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The current theory of protein evolution is that all con-

temporary proteins are derived from an ancestral sub-

set. However, each new sequenced genome exhibits

many genes with no detectable homologues in other

species, leading to the paradoxical picture of a universal

ancestor with more genes than any of its progeny.

Standard explanations indicate that fast evolving genes

might disappear into the ‘twilight zone’ of sequence

similarity. Regardless of the size of the original ances-

tral subset, its origin and the potential mechanisms

of its subsequent enlargement are rarely addressed.

Sequencing of Rickettsia conorii genome recently led

to the discovery of three families of repeat–mobile

elements frequently inserted into the middle of protein

coding genes. Although not yet identified in other

species of bacteria, this discovery has provided the first

clear evidence for the de novo creation of long protein

segments (up to 50 amino acid residues) by repeat

insertion. Based on previous results and theories on

the coding potential of palindromic elements, we

speculate that their insertion and mobility might have

played a significant role in the early stages of protein

evolution.

The complete sequencing and analysis of the Rickettsia
conorii genome surprisingly revealed three new families of
palindromic repeats capable of in-frame insertion into pre-
existing open reading frames (ORFs): Rickettsia palin-
dromic element (RPE)-1, RPE-2 and RPE-3 [1–3] (Fig. 1).
The size of these repeats is 141 bp, 105 bp and 116 bp for
RPE-1, RPE-2 and RPE-3, respectively. In-frame insertion
was observed 23 times out of the 45 total occurrences of
RPE-1. RPE-2 (5 out of 7) and RPE-3 (4 out of 4) also
exhibited a high frequency of in-frame ORF insertions [3].
Homologous repeats were also identified within the ORFs
of other Rickettsia species [1,3]. Many of the RPE-
containing ORFs correspond to genes with important
functions (i.e. DNA polymerase I). No intact forms of
these genes are found in the Rickettsia genome. Although
RPE insertions can be found anywhere along the gene
sequences, they always appear at the surface of the 3D
structure of the proteins in a way compatible with their
original fold and function [1,3]. Experiments have shown
that RPE-containing genes are transcribed [1] and trans-
lated normally, producing proteins with RPE-derived

peptide inserts (35–50 amino acid residues) while main-
taining their expected enzymatic activity (C. Abergel et al.,
unpublished).

An RPE-1 sequence was also found to be inserted into a
functional RNA gene (tmRNA) [3], making this type of
repeat an ultimate molecular parasite, equally capable of
propagating within intergenic regions, protein-coding
genes, and RNA genes of bacterial genomes.

Initially, such an in-frame insertion phenomenon
could be considered a one-in-a-billion-years freak
evolutionary accident. However, the identification of
three unrelated repeat families within the ORFs of
Rickettsia – a bacterial genus closely related to the
ancestor of mitochondria – indicates that in-frame
repeat insertions indeed occurred recurrently, at least
in this group of bacteria. Despite their specificity to
Rickettsia, RPEs resemble other known intergenic
palindromic repeats, such as 127-bp intergenic repeat
unit (IRU) or 152-bp repeat sequence (RSA) [4,5], in
terms of their structure, size and frequency of
occurrence in the genome. However, a comprehensive
database search of those repeats did not reveal a
convincing case for internal ORF insertion [1]. So, why
are these in-frame repeat insertion events only seen in
Rickettsia?

A detailed analysis of the small genomes (,1 Mb)
and gene contents of R. conorii and R. prowazekii did
not identify any specific mechanism that could cause
such a phenomenon to happen uniquely in Rickettsia.
On the contrary, these genomes do not show high
repeat-frequencies (R. prowazekii is in fact among the
lowest [6]), and exhibit a very low level of genomic
rearrangements [2].

We believe that in-frame repeat insertions are a general
phenomenon resulting from the natural properties of
ORFs and palindromes. Our opinion is that they occurred
recurrently in the past in different bacteria but remained
detectable only in the slow-evolving, sequestered obligate
intracellular Rickettsia [3]. In this case, the insertion of
palindromic repeats in pre-existing coding regions might
have played a significant role in the overall evolution of
protein domains.

The newly discovered coding RPEs highlight questions
surrounding: (1) the coding potential of palindromic
sequences, (2) the folding capacity of the resulting peptidic
chain, and (3) the tolerance of proteins to relatively large
peptidic insertions.
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Coding potential of a palindromic sequence

Within a palindromic sequence, the left half and the right
half of the sequence from the same DNA strand are, by
definition, complementary to each other. How could such
a sequence therefore emerge by chance in the course of
evolution? Although the detailed mechanisms are still
unknown, the duplication of a DNA segment followed by
its inverted insertion at one of the extremity of the original
segment is the most probable scenario for the generation
of a palindromic sequence (Fig. 2). There is little doubt
that such a duplication–insertion process (a single
event) is more probable than the accumulation of multiple
point-mutations.

The DNA segment from which the palindrome first
arises could be either a noncoding or a coding sequence
(i.e. an ORF). Given the high ORF density in bacterial
genome (,80%), a coding segment is more probable.
Furthermore, if the duplication–inversion process is medi-
ated by reverse transcription of mRNA [7], transcribed
sequences (i.e. genes and thus ORFs) become an even more
likely source of palindromes.

The high probability that a newly created palin-
drome originates from a coding sequence has important
consequences for the statistical property of the palin-
dromic sequence along its entire length. Several
authors have examined the property of the complemen-
tary sequence of coding strands, and observed that the
antisense reading frame, RF 2 1, of existing genes
tends to exhibit less stop codons and larger ORFs than
is expected in a random sequence [8–12] (see Box 1 for
the definition of different frames). In the Escherichia
coli K-12 genome (49.2% A þ T content), we found that
the RF 2 1, RF 2 2 and RF 2 3 frames exhibited stop
codons at a frequency of 2.5%, 3.6% and 4.8%,
respectively [the expectation is 3/64 (4.7%) for a
random sequence with equal proportions of A, T, G
and C]. In a frame with 2.5% of stop codons, the
statistically expected ORF size is, on average, 39 amino
acids, and the expectation for the largest ORF in a
whole (1 Mb) bacterial genome is ,1500 ^ 150 nucleo-
tides [13]. In agreement with these statistical proper-
ties, half of the annotated E. coli genes exhibit an
antisense ORF longer than 300 nucleotides (the
standard threshold in genome annotation). In
R. conorii, we found 204 genes exhibiting an antisense
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PHDsec         HHH     HHHHHHHHHHHHHH       E   HHH
UbiH   RHLAKFAYSEEFVGDTKR-STAAYTSVREDASIGSTHKLPLEVEEFGKMS
RC0071 RHLAKFAYREEFKGDTKR-STAAYTLVREDASIGSTYKLPLEVE-FGKMS
TruB   RHLAKFAYREEFKGNTER-NTTAYTLVREDASTGLTYKLPLEVE-FGKMS
Era    RHLAKFAYREEFKGDTEA-LAAA---VREDASTGSTSQLPLEVQ-FGKMS
RC0183 RHLSKPVYREEFKRDTEH-STAD---IREDASTGSTSKLPLEVK-CGKMS
hemC   RHLSKLAYREVLEGNTEALATAAYKSNRTDASTGLTYKLPLEVE-FGKVS
RC0675 -DIFPKTYREEFKGDTKALVTAAYKLVREDTSLGLMYKLPLEAK-FEKMS
UbiG   RHLSKLTYREELVGNMQH-STAAYALVREDASSRLTHKLPLEAE-FEKMS
RC1172 DCLQNEANKEAFEGDTER-GTAAYIDVREDASTGSTYKLPLDAS-YVSS-
PcnB   DLLHNKTNKEEFEGDTER-RIAMYINVREDSSTGSTYKLPLEAS-YPRD-
RC0127 DLLENEANKEEFVGNTER-SIAAYTLVREDASTGLTYKLPLEAS-YARG-
MviN   DFLHNVANKEKFEGNTER-STAAYTLVRENASTGLTHKLPLEAS-YARS-
KdtA   DFMQTSANKEEFKGDTSL-RTTTYTLIREDEGLGSTYKLPLEAS-DARR-
RC1250 --LHHLSYKEELEGNTEH-STAAYIKVREDASTGLTYKLPLEGG-YARS-
GltX   TLLRHLPYREEFGGNTER-STAAYIDIREDASTGLTYKLPLAVE-LPKKF
RC1201 RHLQKLAYREEFEGDTAR-RTAAYIEVREDSSTGSTYKLPLVVE-FPKM-
CoxB   RHFSKPAYREEFKEDTSP-RTAEYKSVSEDSSTGLTYTLPPKAK-FGKMS
Gmk    RVLQKCAYREEFKGDMER-STAA------------TSKLPLEVE-LSRNS
RC0659 RHLAKPAYREEFKGDIEC-STAAYKEVLEDTSTDSTSKLPLEAK-FGKMS
RC0209 RHLSKPAYREECTGDTER-STTAYMDILEDVSTGSTSKLPLEAK-FVKIS
RC0809 RHLFKPAYREGSKGDTEH-STAAYTLVREDASTGSTFKLPLEAK-FGKMS
MesJ   RHFSKPVYREEFKGDTER-STAAYTLVREDASTGTASKLSLEAK-CGKMS
RC1039 DSLHNLSYKEEFEGDMKR-STAAYKKVSEDASIGSTYIADISEV-GSQI-
RlpA   DLLQNEANKEKFEGNTAC-STAAYTLVREDASTGLTYTADISKV-GNQI-
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Fig. 1. General features of the Rickettsia palindromic elements (RPEs). (a) The

mobile RPE randomly spreads over coding and non-coding regions of the

Rickettsia genomes. When RPE is inserted in-frame within an existing open read-

ing frame (ORF), the RPE-containing ORF is probably transcribed and translated

normally. The RPE-derived peptides are predicted to be at the surface of the pro-

tein structure. (b) The predicted RNA secondary structure of the RPE-1 found in the

glutamyl-tRNA synthetase gene of Rickettsia conorii. qAmerican Association for

the Advancement of Science (2000). Reprinted, with permission, from [1]. (c) Align-

ment of the RPE-1-derived amino acid sequences identified in R. conorii. Amino

acid residues are colored as follows: F, W and Y, blue; C, yellow; A, G, P, S and T,

orange; I, L, M and V, green; D, E, H, K and R, red; N and Q, purple. The letters ‘H’

and ‘E’ in the first line represent predicted a-helical and extended conformations,

respectively. This alignment can be found in the InterPro motif database

(http://ftp.ebi.ac.uk/interpro/index.html; IPR 005728) (d) Crystal structure of the

porphobilinogen deaminase from Escherichia coli (PDB code: 1PDA). The corre-

sponding R. conorii protein is predicted to exhibit an extra peptide segment

derived from RPE-1 at the location indicated by the green arrow.
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ORF longer than 300 nucleotides, although this genome
is AT-rich (67.6%) making it more probable that stop
codons occur by chance (TAA, TAG and TGA are
AT-rich). It is worth noting that the RPEs are not as
AT-rich (57–60%) as is the rest of the Rickettsia
genome [3].

As long antisense ORFs appear to be common in all
bacterial genomes, palindromic sequences generated by
the duplication–inversion of a pre-existing protein
coding sequence (Fig. 2) will therefore often exhibit
an ORF over their entire lengths. The spontaneous
emergence of palindromic elements that code for
peptides the size of a typical small protein domain
(.50 amino acid residues) is thus likely to be a
frequent mutational event.

Palindromic ORFs lead to well-behaved putative

proteins

In addition to a higher probability of being more ‘open’
than the other antisense reading frames, RF 2 1 corre-
sponds to amino acid frequencies close to the composition
of actual proteins [9]. This is shown in Table 1, where
the x2 value was computed to measure the difference
between the typical composition of actual proteins
(RF þ 1) and proteins derived from other frames. Using
this criterion, the amino acid composition derived from
RF 2 1 is closest to that of normal proteins (RF þ 1).
This implies that, in addition to probably not contain-
ing stop codons, palindromic sequences generated in
the RF þ 1/RF 2 1 arrangement statistically lead to
peptidic products with more similarity to actual
proteins in terms of overall physicochemical properties
(e.g. solubility, pI and secondary structure propensity).
These newly created protein products will thus be less
prone to the formation of aggregates detrimental to the
microbial cell, and have greater chance of surviving
further evolutionary challenges.

Protein folding

Blalock’s molecular recognition theory [14,15] claims
that a peptide derived from the antisense RF 2 1
exhibits a more than random binding affinity to the
peptide derived from the sense RF þ 1. Still contro-
versial, this theory is based on a tendency for the
‘antipeptides’ encoded on the antisense strand (RF 2 1)
to exhibit hydropathy profiles that are somewhat
complementary to the protein encoded by the sense
ORF (RF þ 1) [15]. Although the mechanisms of the
molecular interaction between ‘complementary’ pep-
tides are not known, the idea was repeatedly applied to
the design of active peptides against receptors ([16,17]
and references therein). Independent studies have also
shown that the binary pattern of hydrophobic and
hydrophilic amino acid residues can serve as a good
predictor of the peptide properties, as demonstrated by
the successful ab initio design of four-helix bundle
folding peptides [18].

These arguments indicate a further advantage for the
palindromic elements generated in the RF þ 1/RF 2 1
configuration. That is, a certain degree of internal com-
plementarity within the putative protein might contribute
to an improved propensity to fold into a self-contained
domain-like structure. As in Dwyer’s ‘trexon’ hypothesis,
the two complementary peptidic halves would have a
tendency for dimerization in a head-to-tail orientation
[19]. A fraction of these new peptidic sequences might,
thus, be immune from the proteolytic cellular mechanisms
directed against misfolded proteins and, hence, be able to
perform new functions.

Structure of the RPEs

The arguments outlined previously suggest that palin-
dromic elements generated in the RF þ 1/RF 2 1 con-
figuration have: (1) a high coding probability; (2)
probably lead to a soluble peptide; and (3) might have a
tendency to adopt a compactly folded, self-contained
domain-like structure. This leads to the prediction that

Fig. 2. Hypothetical origin of a palindromic sequence. Duplication followed by

nearby insertion into an inverted orientation naturally leads to the formation of

palindromic elements. This phenomenon can be mediated by DNA replication

(fork) errors, mRNA reverse-translation, or both. The palindromic structure is

known to promote the mobility of DNA segments.
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Table 1. Amino acid compositions (%) of the conceptual

translations on Escherichia coli K-12 genes in the six different

reading framesa

aab 1 1 1 2 1 3 21 22 2 3

A 9.5 7.9 9.6 7.7 9.9 9.5

C 1.2 4.9 4.6 2.8 3.8 3.5

D 5.2 0.6 4.2 4.2 1.3 3.6

E 5.8 0.8 2.7 2.9 2.1 2.3

F 3.9 3.1 3.2 7.5 3.9 3.1

G 7.4 3.5 10.1 6.5 4.6 5.3

H 2.3 1.9 3.8 5.3 1.0 4.8

I 6.0 5.5 2.4 6.8 6.8 2.0

K 4.4 5.9 2.4 3.4 3.4 2.3

L 10.7 9.8 6.4 7.4 7.6 8.0

M 2.5 2.8 0.4 1.3 2.1 0.7

N 4.0 3.4 2.9 5.0 3.5 2.4

P 4.5 6.7 5.4 3.4 7.7 9.9

Q 4.4 2.6 3.8 6.9 1.8 5.3

R 5.5 11.6 14.3 9.9 8.8 13.2

S 5.8 10.1 8.7 3.9 16.2 9.3

T 5.4 6.6 4.9 6.1 7.4 4.2

V 7.1 6.3 4.2 6.5 5.6 4.8

W 1.5 4.4 2.1 0.9 1.4 1.9

Y 2.9 1.7 3.9 1.6 1.0 3.8

x2 0 41.3 38.0 20.4 40.8 37.7

Abbreviations: aa, amino acids; þ1, RF þ 1; þ2, RF þ 2; þ3, RF þ 3; 21, RF 2 1; 22,

RF 2 2; 23, RF 2 3.

a The x2 value

 P ðO 2 EÞ2

E

!
was computed to quantify the goodness-of-fit between

the normal amino acid composition (E ¼ RF þ 1) and the alternative reading frames

[O ¼ (RF þ 2, RF þ 3, RF 2 1, RF 2 2, RF 2 3)].
bStop codons are not counted.
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RF þ 1/RF 2 1 should be the dominant configuration for
the identified RPEs.

Testing this prediction with the RPE sequences of today
is not straightforward as they have accumulated numer-
ous mutations since their birth .40 million years ago [2].
For a perfect palindrome, the optimal base-pairing of the
theoretical single-stranded molecule (i.e. treating DNA as
RNA) is a totally annealed hairpin. In the symmetrical
RF þ 1/RF 2 1 configuration, the base pairs are formed
such that bases 1, 2 and 3 of the codons in the first half of
the palindrome are facing bases 3, 2 and 1 of the codons
from the second half (Box 1). Owing to their evolution, the
palindromes of today are imperfect, and their predicted
RNA secondary structures exhibit bulges and loops of
different sizes and locations. Yet, some of the statistical
properties of the RPE sequences of today can be used to
infer the original sense and/or antisense frame configur-
ation. The optimal base-pairing pattern (i.e. the predicted
RNA structure) was first computed for each RPE sequence
[20]. All base-pairs were then classified according to their
positions in their respective codons (Box 1). The number of
base-pairs compatible with the three theoretical configur-
ations (RF þ 1/RF 2 1, RF þ 1/RF 2 2 or RF þ 1/RF 2 3)
were then computed (Box 1). For the two largest repeat
families RPE-1 (45 members; 23 in ORFs) and RPE-2
(seven members; five in ORFs), the results strongly
support the RF þ 1/RF 2 1 configuration. The result for
the smaller RPE-3 family (four members; four in ORFs)

best fits an RF þ 1/RF 2 3 model. Globally, this analysis
is consistent with the predicted preference for the
RF þ 1/RF 2 1 configuration.

Peptide insertion as a good evolutionary strategy

In contrast to other repeats, RPE insertions show no
preference for noncoding sequences versus coding sequences.
Within protein coding regions, the insertion sites of the
RPE-derived peptides always appear to be at the surface of
the protein structures [1,3]. In a typical bacterial genome,
noncoding sequences and ORFs represent about 20% and
80% of the sequence, respectively. Considering that a
quarter of a protein sequence corresponds to its surface
residues [21], the target-sequence sizes become approxi-
mately equal for the coding and noncoding fraction of the
genome. That the numbers of noncoding versus coding
RPEs are approximately the same indicates that they are
as well-tolerated at the surface of proteins as they are
in non-coding regions. Although initially surprising, this
observation is in fact compatible with our current under-
standing of protein structures and their mutation pattern.
Globular proteins exhibit a compact hydrophobic core and
relatively flexible surface loops. The latter are known to
be much more tolerant to evolutionary changes than
the protein core [22]. Experimental insertions of 7–17
residues into a loop of the chymotrypsin inhibitor-2
(64 amino acids) has little effect on protein stability and
folding rate [23].

Box 1. Sense and antisense frame configuration in Rickettsia palindromic elements

Definitions of the various reading frames relative to the sense-ORF

RF þ 1 are as follows:

RF þ 1 1 2 3 1 2 3 1 2 3 (coding frame)

RF þ 2 3 1 2 3 1 2 3 1 2

RF þ 3 2 3 1 2 3 1 2 3 1

RF 2 1 3 2 1 3 2 1 3 2 1

RF 2 2 2 1 3 2 1 3 2 1 3

RF 2 3 1 3 2 1 3 2 1 3 2

The nine possible base-pairing patterns between the left and right

strands of a protein-coding perfect palindrome fall into one of the three

cases (Table I). The three different frame configurations, RF þ 1/RF 2 1,

RF þ 1/RF 2 2 and RF þ 1/RF 2 3, correspond to Case 1, Case 2 and

Case 3, respectively.

Table II shows the observed frequencies of different base-pairing

patterns in three different Rickettsia palindromic element repeats. The

left part of each palindrome was optimally paired with the right

(complementary) part. The resulting nucleotide pairs were then

classified according to their position within the codons (Table I).

Table I. Base-pair categories in a coding palindromea

R 1st base of

codon

R 2nd base of

codon

R 3rd base of

codon

L 1st base of

codon

Case 3 Case 2 Case 1

L 2nd base of

codon

Case 2 Case 1 Case 3

L 3rd base of

codon

Case 1 Case 3 Case 2

aL and R represent the respective left and right strands of a protein-

coding perfect palindrome.

Table II. Observed base pairinga

R 1st base of

codon

R 2nd base of

codon

R 3rd base of

codon

RPE–1: Case 1 (0.54), Case 2 (0.32), Case 3 (0.13)

L 1st base of

codon

0.043 0.126 0.178

L 2nd base of

codon

0.094 0.172 0.044

L 3rd base of

codon

0.191 0.047 0.105

RPE–2: Case 1 (0.80), Case 2 (0.10), Case 3 (0.09)

L 1st base of

codon

0.021 0.052 0.271

L 2nd base of

codon

0.010 0.281 0.031

L 3rd base of

codon

0.250 0.042 0.042

RPE–3: Case 1 (0.13), Case 2 (0.34), Case 3 (0.53)

L 1st base of

codon

0.194 0.102 0.046

L 2nd base of

codon

0.102 0.028 0.157

L 3rd base of

codon

0.056 0.176 0.139

aL and R represent the respective left and right strands of a protein-

coding perfect palindrome. The total frequency of the base pairs

supporting each case (Table I) is indicated in parenthesis. The best

supported cases are in bold.
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Interestingly, the addition of peptide segments of
random sequence at flexible sites of a protein can even
improve its function. Matsuura et al. [24] designed a
population of catalase I from Bacillus stearothermo-
philus by the addition of random peptide tails to the
C-terminal of the enzyme. When catalase mutants
with much lower thermostability than the wild type
were used, they found that the addition of random
C-terminal tails could increase their stability above
the wild-type level. In another set of experiments, Doi
et al. [25] showed that insertions of random sequences
(120–130 residues) at the surface loop of E. coli RNase
H1, followed by a subsequent random mutagenesis,
could lead to an increase in solubility and RNase
activity of the protein. Thus, some natural proteins
would not have optimal function and stability; the
addition of extra sequences might provide a shortcut to
better function and stability [25]. The insertion of RPE
peptides in the Rickettsia proteins, initially proposed to
be evolutionarily neutral, or slightly detrimental [1],
might turn out to be beneficial to some of the target
proteins. Experimental studies are currently being
undertaken to better understand the functional con-
sequence of RPE-peptide insertions.

The majority (93%) of the insertions and/or deletions
identified in contemporary protein sequences are
shorter than 10 residues [22]. However, this estimate
is computed from the most reliable portions of
sequence alignments (i.e. those containing only small
insertions and deletions). The results are therefore
probably biased towards small inserts that remain
detectable over longer evolutionary divergence times.
Indeed, structural domains have been found to be
inserted in the middle of other known domains [26,27].
If such insertions have occurred in a recurrent fashion,
the resulting arrangement of (partial) domains will
not follow the simple linear arrangement of prototype
domains that current domain detection programs
expect and were designed for. Interestingly, the leading
protein motif Pfam database recognizes recurrent
domains in only 69% of SWISS-PROT protein
sequences [28]. The identified Pfam domains span only
50% of these protein sequences [28]. According to our
experience in annotating whole microbial genomes, it
appears that, on average, again 50% of the protein
sequences are not covered by any InterPro (the union of
all leading domain databases, [29]) domain assignment.
The simple model of proteins derived from ancestral
sequences through classical mutational events is thus
not supported by a significant fraction of their amino
acid residues. The current paradigm interprets these
apparently unique segments as being beyond the ‘twi-
light zone’ of homology detection. Our opinion is that
at least part of these unique segments could originate
from the complex sequence rearrangement induced by
recurrent RPE-like insertions, actually creating new
peptidic sequences. Figure 3 illustrates a possible
‘Russian Doll’ model of recurrent RPE-like insertion,
by which the ancestral core of a protein could be
successively expanded from the inside out, by the
repetition of insertion events at its surface. In this

model, new peptidic sequences are added by recurrent
genomic DNA sampling through the use of mobile
palindromes. Over time, this mechanism will mask
the ancestral domain sequence, while classical muta-
tional events (i.e. point mutations and small indels) will
progressively erase the palindromic structures of pre-
vious insertions [3].

Creating new proteins from old repeats

The contribution of noncoding repeated elements to the
evolution of proteins has been recurrently argued and
remains controversial. It is clear that their mobility and
selfish amplification enables them to play a major role in
the plasticity of genomic sequences. Short tandem repeats
of DNA oligomers, such as microsatellites, are abundant in
both prokaryotic and eukaryotic genomes [30,31]. Their
expansion mechanism is thought to involve slipped-strand
mispairing, which might be the result of inadequate DNA
mismatch repair [32]. Ohno et al. [33,34] proposed that
primordial proteins were encoded by such oligomeric repeats
(10 bp units), and that newly arisen coding sequences in
modern organisms also derive from such repeats. The gene
encoding antifreeze glycoprotein (AFGP) of an Antarctic
fish provides clear evidence for such a case. A novel portion
of the gene encoding AFGP (which has ice-binding func-
tion) is a tandem repeat of a unit, which itself is derived
from a part of noncoding and coding sequence of an
unrelated trypsinogen gene [35]. The role of much larger
transposable elements in protein evolution has also
been argued [36,37]. However, some initial reports of
Alu-derived sequences in genes [38] were later recognized
as artifacts [39,40], even prompting the inclusion of Alu
warning entries in SWISS-PROT (P39188–P39195) [41].
A recent analysis of the human genome sequences again

Fig. 3. ‘Russian Doll’ model of protein evolution. Starting from an ancestral core

that can be common to many existing proteins, the successive insertions of palin-

dromic coding segments in solvent-accessible regions of the molecule contribute

to the creation of new peptide sequences, while progressively masking the original

core domain structure and the palindromic nature of previous insertions. Blue

boxes indicate insertion-tolerant segments at the surface of the protein molecule.
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Today's proteins
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found traces of transposable elements in 4% of human
genes [42].

Concluding remarks

Until now, a clear case of a well-conserved large repeat
family identified at high frequency in both the coding
and non-coding fraction of a genome was missing. This is
now provided by RPE-1 and, to a lesser extent, RPE-2 and
RPE-3. These repeats exhibit a palindromic structure
(required for mobility and amplification), a high entropy
sequence (required for real protein creativity), a length
compatible with stable self-contained folding (35–50
residues), and evidence for multiple insertions within
unrelated proteins at many positions (N terminus, C
terminus or middle). Finally, there is now evidence that
the RPE-containing ORFs correspond to functional proteins.

Thus, despite their unique identification in Rickettsia,
the newly discovered RPEs provide the required proof-of-
principle that the de novo creation of protein segments by
palindromic repeats is indeed possible, and has occurred in
the past. We thus believe that this mechanism, together
with classical mutational processes, should be taken into
account in attempts to retrace the evolution of protein
structures and sequences.

Note added in proof

For additional speculations about proteins arising from
opposite strands of the same gene see Carter, C.W. and
Duax, W.L. (2002) Did tRNA synthetase classes arise on
opposite strands of the same gene? Mol. Cell. 10, 705–708.
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