
drome shown at the top of Fig. 1. Such tandem repetition
can be viewed either as a drive toward a longer palin-
drome or a degeneracy that has split a longer palindrome
into two shorter, identical ones. In palindromes. the be-
ginning is also the end. thus, the end is also the begin-
ning. At any rate, within positions 193-210 of rat histone
H1.D. 8 lysines are already spaced symmetrically apart
by 1, 2, 1, 2, 1. 2, | intervening residues (Fig. 2, top).
Changing Thr-Ser at position 201-202 to either Ser-Ser



or Thr-Thr, would result in an octadecapeptidic palin-
drome. That would be a mere formality, however, for
serine and threonine, both having an hydroxyl group,
are already brothers in arms.

Shorter hexapeptidic tandem repeats found within
human RAP74 general initiation factor are also shown in
the second row of Fig. 2. Were the 346th and 447th posi-
tions changed from Asp-Ser to Asp-Asp, a new decapep-
tidic palindrome in which 4 serines are spaced apart by 2
acidic intervening residues would be born.

In all forms of communication devices, such as lan-
guages, an identical phrase, sentence and even paragraph
can be used in essays dealing with divergent subjects. For
example, the blood stirring phrase “toujours I'audace,
toujours I'audace” (always with audacity) can be the dic-
tum of military strategists, but it can also serve as a very
appropriate dictum for horsemen or tennis players and
even for stock brokers.

The same is true of proteins: contrary to popular be-
lief, identical oligopeptides are regularly found in totally
unrelated proteins (Ohno 1991), and they are more often
than not peptidic palindromes. Since a dictionary of ubig-
uitous oligopeptides will be compiled in the near future,
1 shall only give two examples of ubiquitous pentapep-
tidic palindromes.

As shown for the rabbit in the middle of Fig. 2, the
pentapeptidic palindrome Lys-Glu-Arg-Glu-Lys was the
core of the no. 5 heptapeptidic palindrome already shown
in Fig.1, as derived from the human 90 KD heat shock
protein, and the same was found in the rabbit Ca™ chan-
nel, identified as the DHP receptor. Human Rh blood
group protein and yopA protein of Yersinia pseudotuber-
culosis (Rosqvist et al. 1988) shared the pentapeptidic
palindrome: Gly-Val-Ala-Val-Gly. Y. pseudotuberculosis
is a less virulent relative of Yersinia pestis; the pathogen
of the dreaded black plague.

Functional significance of peptidic palindromes

Peptides can assume only three secondary structures,
forming B-pleated sheets or a-helices, or, failing in the
above two alternatives, assuming random coil configura-
tions. Each p-pleated sheet tends to stabilize itself by
forming hydrogen bonds with a neighboring B-pleated
sheet that is placed side-by-side. Such a pair of §-pleated
sheets can either be in parallel or in anti-parallel orienta-
tion. If both are peptidic palindromes, being parallel or
anti-parallel does not matter, for hydrogen bonds should
be formed between the identical pairs of residues in both
orientations.

The plasma membrane is 5mm thick, thus, in order
to transverse the plasma membrane, each a-helix must
be made of 22 residues. If this transmembrane a-helix is
a peptidic palindrome, it matters not whether its amino-
terminal or its carboxyl end remains inside the plasma
membrane. Indeed, each transmembrane a-helix ap-
pears to be a degenerate peptidic palindrome (Ohno
1989).
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