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Specific Interactions Between Sense and
Complementary Peptides: The Basis for the
Proteomic Code
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Andrew D. Miller*[a]

The discovery of the genetic code was one of the milestone events
in biology: a conserved, universal code defining the primary amino
acid sequences of all proteins of all organisms. However, this code
has been thought to be limited, unable to provide additional
information appropriate to defining the three-dimensional struc-
ture and function of these proteins. This raises important questions.
Can there be more to the genetic code? Is there a code embedded
within the code? Does a two-dimensional genetic code exist? In our
view, the answer to all three of these questions is a qualified ™yes∫.
This review describes how sense and complementary peptides
coded for by mutually complementary nucleic acid sequences are
capable of interacting specifically, thereby suggesting the existence
of a second, two-dimensional genetic code (proteomic code).
Theories attempting to explain such specific interactions between
sense and complementary peptides are discussed including the
Mekler ± Idlis (M-I) pair theory that suggests that each codon-

directed amino acid residue in a sense peptide may make a specific
pair-wise interaction with the corresponding complementary
codon-directed residue in the complementary peptide. In effect,
through-space interactions between pairs of amino acid residues
are suggested as being specified by the genetic code and its
complement. The biological implications of sense/complementary
peptide interactions are potentially vast but still to be fully
understood and appreciated. That such peptide/peptide interac-
tions could provide the basis for understanding and constructing
the proteomic code remains to be properly established but research
to date suggests that we should be able to make a start in that
direction.

KEYWORDS:

amino acids ¥ antisense agents ¥ complementary peptides ¥
molecular recognition ¥ proteomics

1. Introduction

The genetic code determines the amino acid sequence of any
protein or peptide from the sequence of purine and pyrimidine
bases in mRNA transcribed from a strand of double-helical DNA.
The linear sequence of purine and pyrimidine bases in mRNA is
grouped into nonoverlapping, consecutive sets of three bases
(codon), and each of these individual codons usually codes for a
single amino acid residue. One-dimensional nucleic acid residue
sequence information is translated into one-dimensional amino
acid residue sequence information. However, the biological
activity of proteins is intimately dependent upon their ability to
form defined three-dimensional structures as a result of non-
covalent interactions between their constituent amino acid
residues. Unfortunately, since the output of the genetic code is
only one-dimensional sequences of amino acid residues, there
appears to be a significant knowledge gap between the one-
dimensional ™flat-land∫ of genes and the three-dimensional
world of protein structure and function. This knowledge gap is
only now being fully appreciated with the completion of many
genome-sequencing projects around the world. Simple genome
sequences in themselves do not appear to provide sufficient
information to determine the structure and function of the
proteome (the total collection of genome-encoded proteins).
Therefore, genome sequencing per se appears to have limited

value without actual knowledge of the proteins that the genes
encode. This has far-reaching implications. For example, there
has been a huge investment worldwide into genome sequenc-
ing by both pharmaceutical and biotechnology companies alike
to try and understand the genetic bases of disease.
According to the traditional view, one strand of DNA, known

as the sense (positive) strand, carries the genetic code whilst the
complementary or antisense (negative) strand provides the
means of propagating that code. This view now appears to be
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under threat as evidence is accumulating to show
that coding information in the complementary
strand of DNA may also be harnessed for tran-
scription.[1] Hence, the relationship between sense
and complementary strands of DNA appears to more
complex than was at first thought. In addition, there
is now a growing pool of evidence to suggest that
peptides coded for by sense and complementary
strands of DNA can interact specifically in a manner
that may be comparable to the way in which sense
and complementary strands of DNA interact specif-
ically through Watson ±Crick base pairs.[2] These
empirical observations of specific interactions be-
tween mutually complementary peptides could
have profound implications. They suggest the
existence of a second, two-dimensional genetic
code (proteomic code) that could prove valuable
in bridging the gap between genes and proteins,
between linear sequence (genetic) and structure/
function (proteomic). If generally true, this raises
important, wider questions. For instance, are we
aware of and do we fully understand all the
information embedded in DNA sequences? Can
genome sequences per se actually be manipulated
to offer all the necessary information to help link
linear sequence to three-dimensional structure and
function? Without doubt, the existence of the
proteomic code could significantly enhance our
ability to extract biological value from the very large
investment into genome sequencing and associated
databases. As we shall illustrate, specific interactions between sense and

complementary peptides have been observed and utilised in a
wide variety of different biological systems. Moreover, they
appear to be important in an impressive array of key molecular
recognition processes in nature. Therefore, sense/complemen-
tary peptide interactions appear to have real significance and
relevance to current bioinformatics, functional genomics, pro-
teomics and protein structure/function analyses. This review will
aim to illustrate all this and to show how specific interactions
between sense and complementary peptides could provide the
basis for understanding and constructing the proteomic code.

2. Interactions between Sense and
Complementary Peptides

By definition, a sense peptide is one whose sequence is coded
for by the nucleotide sequence (read 5��3�) of the sense strand
of DNA (or by mRNA whose sequence contains the same coding
information as the sense strand of DNA). Conversely, the
complementary peptide is coded for by the nucleotide sequence
(read 5��3�) of the complementary strand of DNA (or by
complementary mRNA with the same sequence information as
the complementary strand of DNA). Mekler was the first to
suggest that sense and complementary peptides may be able to
interact specifically, mediated by specific through-space, pair-
wise interactions between amino acid residues (Figure 1).[3]

According to this suggestion, each codon-directed amino acid
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Figure 1. Illustration to show the basic concept of sense and complementary peptides.
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residue in a sense peptide should be capable of making a
specific pair-wise interaction with the corresponding comple-
mentary codon-directed residue in the complementary peptide.
In effect, Mekler was suggesting that the genetic code and its
complement are able to specify through-space interactions
between pairs of amino acid residues. Mekler and Idlis identified
all of the possible putative interacting pairs of amino acid
residues and segregated them into three nonoverlapping
groups (Figure 2).[4] In many cases, each given amino acid
residue has been partnered by more than one possible amino
acid residue. This situation arises because the genetic code is
itself degenerate. Therefore, any one amino acid residue may be
coded for by up to six different codons matched by the same

number of complementary codons that in turn code for up to
four alternative matching amino acid residues (Table 1). These
Mekler ± Idlis (M-I) pairs could represent a protein/peptide
equivalent of the Watson ±Crick base pairs found in DNA and
could not only be the basis of sense/complementary peptide
interactions but could also form the foundations of the
proteomic code as well. Therefore, these amino acid pairs
deserve closer examination.
Within all three groups of M-I pairs, hydrophobic amino acid

residues are partnered with hydrophilic amino acid residues and
vice versa. This is inevitable given the structure of the genetic
code and its complement,[3, 5] as will be described later. Although
this may appear somewhat counterintuitive, many of these

putative interacting pairs of amino acid residues
actually stand up to closer examination. For
instance, leucine (Leu, L) and lysine (Lys, K) have
been shown to interact spontaneously in aqueous
solutions with a significant stabilising �G value of
�1.0 kcalmol�1; leucine and glutamic acid (Glu, E)
interact similarly with a stabilising �G value of
�0.5 kcalmol�1.[6] In general, hydrophobic inter-
actions between the side chains of nonpolar
residues and the hydrocarbon chains supporting
the polar functional groups of their putative
partner residues would certainly be possible, as
observed by Brentani and later by Chaiken.[7, 8] Side
chains of hydrophilic amino acids typically consist
of a charged or polar functional group connected
to a nonpolar alkyl chain. Therefore, pair-wise
interactions between amino acid residues of
opposite hydropathic character in opposing pep-
tides could be facilitated by stereospecific van
der Waals interactions between the hydrophobic
components of both side chains. The charged or
polar functional group of the more polar residue
could then be free to act as a hydrogen-bond
donor or acceptor with the adjacent peptide
backbone (Figure 3). With this arrangement, the
central hydrophobic interactions could create a
nonpolar environment, thereby enhancing the
strength of the hydrogen bonds formed and
assisting the desolvation of the charged or polar
functional groups prior to hydrogen-bond forma-
tion. Furthermore, Root-Bernstein has noted an
alternative side-chain packing arrangement in-
volving glutamate and leucine side chains that
also appears to be credible.[9] In addition, we
would propose the possibility of weakly polar
interactions between the side chains of amino
acid pairs based upon shape similarity and
complementary charge distribution resulting from
normal hyperconjugation and conjugation effects
together with �-bond inductive effects (Figure 4).
It is worth noting at this stage that Burley and
Petsko have described previously how weakly
polar forces should have a strategic importance in
protein structure and function.[10]

Figure 2. Schematic representation of the three groups of putative interacting pairs of amino acid
residues described by Mekler and Idlis.[4] Amino acids are represented by single-letter codes. ™Stop∫
indicates a stop codon. Solid lines connect codon-directed amino acid residues to their
corresponding complementary codon-directed partners with whom they are proposed to form
specific through-space pair-wise interactions (see Table 1 for derivation of partners). These M-I pairs
are proposed to mediate specific sense/complementary peptide interactions and could represent a
protein/peptide equivalent of the Watson ±Crick base pairs found in DNA (see Figure 1). Nonpolar
residues are shaded blue, polar residues are shaded red. This figure is adapted from the paper by
Mekler and Idlis,[4] combined with features adapted from the work of Zull and Smith.[21]
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Figure 3. Model to account for the specific interaction of sense and comple-
mentary peptides composed of M-I Group I and II amino acid pairs. This figure is
adapted from the paper of Chaiken.[8]

The specific Group II interactions proposed between gluta-
mate or lysine and phenylalanine (Phe, F) are possible by �-face
hydrogen bonding.[9, 10] This mode of interaction would involve
the aromatic ring of phenylalanine (hydrogen-bond acceptor)
and either the �-carboxylic acid or the �-amino groups (hydro-
gen-bond donors) of glutamic acid or lysine respectively. In the
case of Group III amino acid pairs, proline (Pro, P) and glycine
(Gly, G) are well known to interact ubiquitously between the
polypeptide chains of collagen. Similarly, the side chains of
alanine (Ala, A), serine (Ser, S) and glycine juxtapose between the
polypeptide chains of fibroin. Furthermore, serine and threonine
(Thr, T) are inherently capable of forming a specific hydrogen
bond between themselves, as are threonine and cysteine (Cys,
C).[9] Even specific interactions between alanine and arginine
(Arg, R) appear to be established.[9] Finally, Samanta et al. have

Table 1. Table to show how the Mekler ± Idlis (M-I) pairs of amino acid residues are derived (see Figure 2).

Amino Codon Complementary Complementary Amino Codon Complementary Complementary
acid 5��3�[a] codon amino acid acid 5��3�[a] codon amino acid

5��3�[a] 5��3�[a]

Ala (A) GCA UGC Cys (C) Ser (S) UCA UGA stop
GCG CGC Arg (R) UCC GGA Gly (G)
GCC GGC Gly (G) UCG CGA Arg (R)
GCU AGC Ser (S) UCU AGA Arg (R)

AGC GCU Ala (A)
AGU ACU Thr (T)

Arg (R) CGG CCG Pro (P) Gln (Q) CAA UUG Leu (L)
CGA UCG Ser (S) CAG CUG Leu (L)
CGC GCG Ala (A)
CGU ACG Thr (T)
AGG CCU Pro (P)
AGA UCU Ser (S)

Asp (D) GAC GUC Val (V) Gly (G) GGA UCC Ser (S)
GAU AUC Ile (I) GGC GCC Ala (A)

GGU ACC Thr (T)
GGG CCC Pro (P)

Asn (N) AAC GUU Val (V) His (H) CAC GUG Val (V)
AAU AUU Ile (I) CAU AUG Met (M)

Cys (C) UGU ACA Thr (T) Ile (I) AUA UAU Tyr (Y)
UGC GCA Ala (A) AUC GAU Asp (D)

AUU AAU Asn (N)

Glu (E) GAA UUC Phe (F) Leu (L) CUG CAG Gln (Q)
GAG CUC Leu (L) CUC GAG Glu (E)

CUU AAG Lys (K)
UUG CAA Gln (Q)
UUA UAA stop
CUA UAG stop

Lys (K) AAA UUU Phe (F) Thr (T) ACA UGU Cys (C)
AAG CUU Leu (L) ACG CGU Arg (R)

ACC GGU Gly (G)
ACU AGU Ser (S)

Met (M) AUG CAU His (H) Trp (W) UGG CCA Pro (P)

Phe (F) UUU AAA Lys (K) Tyr (Y) UAC GUA Val (V)
UUC GAA Glu (E) UAU AUA Ile (I)

Pro (P) CCA UGG Trp (W) Val (V) GUA UAC Tyr (Y)
CCC GGG Gly (G) GUG CAC His (H)
CCU AGG Arg (R) GUC GAC Asp (D)
CCG CGG Arg (R) GUU AAC Asn (N)

[a] The codons for each possible amino acid residue of a sense peptide are shown alongside their complementary codons. All alternative interacting partner
residues in a 5��3� complementary peptide are identified by reading these complementary codons in the 3��5� direction.
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recently reported the high incidence of proline ± tryptophan
(Trp, W) contacts in known protein X-ray crystal structures.[11]

The physico-chemical evidence that has been accumulated
sporadically over the past few years would appear to support the
suggestion that the M-I pairs could be responsible for the
specific interactions between sense and complementary pep-
tides. For instance, both experimental and modelling data
support the notion that hydrophobic, electrostatic, and hydro-
gen-bonding interactions are all important in bringing sense and
complementary peptides together.[12±16] This is important given
the fact that M-I pairs must necessarily associate by means of a
similar range of bonding interactions, as indicated above. In
addition, the strength of sense/complementary peptide inter-
actions has been shown to increase with length, with longer
pairs of sequences usually displaying a higher mutual affinity
than shorter pairs.[12, 17] Furthermore, there is significant exper-
imental evidence to suggest that sense/complementary peptide
interactions are ™conformationally degenerate∫, multilocalised/
multisite and made up of clusters of stabilising, noncovalent
contacts between specific amino acid residues.[12, 13, 15, 17] The
deleterious consequences of mutations in either a sense or
complementary peptide have also been noted, further under-
lining the importance of specific amino acid contacts in
sustaining sense/complementary peptide interactions.[13, 18]

However, if M-I pairs are to form the basis of the specific
interaction between sense and complementary peptides, then

molecular modelling studies suggest that
both peptides would, in fact, need to adopt
extended �-strand or PII-helix conforma-
tions and align in an antiparallel fashion. In
this way, the side chains of each codon and
corresponding complementary codon-di-
rected amino acid residue would be able
to come into close physical proximity with
each other.[9, 16, 19] There is some experimen-
tal data available to support this modelling
work,[12] including circular dichroism spec-
troscopy data which suggests that �-sheet
structures are formed with interactions
between sense and complementary pepti-
des.[15] Consistent with this, some M-I pairs
(glycine ± alanine, valine (Val, V) ± tyrosine
(Tyr, Y), serine ± threonine and arginine ±
threonine) have been noted independently
to show strong preferences for specific
positions in adjacent �-strands of protein
�-structures.[20] Finally, it is noteworthy that
Zull and Smith have independently descri-
bed the M-I pairs but focussed on observa-
tions that Group I residues show a higher
propensity to form �-sheets, Group II to
form �-helices and Group III to form �-
turns.[21] On the basis of this, they suggested
that sense and complementary peptides
should have equivalent conformations in
terms of their secondary and tertiary struc-
tures. Such a suggestion is consistent with

the foregoing discussion. For the remainder of this review, the
theory of Mekler and Idlis that the specific interaction between a
given sense and complementary peptide is mediated by M-I
pairs shall be called the M-I pair theory.

3. Complementary Peptides and Hydropathic
Complementarity

Blalock and Smith were the first to note that the hydropathic
character (measured on the Kyte ±Doolittle scale)[22] of an amino
acid residue is related to the identity of the middle letter of the
mRNA codon from which it is translated.[5] When uridine (U) is
the middle nucleoside, the codon always codes for a hydro-
phobic residue whilst with adenosine (A), the codon codes for a
hydrophilic residue. Similarly, codons with either cytidine (C) or
guanosine (G) as their middle nucleosides always code for
residues with generally similar hydrophilic/hydrophobic charac-
teristics. A and U (equivalent to thymidine (T) in DNA) are
complementary nucleosides according to Watson ±Crick base
pairing rules, as are G and C. Consequently, sense and
complementary mRNA must always code for peptide sequences
that are opposite in hydropathic character to each other. Blalock
rationalised that a given sense and complementary peptide pair
should therefore have mutually complementary shapes (secon-
dary and tertiary structures), owing to the ™inverse forces∫
operating within each peptide because of their opposite

Figure 4. A representation of a subset of M-I Group I and II amino acid pairs to show how the
stereoelectronic properties of the hydrophobic and hydrophilic amino acid residues that comprise each M-I
pair could complement each other in order for specific side-chain interactions to take place.
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hydropathic profiles, and hence should be able to interact
specifically.[23] In other words, Blalock was suggesting that
hydropathic complementarity creates the basis of the
™molecular recognition∫ code that drives specific interac-
tions between sense and complementary peptides. This has
been called the molecular recognition theory (MRT; Fig-
ure 5).[2, 23]

Markus et al. attempted to produce evidence in support
of the MRT with some modelling work.[19] By analysing the
available conformations for a pair of peptides characterised
by mutually complementary hydropathic profiles, they
concluded that interaction would only be optimal if both
peptides were in extended �-strand conformations, forming
either parallel or anti-parallel �-ribbons (Figure 6). In this
way, the side chains of hydrophobic amino acid residues
could be orientated into proximity with each other, leaving
the side chains of hydrophilic amino acid residues to project
outwards into the surrounding aqueous environment. This
model was perceived to have the singular advantage that
™inconvenient∫ pair-wise interactions between hydrophilic
and hydrophobic amino acid residue side chains would be
completely avoided. Hence, the affinity of a sense peptide
for its complementary peptide need only be accounted for
as a result of hydrophobic interactions and the hydrophobic
effect. However, such a model could only work if both sense
and complementary peptides were comprised of alternat-
ing series of hydrophilic and hydrophobic amino acid
residues. This is not generally the case.
Several experimental investigations have been directed

at trying to understand the putative relationship between
binding and the hydropathic profiles of sense and comple-
mentary peptides. One of the most comprehensive of these
was carried out by Fassina et al. who studied the relation-
ship between a thirteen residue section of a glycoprotein
and variants of the corresponding
complementary peptide designed to
maximise the degree of mutual
hydropathic complementarity.[17] A
positive correlation was observed
between improved hydropathic
complementarity and binding affin-
ity; this implys that precise hydro-
pathic complementarity is linked to
successful interaction. Other groups
including ourselves have offered
some support for this conten-
tion.[12, 13, 15, 18, 24] However, a closer
examination of some of the peptide
sequences involved is revealing. For
instance, Fassina et al. have descri-
bed a peptide C.G.RAF that has the
highest possible hydropathic com-
plementarity to the c-Raf protein
(residues 356 ±375) and is biologi-
cally active.[15] Although obviously
different in sequence to the comple-
mentary mRNA-derived comple-

Figure 6. Model of Markus et al. proposing how sense and complementary peptides might align in order to
™optimise∫ binding interactions.[19] Filled grey circles represent hydrophobic side chains, whilst empty circles represent
hydrophilic side chains. This alignment was proposed to avoid ™inconvenient∫ pair-wise interactions between
hydrophilic and hydrophobic amino acid residue side chains. However, such a model could only work if both sense
and complementary peptides were comprised of alternating series of hydrophilic and hydrophobic amino acid
residues. This is not generally the case.

Figure 5. A diagrammatic representation of the molecular recognition theory (MRT) as
proposed by Blalock.[2, 23] The mutually complementary hydropathic profiles of a given
pair of sense and complementary peptides are presumed to induce these peptides to
adopt mutually complementary three-dimensional shapes capable of interacting
specifically with each other. Assuming antibody/antigen interactions to be governed by
similar principles, antibodies raised against the sense and complementary peptide in
turn should have mutually complementary antigen combining regions and have an
idiotypic/anti-idiotypic relationship with respect to each other. The evidence for this is
discussed in the text.
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mentary peptide ASRAF, each residue of C.G.RAF belongs not only
to the same M-I group as the corresponding residue in ASRAF but
is also a recognised alternative in terms of allowed M-I group
pairings (see Figure 2 and Table 1). Similarly, Sisto has described a
peptide that has the highest possible hydropathic complemen-
tarity to the �-bulge trigger loop region of interleukin-1� (IL-1�)
(residues 47 ±55 (mature sequence)) and is biologically active.[25]

Once again, although obviously different in sequence to the
complementary mRNA-derived peptide,[26] each corresponding
residue of the Sisto peptide, bar two, does belong to the same
M-I group and is also a recognised alternative in terms of allowed
M-I group pairings (see Figure 2 and Table 1). Things are not
always as clear-cut as this. In some other cases, complementary
peptide sequences derived on the basis of mutual hydropathic
complementarity do not appear to coincide with the M-I groups
in such a straightforward way.[24] However, such peptides can be
encompassed if hydrophobic amino acid residues such as
leucine, isoleucine and valine are regarded as stereoelectroni-
cally equivalent to each other, on the basis of their closely
related side-chain structures, and are able to surrogate for each
other within M-I Groups I and II (Figure 2). Therefore, we are now
of the opinion that hydropathic complementarity per se, and by
implication the MRT, is not responsible for the interaction
between sense and complementary peptides. Instead
the concept provides an alternative, more empirical and, in our
view rather misleading, description of the M-I pair theory.
This is important. Since the inception of the MRT, the M-I
pair theory appears to have been largely ignored, with
preference given to the MRT. In our opinion, this is a grave
oversight that should be corrected from now on. The main
differences between the M-I pair theory and the MRT are
summarised (Table 2).

4. Alternative Complementary Peptides

The definition of complementary peptides has been widened in
some quarters to include peptides whose sequence is deter-

mined by reading the nucleoside sequence of complementary
mRNA in the alternative 3��5� direction.[27] They noted that a
3��5� complementary peptide should have a similar hydro-
pathic profile to a 5��3� complementary peptide given the fact
that it is only the middle nucleoside base of a codon or
complementary codon that defines the hydropathic character of
an amino acid residue (see above). Therefore, a 3��5� comple-
mentary peptide could interact with a sense peptide in an
equivalent manner to a 5��3� complementary peptide, on the
basis of the MRT. Alternatively, an interpretation based upon M-I
pair-wise interactions is still possible. When complementary
codons are read in the 3��5� direction, the impact of the
degeneracy of the genetic code becomes markedly reduced
(Table 3).[9, 28] At the same time though, many of the resulting
Root-Bernstein (R-B) amino acid residue pairs are still the same as
the original M-I pairs (Table 1). Moreover, if we allow leucine,
isoleucine and valine to be interchangeable as described above,
then only three R-B pairs are definitively different from the
original M-I pairs. These are methionine (Met, M) and tyrosine,
tryptophan and threonine, and a serine ± serine pair (compare
Tables 1 and 3). Therefore, the R-B pairs can be regarded as a
subset of the M-I pairs. Hence, the specific interactions observed
between sense and 3��5� complementary peptides are likely to
be guided by the same M-I pair theory principles as interactions
between sense and 5��3� complementary peptide interactions.
There would need to be one main difference though. Root-
Bernstein has noted that extended conformations of sense and
3��5� complementary peptides should align in a parallel fashion
(the opposite orientation) in order for the side chains of each
codon and 3��5� complementary codon-directed amino acid
residue to interact properly.[9]

Complementary peptides may still be derived even if sense
nucleic acid sequences are not known. For instance, the
nucleotide sequence of sense mRNA coding for a sense peptide
of interest may be approximated by using preferred codon
usage tables,[29] allowing first the sequence of complementary
mRNA and second the preferred complementary peptide

sequence to be deduced (Tables 1
and 3). Alternatively, the sequence of
a complementary peptide may be
deduced directly from the sequence
of a sense peptide by using a compi-
lation of the ™most probable∫ com-
plementary amino acid residues (Ta-
bles 1 and 3). For example, leucine
may be coded for by one of six
possible codons. However, of the six
complementary codons, two could
code for glutamine, one for glutamic
acid and one for lysine, not to
mention two that could code for
™stop∫ (Table 1). Therefore, in this
case, the ™most probable∫ comple-
mentary amino acid residue for leu-
cine would be glutamine. Methods of
these types have been employed
with some success.[12, 13, 17, 30, 31]

Table 2. Summary of the main characteristics of M-I pair theory and MRT proposed to account for the specific
interactions between sense and complementary peptides.

M-I pair theory MRT

based on sense and complementary based on biophysical property of
genetic code hydropathy

sense and complementary peptides sense and complementary peptides have
interaction mediated by specific through- mutually complementary hydropathic profiles
space interactions between pairs of amino and therefore mutually complementary shapes
acid residues (M-I pairs) specified by the owing to ™inverse forces∫ operating
genetic code and its complement within each peptide.

M-I pairs could be peptide/protein complementary shapes are the basis of
equivalent of Watson ±Crick base specific interactions (™lock and key∫)
pairs found in DNA

extended conformation required for unspecified secondary and tertiary structures
interactions required for interactions

variety of evidence for M-I pair actual evidence for MRT appears to be
interactions involving extended peptide ambiguous
conformations

MRT can be shown to be an empirical description
of the M-I pair theory
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5. Observations with Sense/Complementary
Peptide Systems

Jones was the first to perform experiments using sense and
complementary peptides.[32] The complementary peptides that
he produced were designed to bind to the C-terminal tetrapep-
tide of gastrin. All were reported to be biologically inactive with
the exception of the only 5��3� complementary peptide that
showed some antagonism to gastrin in vivo. Subsequent
investigations of Blalock and co-workers represent the next
explicit experimental examination of sense/complementary
peptide interactions.[27] In their studies, a high-affinity associa-
tion was reported between the naturally occurring adrenocorti-
cotropin hormone (ACTH) peptide and a synthetic 5��3�
complementary peptide whose sequence had been deduced
from the nucleotide sequence of complementary mRNA (reading

5��3�). The same research group later found a similar high-
affinity association between the �-endorphin peptide and a
synthetic 5��3� complementary peptide whose sequence had
been deduced in the same way.[33] Since then, numerous
independent experimental studies have been reported in which
complementary peptides have been derived, usually from
complementary DNA or mRNA sequences, for a variety of
alternative applications (Table 4). Some of these applications will
be discussed in a little more detail below. Several of these
experimental studies have involved investigations with 3��5�
complementary peptides. These include studies with comple-
mentary peptides to adrenocorticotropin hormone (ACTH),[34]

angiotensin II (AII),[35, 36] arginine vasopressin (AVP),[37, 38] von Wil-
lebrand factor (vWf) and vitronectin (Vn),[39] fibrinogen,[40] growth
hormone releasing hormone (GHRH),[41] luteinising hormone
releasing hormone (LHRH),[42] melanocyte stimulating hormone

Table 3. Table to show how the Root-Bernstein (R-B) pairs of amino acid residues are derived.

Amino Codon Complementary Complementary Amino Codon Complementary Complementary
acid 5��3�[a] codon amino acid acid 5��3�[a] codon amino acid

3��5�[a] 3��5�[a]

Ala (A) GCA CGU Arg (R) Ser (S) UCA AGU Ser (S)
GCG CGC Arg (R) UCC AGG Arg (R)
GCC CGG Arg (R) UCG AGC Ser (S)
GCU CGA Arg (R) UCU AGA Arg (R)

AGC UCG Ser (S)
AGU UCA Ser (S)

Arg (R) CGG GCC Ala (A) Gln (Q) CAA GUU Val (V)
CGA GCU Ala (A) CAG GUC Val (V)
CGC GCG Ala (A)
CGU GCA Ala (A)
AGG UCC Ser (S)
AGA UCU Ser (S)

Asp (D) GAC CUG Leu (L) Gly (G) GGA CCU Pro (P)
GAU CUA Leu (L) GGC CCG Pro (P)

GGU CCA Pro (P)
GGG CCC Pro (P)

Asn (N) AAC UUG Leu (L) His (H) CAC GUG Val (V)
AAU UUA Leu (L) CAU GUA Val (V)

Cys (C) UGU ACA Thr (T) Ile (I) AUA UAU Tyr (Y)
UGC ACG Thr (T) AUC UAG stop

AUU UAA stop

Glu (E) GAA CUU Leu (L) Leu (L) CUG GAC Asp (D)
GAG CUC Leu (L) CUC GAG Glu (E)

CUU GAA Glu (E)
UUA AAU Asn (N)
CUA GAU Asp (D)
UUA AAC Asn (N)

Lys (K) AAA UUU Phe (F) Thr (T) ACA UGU Cys (C)
AAG UUC Phe (F) ACG UGC Cys (C)

ACC UGG Trp (W)
ACU UGA stop

Met (M) AUG UCA Tyr (Y) Trp (W) UGG ACC Thr (T)

Phe (F) UUU AAA Lys (K) Tyr (Y) UAC AUG Met (M)
UUC AAG Lys (K) UAU AUA Ile (I)

Pro (P) CCA GGU Gly (G) Val (V) GUA CAU His (H)
CCC GGG Gly (G) GUG CAC His (H)
CCU GGA Gly (G) GUC CAG Gln (Q)
CCG GGC Gly (G) GUU CAA Gln (Q)

[a] The codons for each possible amino acid residue of a sense peptide are shown alongside their complementary codons. All alternative interacting partner
residues in a 5��3� complementary peptide are identified by reading these complementary codons in the 3��5� direction.
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(MSH),[43] Substance P (SP),[44, 45] trypsin modulating oo-
static factor (TMOF)[46] and nitric oxide synthase.[47]

Specific sense/complementary peptide interactions
have not always been found in all the various systems
in which they have been sought. Nor have all the
examples mentioned above necessarily been reproduced
successfully by the efforts of other research groups.[48, 49]

Examples of systems where interactions have not been
observed reproducibly include the angiotensin II (AII),[50±52]

parathyroid hormone[53] and insulin-like growth factor I
(IGF-I) systems.[54] There is, as yet, no clear explanation as
to why specific sense/complementary peptide interac-
tions should not be observed reproducibly in these
experiments whilst being seen with such apparent ease in
others. These inconsistencies must be resolved if sense/
complementary peptide interactions are to be fully
appreciated and understood.

5.1. Physical evidence for interactions between sense
and complementary peptides

In general, it has proved quite difficult to obtain clear
structural information about sense/complementary pep-
tide interactions in solution. By using 1H NMR spectro-
scopy, Fassina et al. were able to detect changes in the
chemical shifts of aromatic, aliphatic and backbone amide
protons of big endothelin (residues 16 ±29) and its
complementary peptide consistent with a specific bind-
ing interaction in solution.[55] Root-Bernstein and Westall
have also described similar effects when studying mix-
tures of either fibrinopeptide A or luteinising hormone
releasing hormone (LHRH) and their corresponding
complementary peptides.[42, 56] These chemical shift
changes were informative but could not be ascribed to
a particular mechanism or structural state of binding.
However, when parallel 1H NMR studies were conducted
with either adrenocorticotropin (ACTH) or angiotensin II
(AII) and their respective complementary peptides, no
such chemical shift changes were observed.[49, 52] By
contrast, some electrospray mass spectrometry studies
have been able to suggest that angiotensin II (AII) and
complementary peptides are able to interact to form
noncovalent heterodimeric complexes with �M dissocia-
tion constants.[57] Similar observations have been made in
mass spectral studies of [Met]-enkephalin and [Leu]-
enkephalin interacting with their respective complemen-
tary peptides.[58]

Like 1H NMR spectroscopy, circular dichroism (CD)
spectroscopy studies have also proved a little contra-
dictory. Fassina et al. reported that the CD spectrum of a
mixture of big endothelin and its complementary peptide
was different from a simple addition spectrum formed
from a linear combination of the individually recorded
spectra of each peptide.[55] Furthermore, Dillon et al. have
reported the formation of �-strand conformations follow-
ing the interaction of a Ca2� ion peptide mimetic,
complementary to calmodulin-like Ca2� ion binding sites,

Table 4. Main biological protein/peptide systems from which complementary peptides
have been derived and utilised.

Sense peptide/protein system Reference

acetyl choline receptor Araga et al.[100]

adrenocorticotropin Bost et al.[27]

Blalock and Bost[34]

anaphylatoxinC5a Baranyi et al.[108]

angiogenin Gho and Chae[66]

angiotensin II Elton et al.[97]

Soffer et al.[35]

Moore et al.[116]

Holsworth et al.[36]

arginine vasopressin Johnson and Torres[37]

Knigge et al.[117]

Lu et al.[112]

Kelly et al.[137]

�-endorphin Shahabi et al.[118]

big endothelin Fassina et al.[63],
Fassina et al.[55]

calcium binding domain Dillon et al.[59]

c-Raf protein Fassina et al.[15]

cystatin-C Ghiso et al.[68]

dopamine receptor Nagy and Frawley[119]

endothelin receptor Baranyi et al.[92]

Wu et al.[120]

[Met]-enkephalin Carr et al.[121]

Misra et al.[122]

Stambuk et al.[123]

fibrinogen Gartner and Taylor[40]

fibronectin Brentani et al.[98]

Pasqualini et al.[124]

�-endorphin Carr et al.[33]

Carr et al.[135]

Martin-Moe et al.[60]

gastrin terminal peptide Jones[32]

McGuigan and Campbell-Thompson[125]

growth hormone releasing hormone Grosvenor and Balint[126]

Weigent et al.[41]

gp41 of HIV Imai et al.[127]

anti-idiotypic antibodies Bost and Blalock[30]

Blalock et al.[128]

insulin Knutson[129]

integrin Derrick et al.[130]

interferon-� Johnson et al.[131]

interferon-� Scapol et al.[114]

interleukin-1 Fassina and Cassani[62]

Davids et al.[26]

Sisto[25]

Heal et al.[24]

interleukin-2 Weigent et al.[132]

Fassina et al.[113]

laminin receptor Castronovo et al.[133]

luteinising hormone releasing hormone Mulchahey et al.[96]

Root-Bernstein and Westall[42]

melanocyte stimulating hormone Al-Obeidi et al.[43]

trypsin-modulating oostatic factor Borovsky et al.[46]

myelin basic protein Zhou and Whitaker[105]

neurophysin II Fassina et al.[14]

Fassina[65]

neutrophil chemoattractant Pfister et al.[109]

nitric oxide synthase Sautebin et al.[47]

ovine prolactin Bajpai et al.[134]

P2 protein Araga et al.[104]

prion protein Martins et al.[110]

ribonuclease S-peptide Shai et al.[12]

Shai et al.[13]

somatostatin Campbell-Thompson and McGuigan[136]

substance P Pascual et al.[44]

Bret-Dibat et al.[45]

T15 self-binding antibody Kang et al.[101]

tumour necrosis factor-� Fassina et al.[64]

vitronectin Gartner et al.[39]
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with Ca2� ion binding agents.[59] Similarly, CD spectral data
generated by Fassina et al. does give the impression that �-sheet
structures may be formed in solution following an interaction
between sense and complementary peptides.[15] However, com-
parable CD studies conducted with adrenocorticotropin (ACTH)
or �-endorphin and their respective complementary peptides
revealed no such spectral changes consistent with binding
interactions.[49, 60]

Curto and Krishna have tried to explain the variability in
1H NMR spectroscopy results by suggesting that sense peptides
in solution, being highly flexible, need to overcome a large
conformational entropy barrier before they may recognise and
bind to the ™proper∫ conformation of the complementary
peptide partner.[61] Such a process is clearly difficult for a pair
of mobile peptides to achieve in free solution. Given this
explanation it is clear that, were one of the components to be
immobilised, constraining motion and conformation, encounter
frequencies between sense and complementary peptides in the
™proper∫ conformation should be significantly increased and
interactions observed more readily. This is indeed what appears
to happen. Interactions between sense and complementary
peptides are readily and reproducibly observed when one
component is immobilised on a solid-phase matrix. Techniques
such as affinity chromatography[12, 13, 55, 62±65] and resonant mir-
ror/surface plasmon resonance biosensing[18, 24, 26] have proven
particularly successful in this regard. So indeed have enzyme-
linked immunosorbent assay (ELISA) methods.[66] By using these
techniques, specific dissociation constants, Kd , in the �M±nM
range have been measured routinely.[12, 15, 24, 26, 66]

5.2. Receptor/ligand binding mediated by sense/
complementary peptide interactions

There is now a reasonable body of evidence to suggest that
sense/complementary peptide interactions may play strategic
roles in guiding the association between peptide/protein ligands
and their respective receptors. Bost et al. provided experimental
evidence for this by showing that the interactions between three
different protein effectors (interleukin-2, epidermal growth
factor and transferrin) and their respective receptors could all
be mediated by mutually complementary peptide sequences
coded for by mutually complementary effector and receptor
mRNA sequences.[67] Subsequently, Ghiso et al. suggested that
the interaction between cystatinC, a cysteine proteinase inhib-
itor, and the fourth component of complement C4 might also
involve peptide segments coded for by mutually complemen-
tary cystatinC and C4 DNA sequences.[68] Even more tantalising
still, Ruiz-Opazo et al. recently reported how screening a
complementary DNA (cDNA) library by using antisense oligonu-
cleotides corresponding to angiotensin II (AII) and arginine
vasopressin (AVP) led to the isolation of a novel, dual angioten-
sin II/vasopressin receptor gene.[69] Site-directed mutagenesis
studies clearly established that corresponding sense and com-
plementary peptide sequences in receptor and ligands were
responsible for mediating the interactions between them.

There have been other reports corroborating the importance
of sense/complementary peptide regions in mediating receptor/
ligand interactions. These include the binding of human fol-
licle stimulating hormone (hFSH),[70] human erythropoietin
(hEPO)[71, 72] and angiotensin II (AII)[73] to their respective receptor
proteins. Interactions between peptide hormones and G-protein
coupled receptors may be also governed by mutually comple-
mentary peptide sequences in hormones and respective recep-
tors, in general.[71] Even the diverse interactions of neurokinin A
(NKA) with NK1 tachykinin receptor,[74] thrombospondin-1 with
latency-associated peptide (LAP),[75] HIV with CD4 receptor,[76]

and actin with gelsolin,[77] all appear to be governed by the same
principles. Furthermore, Campbell and Okada have reported that
the complementary sequences of antigenic peptides may be
used to map corresponding antigen binding sites in major
histocompatability complex (MHC) class II molecules, which
underlines the fact that binding of antigenic peptides to MHC
class II molecules may involve specific sense/complementary
interactions.[78] T-cell receptors have also been found to invoke
sense/complementary peptide relationships for binding.[79] Even
contacts between some enzymes and their substrates appear to
be governed by sense/complementary peptide interactions.[80]

The potential importance of sense/complementary peptide
interactions in guiding the association between peptide/protein
ligands and their receptors has been reinforced by the results of
several computational studies. Biro was the first to conduct a
computational comparison between DNA and peptide sequen-
ces of some protein ligands and their putative receptors.[81] This
revealed that sequences of ligands and putative receptors
exhibit many regions of mutual complementarity that could
code for putative ligand/receptor contact points. Other compu-
tational analyses of DNA and peptide sequences belonging to a
wide range of protein/peptide ligands and their putative
receptors (or vice versa) confirm Biro's analysis to varying
extents.[24, 82±85] This has raised some obvious questions about
the evolutionary origin of ligand/receptor pairs leading Blalock
and Bost to impute that proteins and their receptors may have
been coded for, at one time, by corresponding sense and
complementary strands of DNA.[86] This now seems all the more
credible in view of the evidence accumulating to show that both
sense and complementary strands of DNA may be harnessed for
mRNA transcription.[1, 87] Subsequently, Brentani pointed out that
exon duplication followed by mutations and exon shuffling
could render those corresponding sense and complementary
strands of DNA independent, thereby allowing both to be
expressed separately giving rise to specialised ligand/receptor
pairs.[7, 88] This too is credible in the light of the discovery by
Adelman et al. that mRNA coding for gonadotropin-releasing
hormone in rat brains is complementary to the mRNA coding for
another protein in rat cardiac muscle.[89]

One perceived drawback to the proposed strategic impor-
tance of sense/complementary peptide interactions in guiding
receptor/ligand contacts is the obvious problem of ™stop∫
codons found in complementary mRNA transcribed from
complementary strand DNA. Some complementary codons are
™stop∫ signals irrespective of whether they are read in the 5��3�
or 3��5� direction (see Tables 1 and 3). Consequently, comple-
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mentary-strand DNA might not be expected to have the same,
consistent number of open reading frames (ORFs) as sense-
strand DNA. Nevertheless, Goldstein and Brutlag have reported
that a long ORF exists in the complementary DNA strand of the
adrenocorticotropin hormone (ACTH) �-endorphin precursor
(bovine POMC).[90] Also, actual numbers of ™stop∫ signals were
found to be less than half the number expected statistically in
the complementary strand DNA sequence of 22 other neuro-
peptides. Even if this were not sufficient, reports concerning
mRNA transcription from complementary strand DNA provide
compelling evidence for the existence of other ORFs in the
complementary strand of DNA as well.[1]

Currently, no comprehensive structural analyses, involving
X-ray crystal structures of receptor/ligand complexes, have been
reported to back up the apparent functional importance of
sense/complementary interactions in ligand binding by recep-
tors and their subsequent activation. Such evidence would be
very important and could significantly enhance our under-
standing of the roles of mutually complementary peptide
sequences. For instance, such a study would be able to establish
the extent to which mutually complementary peptide sequences
are actually in contact or in near proximity within the known
structures of receptor/ligand pairs. Moreover, where they are
not, alternative functional roles for these mutually complemen-
tary sequences could at least be proposed and investigated,
thereby leading to an improved molecular understanding of
receptor/ligand interactions and subsequent receptor activation
processes.

5.3. Intramolecular sense/complementary peptide
interactions and protein structure

In the same way that sense/complementary peptide interactions
are being understood to play a significant role in receptor/ligand
interactions, they may also have a concurrent role within protein
structures.[23, 83, 91] Baranyi et al. were the first to describe
experimentally intramolecular sense/complementary relation-
ships within proteins in the form of clusters of structural motifs
known as antisense homology boxes (AHBs).[92] Baranyi et al.
conducted an analysis of protein databank sequence informa-
tion and discovered significantly more AHBs (one per fifty
residues on average) than were expected statistically. Moreover,
over 64% of these AHBs were found to map to �-turn regions of
proteins when three-dimensional structural information was
available to make this analysis. Draper has independently
reported the existence of regions of mutual complementarity
within the mRNA sequence of human albumin as well.[93]

Furthermore, these regions were found frequently to code for
loop or �-turn regions in the protein itself. Perhaps �-turn AHBs
represent strategic intrachain interaction points at an early stage
in protein folding, drastically reducing the numbers of degrees
of freedom in the folding polypeptide chain, to promote correct
registration and assembly of secondary and tertiary structures.
However, tantalising though this idea might be, early applica-
tions have not provided much support.[94]

6. Applications of Sense/Complementary
Peptide Interactions

6.1. Antibodies for receptor identification and anti-
autoimmunity

As part of their initial experimental work on sense/complemen-
tary peptides, Blalock and co-workers implied that the comple-
mentary peptides of peptide hormones should be able to mimic
the binding-site structure of their respective hormone recep-
tors.[27] In which case, antibodies raised against these comple-
mentary peptides should be able to target the peptide binding
sites of respective hormone receptors, acting as surrogate
peptide hormones capable of identifying receptors in vitro and
in vivo.[27, 95] Obviously, this idea was based upon the general
principle that the molecular recognition of a given receptor by
its peptide hormone is governed at least in part by the
interaction between receptor and hormone peptide sequences
that are mutually complementary. The growing evidence for this
has been discussed at length above.
Blalock and co-workers were the first to test this idea out by

using antibody surrogates raised against the complementary
peptide of the adrenocorticotropin hormone (ACTH) and hence
targeted at the adrenocorticotropin receptor.[27] Subsequently,
antibody surrogates were raised successfully to target the
receptors of other peptide hormones and proteins such as �-
endorphin,[33, 60] luteinising hormone releasing hormone
(LHRH),[96] angiotensin II (AII),[97] fibronectin,[98] arginine vaso-
pressin (AVP)[99] and substanceP (SP).[44] The last is particularly
instructive. Polyclonal antibodies were raised against the
complementary peptide of SP and were shown to bind
specifically to IM-9 cells (an SP receptor positive lymphoblast
cell line). This effect was inhibited in a dose-dependent manner
by competition with SP peptide hormone. Subsequently, IM-9
cells were then homogenised and applied to an immunoaffinity
column prepared with the same polyclonal antibodies. Follow-
ing this, a bonefide SP receptor protein was found bound to the
column that was eluted and shown to recognise 125I-Tyr8-SP. This
effect was also inhibited in a dose-dependent manner by
competition with unlabelled SP peptide hormone. Taken to-
gether, all the results mentioned above give a clear demon-
stration that antibodies raised to the complementary peptides of
peptide hormones could be powerful tools for the future
identification and subsequent isolation of peptide hormone
receptors from appropriate cell lines.
An alternative application for antibodies raised against

complementary peptides has been in the arena of autoimmun-
ity. In autoimmune diseases, anti-self antibodies (autoantibodies)
usually cause disease by targeting specific self-epitopes. For
instance in myasthenia gravis (MG), an irregular antigenic
response to the nicotinic acetylcholine (AChR) receptor on
muscle appears to be a main pathophysiological trait of the
disease.[100] An obvious therapeutic strategy is to generate anti-
idiotypic antibodies specific for the idiotypes of autoantibodies.
Complementary peptides may be used to generate such anti-
idiotypic antibodies owing to the fact that many antibody/
antigen, antibody/epitope and even idiotypic/anti-idiotypic
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antibody interactions appear to be mediated by interac-
tions between mutually complementary peptide sequen-
ces.[18, 95, 101, 102] On this basis, the complementary peptide
corresponding to a given self-epitope should be reasonably
equivalent to the self-epitope binding site (idiotype) of the
corresponding autoantibody. Hence, antibodies raised against
such a complementary peptide should be specific for the self-
epitope binding site of the autoantibody and, therefore, be
themselves anti-idiotypic antibodies. The best working example
of this idea in practise has been in the raising of antibodies
against complementary peptides corresponding to reactive
AChR self-epitopes in MG. These presumably anti-idiotypic
antibodies have convincingly blocked the progress of MG in a
rat model of the disease.[100, 103] Furthermore, complementary
™peptide vaccines∫ have also been designed to prevent the
progress of experimental allergic neuritis (EAN).[104] Finally,
encephalomyelitis has also been blocked in animal models of
the disease by using a similar approach, though with more
mixed results.[105, 106]

6.2. Complementary peptides as inhibitors

Complementary peptides could have all the makings of versatile
inhibitors of protein/protein interactions with therapeutic appli-
cations. Taylor et al. were amongst the first to demonstrate this
with respect to the inhibition of platelet adhesion.[107] Subse-
quently, Baranyi et al. were able to show that endothelin peptide
(ET-1) could be inhibited in an in vitro smooth muscle relaxation
assay by a complementary peptide whose sequence was derived
from a 14 amino acid residue segment of the human endothe-
lin A receptor.[92] Similarly, C5a anaphylatoxin was inhibited by a
complementary peptide derived from a segment of the C5a re-
ceptor.[108] Even neutrophil activation may be inhibited with
complementary peptides.[109] However, some of the most
definitive work in this area has been that of Davids et al. who
described the concept of a complementary (or antisense)
peptide mini-receptor inhibitor.[26] This complementary peptide
inhibitor was deliberately designed to interact with a key surface
loop (or �-bulge) of interleukin-1�IL-1�) in order to sterically
prevent IL-1� (and also IL-1�) from interacting with the
interleukin Type 1 receptor (IL-1R), thereby inhibiting biological
responses. Not only was inhibition clearly seen in vitro, but the
interaction between IL-1� and the peptide was studied in detail
(dissociation constant, Kd� 10 �M) with appropriate controls,
leaving little doubt that there was a specific interaction between
peptide and the surface loop region of the protein. Subse-
quently, Heal et al. demonstrated the utility of this complemen-
tary peptide in an independent in vitro assay.[24]

A number of other research groups have reported the use of
complementary peptides as inhibitors, including Gho and Chae
who described the use of both 3��5� and 5��3� complementary
peptides corresponding to the receptor binding site region of
angiogenin.[66] They not only observed that both peptides were
able to bind to angiogenin (dissociation constant, Kd� 44 nM)
but that both peptides were also able to inhibit angiogenin
activity in several different in vitro assays. These receptor binding
complementary peptides could be described as complementary

peptide mini-effector inhibitors. Very topically, Martins et al.
recently reported that prion neurotoxicity could be blocked in
vitro by using a complementary peptide corresponding to the
neurotoxic region of the prion protein.[110] Furthermore, they
raised an antibody against this complementary peptide and
were able to use this antibody to locate a cell-surface receptor
for the prion protein. This suggests that prion neurotoxicity is
associated with binding of the neurotoxic region to a highly
specific cell-surface receptor whose binding site was mimicked
by the complementary peptide. There is no doubt that the
pharmaceutical potential of complementary peptide mini-re-
ceptors and similar could be great. But only time will tell if that is
indeed true. Finally, there could even be a future for comple-
mentary peptides as receptor agonists under some circum-
stances too.[111]

6.3. Agents for affinity column purification

Initial reports on the use of complementary peptides in high-
performance affinity chromatography (HPAC), or high-perform-
ance liquid affinity chromatography (HPLAC), came from Chaik-
en and co-workers.[8, 12, 13, 112] However Fassina and co-work-
ers,[63, 65] have also used HPAC/HPLAC extensively for the
purification of proteins including interleukin-1� (IL-1�),[62] big
endothelin,[55] tumour necrosis factor-�(TNF�)[64] and interleukin-
2 (IL-2).[113] Others have also followed suit.[114] The principles and
operation of HPAC/HPLAC with complementary peptides are
very simple. Complementary peptides specific to surface acces-
sible regions of proteins of interest are immobilised on a column.
Thereafter mixtures containing the protein may be applied to
the column and eluted slowly. Owing to specific interactions
between immobilised peptides and the protein of interest, the
protein may be eluted in a purified state. Practical purification of
proteins by this technique has the real advantage of allowing
protein purification to take place with a minimum number of
steps and under mild and nondenaturing conditions.

7. Summary and Outlook

There is now a sizeable body of evidence to suggest that specific
interactions between sense and complementary peptides exist
and may be used for a number of applications. Successful
applications have been found for complementary peptides in
generating anti-idiotypic antibodies in defence against auto-
immunity, as probes for novel receptor proteins, as mini-receptor
inhibitors of protein effectors otherwise difficult to antagonise
and in high-performance affinity chromatography. A significant
body of circumstantial evidence suggests that interactions
between sense and complementary peptides could represent a
strategic subset of the total set of molecular interactions which
guide molecular recognition and binding within and between
protein molecules. A global search of all genome and proteome
databases for sense/complementary peptide interactions could
yield important information concerning protein/protein inter-
action sequences, thereby giving form and function to thou-
sands of orphan or otherwise poorly characterised genes which
fill out these databases.[115] In this vein, the identification of
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sense/complementary peptide relationships in and between
databases could offer a useful chemo-bioinformatics tool for
functional genomics. Clearly, given the complexity of protein
three-dimensional structure and likely variations in sense/
complementary peptide binding affinities, not all the identified
relationships will be meaningful. However, simply judging by the
evidence presented to date, many could be. Accordingly,
software tools able to interrogate genome and proteome
databases for sense/complementary peptide relationships could
have a powerful role to play in the identification and validation
of novel leads for drug discovery in the pharmaceutical and
biotechnology industry of the postgenomic era. Cost savings to
otherwise expensive combinatorial chemistry research pro-
grammes could also be possible.
The evidence to date, summarised in this review, suggests that

specific interactions between sense and complementary pep-
tides may well be mediated by M-I pairs (and other closely
related amino acid pairs; Figure 2), according to the M-I pair
theory. However, this theory relies on the assumption that the
interacting sequences are both in an extended conformation,
which is reasonable for short peptides in solution but arguably
less so for interacting sequence segments in proteins where the
three-dimensional organisation may be complex. Therefore,
significant structural and modelling studies are required to
provide firm structural and mechanistic evidence to supplement
the results of functional studies that already demonstrate the
potential importance of mutually complementary peptide
sequences or amino acid residues, and the M-I pair theory in
general, in guiding intermolecular protein/protein interactions.
This should take the form of intensive structural and statistical
analyses of the X-ray crystal structures of known protein/peptide
and protein/protein receptor/ligand complexes, supplemented
by structural studies with model systems in which sense and
complementary peptides are constrained in close proximity to
each other. Such studies would also have the advantage of
defining the most appropriate way to account mechanistically
and energetically for the specific types of interactions pertinent
to each M-I pair. In addition, there is still a reasonable likelihood
that intramolecular interactions between mutually complemen-
tary peptide sequence segments or individual M-I pairs within an
individual polypeptide could provide a key to predicting the
correct fold of proteins. This proposition certainly requires
proper validation through extensive experimental and theoret-
ical studies of protein folding but is worth investigating, in our
opinion.
Hence, in conclusion, without positive results from the studies

described above, it would be premature to extrapolate the M-I
pair theory to the proteomic code. Nevertheless, it remains a
tantalising possibility that the M-I pair theory or some derivative
thereof could provide the basis for understanding and con-
structing this proteomic code. If so, then there would surely be
some satisfaction in the knowledge that not only does the
genetic code determine the amino acid sequences of proteins
but, together with the complementary genetic code, also
provides the means to determine their functions and even their
three-dimensional structures as well. As a result, not only would
we have at our disposal a potentially universal means to predict

protein structures de novo, but access to a complete portfolio of
molecular partners in vivo, within and between organisms,
across the complete phylogenetic tree from bacteria and viruses
to plants to man.
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