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Department of Pharmacology, Faculty of Pharmacy and Biochemistry, University of Zagreb, Domagojeva 2, HR-10000 Zagreb, Croatia
University of Debrecen, Department of Inorganic and Analytical Chemistry, H-4010 Debrecen P.O. Box 21, Hungary
Croatian Institute for Toxicology and Anti-doping, Borongajska 83g, HR-10000 Zagreb, Croatia
Department of General and Inorganic Chemistry, Faculty of Pharmacy and Biochemistry, University of Zagreb, Ante Kovačića 1, HR-10000 Zagreb, Croatia
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a  b  s  t  r  a  c  t

Sense  and  antisense  peptides,  i.e.  peptides  specified  by complementary  DNA  and  RNA  sequences,  interact
with  increased  probability.  Biro,  Blalock,  Mekler,  Root-Bernstein  and Siemion  investigated  the  recogni-
tion rules  of  peptide—peptide  interaction  based  on the complementary  coding  of  DNA  and  RNA  sequences
in  3′ →  5′ and  5′ →  3′ directions.  After  more  than  three  decades  of  theoretical  and  experimental  investiga-
tions,  the efficiency  of  this  approach  to predict  peptide—peptide  binding  has  been experimentally  verified
for more  than  50 ligand—receptor  systems,  and  represents  a promising  field  of  research.  The  natural
genetic  coding  algorithm  for sense  and  antisense  peptide  interactions  combines  following  elements:  of
amino acid  physico-chemical  properties,  stereochemical  interaction,  and  bidirectional  transcription.  The
interplay  of these  factors influences  the  specificity  of  sense—antisense  peptide  interactions,  and  affects
the  selection  and  evolution  of peptide  ligand—receptor  systems.  Complementary  mRNA  codon—tRNA  anti-
codon complexes,  and  recently  discovered  Carter-Wolfenden  tRNA  acceptor-stem  code,  provide  the  basis
for  the  rational  modeling  of  peptide  interactions  based  on  their  hydrophobic  and  lipophilic  amino  acid
physico-chemical  properties.  It is  shown  that  the  interactions  of complementary  amino  acid  pairs  accord-
ing to the  hydrophobic  and lipophilic  properties  strongly  depend  on the  central  (second)  purine  base  of  the
mRNA  codon  and its pyrimidine  complement  of  the  tRNA  anticodon.  This  enables  the  development  of  new
algorithms  for the  analysis  of structure,  function  and  evolution  of protein  and  nucleotide  sequences  that
take  into  account  the  residue’s  tendency  to  leave  water  and enter  a nonpolar  condensed  phase  consider-
ing  its mass,  size  and  accessible  surface  area.  The  practical  applications  of  the  sense—antisense  peptide
modeling  are  illustrated  using  different  interaction  assay  types  based  on:  microscale  thermophoresis

(MST),  tryptophan  fluorescence  spectroscopy  (TFS),  nuclear  magnetic  resonance  spectroscopy  (NMR),
and  magnetic  particles  enzyme  immunoassay  (MPEIA).  Various  binding  events  and  circumstances  were
considered,  e.g., in situations  with—short  antisense  peptide  ligand  (MST),  L- and  D-enantiomer  acceptors
(TFS),  in  low  affinity  conditions  (NMR),  and  with  more  than  one  antisense  peptide  targeting  hormone

rs.  Pu

(MPEIA).

©  2017  The  Autho

. Introduction
The standard genetic code defines rules for the transcription of
iological DNA and RNA information, and related protein synthe-
is, namely translation rules. It is often described as a translation

∗ Corresponding author.
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table by which nucleic acid sequence information is interpreted as
polypeptide (Carter and Wolfenden, 2016). The natural property of
the genetic code is the “complementarity principle”, defined by the
physicochemical nucleotide interaction, i.e. pairing, of uracil (U) or
thymine (T) with adenine (A), and cytosine (C) with guanine (G)
(Table 1A).

A large body of theoretical and experimental evidence over
the last three decades supports the thesis that peptides speci-

fied by the complementary DNA and RNA sequences, i.e. sense
and antisense peptides, interact with increased probability (Root-
Bernstein, 2015; Root-Bernstein, 2005; Biro, 2007; Siemion et al.,
2004; Miller, 2015; Blalock, 1995; Štambuk et al., 2014). The idea of
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Table 1
(A) Standard genetic code Table. Sixty-four 3-letter codons specifiy 20 amino acids
and 3 stop codons for the protein synthesis. (B) The number of complemen-
tary (sense – antisense) amino acid pairs depends on the direction of translation
(3′ → 5′ = left → right or 5′ → 3′ = right → left).

A

First (5′) letter Second letter Third (3′) letter

U C A G

U F S Y C U
F  S Y C C
L  S stop stop A
L  S stop W G

C L  P H R U
L  P H R C
L  P Q R A
L  P Q R G

A I  T N S U
I  T N S C
I  T K R A
M  T K R G

G V  A D G U
V  A D G C
V  A E G A
V  A E G G

B

Amino acid Antisense 3′ → 5′ Antisense 5′ → 3′

F K K, E
L  D, E, N E, Q, K
I  Y N, D, Y
M  Y H
V  H, Q H, D, N, Y
S  S, R G, R, T, A
P  G G, W,  R
T  W,  C G, S, C, R
A  R R, G, S, C
Y  M,  I I, V
H  V V, M
Q  V L
N  L I, V
K  F F, L
D L I, V
E  L L, F
C T T, A
W T P
R  A, S A, S, P, T
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2. two  of the basic types of sense − antisense amino acid hydropa-
G  P P, S, T, A

ense and antisense peptide binding, mediated by specific through-
pace amino acid paired interactions, was first proposed by Mekler
Biro, 2007; Tropsha et al., 1992; Mekler, 1970; Mekler and Idlis,
981). Biro, Blalock, Root-Bernstein and Siemion investigated dif-
erent aspects of peptide—peptide interaction based on the coding
f antisense DNA and RNA sequences in 3′ → 5′ and 5′ → 3′ direc-
ions (Table 1B). Critical examination of the concept has confirmed
he relevance and applicability of antisense peptides to in vitro and
n vivo research (Root-Bernstein, 2015; Root-Bernstein, 2005; Biro,
007; Siemion et al., 2004; Miller, 2015; Blalock, 1995; Štambuk
t al., 2014).

Until recently, most discussions related to the physico-chemical
roperties of antisense peptides relied on the concept of classic
ydropathy (Miller, 2015; Blalock, 1995) based on the fact that the
econd base of the messenger RNA (mRNA) codon specifies amino
cid hydropathy as an important factor regarding protein interac-
ions. The hydropathy index of an amino acid was proposed in 1982

y Jack Kyte and Russell F. Doolittle (Kyte and Doolittle, 1982) as a
umber representing the hydrophobic or hydrophilic properties of
mino acid side chains.
s 164 (2018) 199–216

In this study we  investigate sense-antisense peptide rela-
tionships using a new transfer RNA (tRNA) acceptor-stem code,
introduced by Carter and Wolfenden (Carter and Wolfenden, 2015).
This acceptor-stem code, related to amino acid size and lipophilic-
ity, is distinct from the code in the anticodon that is based on amino
acid hydrophobicity or hydrophilicity, and preserves key properties
of stereochemically-encoded peptides.

2. Results and discussion

2.1. Antisense peptides and complementary nucleotide coding

The purposeful design of specific bioactive complements is
related to the theory that antisense peptides or proteins bind with
high affinity to each other (Root-Bernstein, 2015; Root-Bernstein,
2005; Biro, 2007; Siemion et al., 2004; Miller, 2015; Blalock, 1995;
Štambuk et al., 2014). According to Siemion et al. there are three
main hypotheses concerning the interaction of sense—antisense
peptides based on complementary coding principles (Siemion et al.,
2004):

1. the Root-Bernstein approach to the interaction of complemen-
tary peptides, which is based on the stereochemical interaction
of sense—antisense amino acids coded by anticodons read in
parallel with the coding DNA strand (3′ → 5′ translation).

2. the Mekler-Blalock antisense hypothesis, which is based on the
hydropathic complementarity principle of the sense—antisense
interaction that is independent of the direction of triplet read-
ing (5′ → 3′/3′ → 5′), since the central base of the coding triplet
specifies the hydropathy of the amino acid.

3. the Siemion hypothesis of sense—antisense peptide interaction,
which is based on the periodicity of the genetic code, i.e. the
Siemion one-step mutation ring of the code, that is related to: a)
the Argyle amino acid similarity ring (residue replacement dur-
ing evolution), b) the Pieber-Tohác amino acid ring, i.e. codon
replacement probability matrix, and c) the Chou-Fasman confor-
mational parameters and amino acid compositional frequencies
in proteins. The resulting sense—antisense amino acid pairs are
in most cases similar to 3′ → 5′ translation according to Root-
Bernstein.

2.1.1. Rules and patterns of complementary peptide coding
The algorithms for the antisense peptide design based on com-

plementary peptide binding in the 3′ → 5′ and 5′ → 3′ translation
direction were introduced in the 1980s by Root-Bernstein (Root-
Bernstein, 2015; Root-Bernstein, 2005; Root-Bernstein, 1982) and
Blalock et al. (Blalock, 1995; Blalock and Bost, 1986; Zull and
Smith, 1990), and their efficiency has been experimentally verified
for more than 50 ligand—receptor systems (Root-Bernstein, 2015;
Root-Bernstein, 2005; Biro, 2007; Siemion et al., 2004; Miller, 2015;
Blalock, 1995; Štambuk et al., 2014).

Simple transformations of complementary (sense—antisense)
peptide coding in both directions (left → right and vice versa) define
pivotal aspects of the natural code presented in Table 1:

1. two  of the basic types of sense—antisense amino acid hydropathy
patterns (neutral-neutral, nonpolar-polar) are symmetric,  i.e. of
identical pattern type, with respect to left → right and right → left
translation of the coding table (Fig. 1);
thy patterns are assymetric—chiral, i.e. of different pattern
number, with respect to left → right and right → left translation
of the coding table (Fig. 1).
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ig. 1. Hydrophobicity PRIFT values of the complementary amino acid pairs in Ta
omplementary (sense—antisense) pairs of the genetic code translated in 3′ → 5′ dire

n  5′ → 3′ direction, r = 0.87. Paired group algorithm, Gower similarity index (PAST s

The complementary amino acid pairs presented in Table 1B dif-
er in the number of patterns, e.g., 27 pairs are derived by 3′ → 5′

ranslation (13 × 2 and one SS pair) and 52 by 5′ → 3′ one (26 × 2).
onsequently, for antisense peptides the total number of com-
lementary amino acid pairs (N) translated in a 3′ → 5′ direction

s approximately the square root of the number of complemen-
ary amino acid pairs translated in 5′ → 3′ direction, i.e. N3′ → 5′√

N5′ → 3′ (Table 1B). The latter result arises from the fact that
′ → 3′ complementary transformation is comprised of 16 groups
f codons, while 3′ → 5′ complementary transformation is com-
rised of 4 groups, as shown in Table 1A and B (Štambuk et al.,
016a; Štambuk and Konjevoda, 2016). In addition to the huge
ifference in the number of antisense peptides according to the
irection of translation, the problem of amino acid complementar-

ty is still unresolved with respect to the factors of protein folding
nd protein—protein complexation. Root-Bernstein claims that the
ntisense approach only applies to peptides that lack significant
econdary and tertiary conformation, which is often valid for the
tructures of <20 amino acids, while Blalock maintains that the anti-
ense approach applies to entire proteins and that complementary
roteins fold into complementary shapes (Root-Bernstein, 2005).
he experimental observation that affinity of sense and antisense
eptides is tolerant to significant amino acid substitutions was

xplained by two factors (Tropsha et al., 1992): 1. the conserva-
ive substitution of sense-antisense peptide pairing arising from the
enetic code structure, and 2. the fact that “dependence of binding
 form two distinct clusters composed of polar-nonpolar and neutral residues. (A)
, r = 0.86; (B) Complementary (sense—antisense) pairs of the genetic code translated
re, version 3.16).

on multiple contacts may  lessen the impact of a non-conservative
amino acid substitution” (Tropsha et al., 1992).

Antisense peptide design based on 3′ → 5′ sequence transla-
tion leads to significantly fewer antisense peptide structures being
obtained, and consequently seems to be a plausible alternative in
situations when the screening of bioactive antisense ligands is con-
sidered (Root-Bernstein, 2005; Štambuk et al., 2014).

2.2. Hydrophobicity and residue contact potential are related to
sense—antisense peptide coding

The hydrophobicity values of individual amino acids affects the
characteristic periodicity of the amphipatic structures of proteins
(Cornette et al., 1987), and influences secondary and tertiary pro-
tein structure. Cornette et al. (Cornette et al., 1987) compared 38
published hydrophobicity scales and derived an optimum normal-
ized scale (PRIFT) for associating amphipathic secondary structure
in a protein molecule with the sequence of hydrophobicity values
of its residues. PRIFT denotes the maximized amphipathic index of
the Fourier transform (FT) composite power spectrum for the pri-
mary (PRI) set of helices (Cornette et al., 1987), and represents a
useful tool for different bioinformatic applications concerning pro-
tein structure-function modeling (Štambuk and Konjevoda, 2017a;

Štambuk and Konjevoda, 2017b). Fig. 1A and B show that the PRIFT
scale has a high correlation with the complementary coding of
sense − antisense peptide pairs that arise from translation in both
directions. Considering the amino acid “hydrophobic character”
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f PRIFT (Cornette et al., 1987), the extraction of coding patterns
or sense—antisense pairs in both translation directions implies
hat the complementary coding algorithm for sense—antisense
eptide interactions represents a general rule based on residue
ydrophobic potential. The reason for this may  be the fact that

n addition to predicting �-amphipathicity the method of Cor-
ette et al. is highly successful in identifying �-amphipathicity
Cornette et al., 1987), and in distinguishing exterior from interior
esidues in proteins—known to be strongly correlated to the pair-
ng preferences in complementary amino acid pairs (Siemion et al.,
004). In 1992, Tropsha et al. used the term “amphipathic recogni-
ion” for a hydrophilic-hydrophobic mechanism of sense-antisense
eptide binding, and noted that several observations support the
roposed mechanism of “amphipathic complementarity” (Tropsha
t al., 1992).

The results presented in Fig. 1 are supported by Miyazawa-
ernigan residue–residue contact potentials (Štambuk et al.,
016a; Štambuk and Konjevoda, 2016; Miyazawa and Jernigan,
999). This model additionally supports the recognition rules
f sense—antisense peptide interaction, and is widely used as a
nowledge-based potential for globular proteins being derived
sing the quasi-chemical approximation from large databases
f proteins with known 3D structures. The critical distance for
fficient modeling with the Miyazawa-Jernigan method (<6.5 Å)
atisfies the recommended criteria for an accurate protein—protein
nteraction algorithms, which include different bonding types (e.g.,
onic or electrostatic bonds, hydrogen bonds, van der Waals and
ydphobic interactions, or multiple bonding types) (Štambuk et al.,
016a; Miyazawa and Jernigan, 1999; Miyazawa and Jernigan,
985; Mihel et al., 2008). Calculations and clustering procedures
Štambuk et al., 2016a; Štambuk and Konjevoda, 2016) con-
rmed that complementary amino acid interactions are equally
ell explained by Miyazawa-Jernigan interaction energies among

esidues that consist of: contact energies only (method A), paired
ontact energies (method B), repulsive packing energies (method
), and secondary structure energies (method D). This implies that
he result was not dependent on the characteristics of the equi-
ibrium distributions of contacts in observed protein structures
Štambuk et al., 2016a; Miyazawa and Jernigan, 1999), that is, the
esult relating to amino acid complementarity patterns represents a
eneral rule within a critical distance of within 6.5 Å (Štambuk et al.,
016a). Agglomerative hierarchical clustering (HAC) on results
rom a principal component analysis (PCA) also confirms that PRIFT
nd Myazawa D parameters have identical information content, i.e.
hey contribute equally to the explanation of variance between data
oints (Le and Worch, 2014).

Table 2 shows that the PRIFT results correlate strongly with
hose produced using the method of Manavalan-Ponnuswamy
Manavalan and Ponnuswamy, 1978). The difference between

iyazawa-Jernigan and Manavalan-Ponnuswamy methods is that
he former uses side chain contact positions, and contacts among
esidues and effective solvent molecules within 6.5 Å distance,
hile the latter uses a sphere of 8 Å radius to study the influence

f the surrounding environment, i.e. hydrophobicity. According
o Miyazawa-Jernigan more long-range contacts are obtained by
sing the centers of side chain atoms (first method), than with
ither C� atom positions or the centers of all residue atoms includ-
ng backbone atoms (second method) (Miyazawa and Jernigan,
985; Manavalan and Ponnuswamy, 1978). However, the PRIFT val-
es of Cornette et al. (Cornette et al., 1987) correlate strongly with
oth concepts (Table 2). The sense-antisense interaction might be
acilitated by the exclusion of water from the pocket in which the

eceptor binding site is located, as the ligand docks in it (Wolfenden
t al., 1979; Brentani, 1988). The fact that contact potentials for
ydrophobic amino acids are complemented by contact potentials

or hydrophilic residues, and contact potentials for neutral amino
s 164 (2018) 199–216

acids by those for neutral residues, suggests that an important
factor for this type of molecular interaction potential is the mini-
mization of free energy in the peptide—peptide complex (Štambuk
et al., 2016a; Kastritis and Bonvin, 2012).

2.3. New tRNA acceptor-stem code and Carter-Wolfenden
liphophilic character of amino acids

In 1979, Wolfenden, Cullis and Southgate derived an amino
acid scale for free energies in the transfer from the vapor phase
to a neutral aqueous solution—closely correlated with the second
code letter in the mRNA and DNA (Brentani, 1988). Using this
concept, and calculations of amino acid transfers from vapor (v),
water (w) and cyclohexane phases (c) Wolfenden et al. (Wolfenden
et al., 2015) defined three dimensionless equilibrium constants
(Keq): 1. hydrophobicity—for amino acid transfer from aqueous
solution at pH 7 to cyclohexane (Kw > c); 2. hydrophilic charac-
ter (hydrophilicity)—for amino acid transfer from the vapor phase
to aqueous solution at pH 7, at infinite dilution (Kv > w); and 3.
liphophilic character (liphophilicity)—for transfer from the vapor
phase to cyclohexane, at infinite dilution (Kv > c). The transfer
equilibrium constants and free energies (�G = − RTlnKeq) can be
considered to measure the principal forces stabilizing protein struc-
tures (Carter and Wolfenden, 2015).

Wolfenden et al. (Wolfenden et al., 2015) showed that the val-
ues log10(Kw > c), log10(Kv > w), and log10(Kv > c) represent the basis
for hydrophobicity, hydrophilicity and liphophilicity scales, respec-
tively. Multiplication of Kw > c by Kv > w yields Kv > c (Wolfenden
et al., 2015), and consequently log10(Kw > c) and log10(Kv > w)
exhibit a strong negative correlation (r = −0.94). Their results,
which can be found in Table S1 of Ref. (Wolfenden et al., 2015):

log10(Kv > c) = log10(Kw > c) + log10(Kv > w) (1)

are consistent with the findings of El Tayar et al. (van de
Waterbeemd et al., 1994; El Tayar et al., 1995):

Lipophilicity = Hydrophobicity + Polarity(Hydrophilicity) (2)

We obtained a simple and accurate model of the relation-
ship between hydrophobicity (log10(Kw > c)) and hydrophilicity
(log10(Kv > w)) corrected for the amino acid mass using the M5
classifer—which combines a rule-based system with a multiple
linear regression (Eq. (3), r = 0.99, relative absolute error = 9.97%;
Weka software, version 3.6.13) (Štambuk et al., 2016a; Witten et al.,
2011):

log10(Kw > c) = 0.0492 × massaa − 1.0399 × log10(Kv > w) − 3.1524

(3)

The water-to-cyclohexane (w > c) amino acid scale measures the
hydrophobicity of the residue, i.e. amino acid’s tendency to leave
water and enter a nonpolar condensed phase. In a similar way
to the “hydrophilic character”, the hydrophobicity of the amino
acid exhibits: 1. a strong correlation with standard amino acid
hydropathy scales (Fig. 2A), and 2. a close relationship to the sec-
ond nucleotide base of mRNA anticodons (Carter and Wolfenden,
2015).

The dependence of hydrophobicity (log10(Kw > c)) on the
hydrophobic moment (PRIFT), hydrophilicity (log10(Kv > w)) and
liphophilicity (log10(Kv > c)) was  also analyzed using the M5  clas-
sifer and multiple linear regression (Eq. (4)). The model is very
accurate with the correlation coefficient of r ∼= 1, and relative abso-

lute error of 0.0735%:

log10(Kw > c) = 0.0017 × PRIFT − 0.9997 × log10

(Kv > w) + 0.9978 × log10(Kv > c) − 0.0004 (4)
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Fig. 2. (A) Correlation matrix of 12 amino acid scales representing two  main amino acid physico-chemical properties: hydrophobicity (Carter-Wolfenden Gw > c (Carter and
Wolfenden, 2015), Eisenberg (Eisenberg et al., 1984), GES (Engelman et al., 1986), Kyte-Doolittle (Kyte and Doolittle, 1982), Janin (Janin, 1979), Cornette et al. PRIFT (Cornette
et  al., 1987)) and lipophilicity/asccessible surface area (Carter-Wolfenden Gv > c (Carter and Wolfenden, 2015), Mass (Carter and Wolfenden, 2015), Miller et al. ASA (Miller
et  al., 1987), Rose et al. ASA (Rose et al., 1985), Volume (Grantham, 1974), Radius (Cootes et al., 1998)). (B) Clustering of amino acid scales used in Fig. 2A follows the amino
acid  distribution associated with the second base column of the genetic code table (Table 1A). Paired-group-algorithm-constrained, Gower similarity index (PAST software,
version 3.16). Amino acid (codon) scoring according to Davis (Davis, 1986): hydrophobic amino acid (2nd U) = +1, hydrophilic amino acid (2nd A) = −1, neutral/intermediate
amino  acid (2nd C and G) = 0.
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Table 2
Correlations of PRIFT, Myazawa-Jernigan and Manavalan-Ponnuswamy methods.

Pearson correlation (r) PRIFT M-JA M-JB M-JC M-JD M-P

PRIFT 1.00 −0.91 −0.93 −0.92 −0.92 0.91
M-JA −0.91 1.00 0.96 0.96 0.95 −0.92
M-JB −0.93 0.96 1.00 0.99 0.98 −0.92
M-JC −0.92 0.96 0.99 1.00 0.99 −0.91
M-JD −0.92 0.95 0.98 0.99 1.00 −0.91
M-P  0.91 −0.92 −0.92 −0.91 −0.91 1.00
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-J  = Myazawa-Jernigan scale A, B, C and D (Miyazawa and Jernigan, 1999).
-P  = Manavalan-Ponnuswamy scale (Manavalan and Ponnuswamy, 1978).

In 2015 Carter and Wolfenden discovered that the tRNA
cceptor-stem code is related to the amino acid liphophilic char-
cter of free energies in the transfer from vapor-to-cyclohexane
Gv > c) (Carter and Wolfenden, 2015). They also confirmed that
ipophilic code was distinct from the one allocated in the mRNA
nticodon, which is based on the amino acid hydrophobic char-
cter free energies of transfer from water-to-cyclohexane (Gw > c)
Fig. 3B).

Carter and Wolfenden first developed an amino acid scale based
n the measurement of vapor-to-cyclohexane transfer equilibria
Kv > c) and free energy determination (Gv > c = �Gv > c, Fig. 3A and
) (Carter and Wolfenden, 2015; Štambuk et al., 2016b). Secondly,
hey showed that:

. the tRNA acceptor-stem code is related to the free energy vapor-
to-cyclohexane scale that measures lipophilic character of amino
acids (Gv > c), and

. lipophilic character of the residue is closely related to the amino
acid’s size or its solvent-accessible surface area—ASA (Fig. 2A)
(Carter and Wolfenden, 2015; Štambuk et al., 2016b).

Consequently, the lipophilicity of the residues, measured by
apor-to-cyclohexane free energie values (v > c) shows a strong
egative correlation with several amino acid physico-chemical
roperties: mass, accessible surface area—ASA and size, but no cor-
elation with the hydrophobicity scales (Fig. 2A):

a. for Carter and Wolfenden (Gv > c) vs amino acid mass, r = −0.94;
. for Carter and Wolfenden (Gv > c) vs amino acid ASA, r = −0.90;

c. for Carter and Wolfenden (Gv > c) vs amino acid volume,
r = −0.87;

. for Carter and Wolfenden (Gv > c) vs amino acid radius, r = −0.86.

Both clusters of amino acid scales from Fig. 2A closely follow
he amino acid distribution associated with the second base col-
mn of the genetic code table (Table 1A and Fig. 2B). The same
rouping could be obtained using individual clusters (hydrophobic-
ty r = 0.52, lipophilicity/ASA r = 0.62), but the correlation coefficient
s better when both scale clusters are used (r = 0.70). Addition-
lly, Fig. 3D shows that hydrophobicity (Gw > c) and lipophilicity
Gv > c), together with the parameters of mass and weighted aver-
ge surface accessibilities (folded ASAs) are closely related to the
rocess of selection of amino acids by corresponding class I and
lass II aminoacyl-tRNA synthetases, as discussed by Carter and

olfenden in Ref. (Carter and Wolfenden, 2015)—Table S1.
Fig. 4A and B show that the free energies (Gv > c) of the

arter-Wolfenden vapor-to-cyclohexane (v > c) lipophilic scale
re strongly correlated with the complementary coding of
ense—antisense peptide interactions in both translation direc-

ions. The result implies that the novel tRNA acceptor-stem
ode defines complementary peptide interaction (or pairing) in a
anner different from standard hydrophobicity and hydrophilic

haracter patterns. This difference is defined by an alternative tRNA
coding pattern based on the lipophilic character of the residues,
closely related to molecule size or accessible surface area—ASA
(Carter and Wolfenden, 2015; Štambuk et al., 2016b; Tien et al.,
2013).

Vapor-to-cyclohexane transfer equilibria measure the van der
Waals forces that attract a solute from the vapor phase to the
walls of a nonpolar solvent cavity minus the cost of making that
cavity (Carter and Wolfenden, 2015; Štambuk et al., 2016b). ASA
represents the area over which the center of a water molecule
retains van der Waals contacts with the amino acid side-chain in a
Gly-X-Gly tripeptide, without penetrating other atoms (Carter and
Wolfenden, 2015; Štambuk et al., 2016b). The solvent-accessible
surface area–ASA, maximum possible solvent-accessible surface
area for the residue (MaxASA) and relative accessible surface area,
i.e. relative solvent accessibility (RSA = ASA/MaxASA), are often
used as a measure of residue solvent exposure (Tien et al., 2013;
Ahmad et al., 2003).

The results presented in Table 1, Figs. 1 and 4 show that
hydrophilic and hydrophobic amino acids form a cluster of amino
acids defined by means of the complementary second codon
bases A and U, respectively. Another amino acid cluster consists
of predominately neutral amino acids specified by the comple-
mentary second codon bases G and C (Table 1, Figs. 1 and 4).
The clustering model presented in Figs. 1 and 4 is comfirmed
by partitioning around medoids (PAM; R software version 3.4.2,
manhattan-metric-standardized) (Štambuk and Konjevoda, 2003;
Spector, 2011)—using physicochemical scales of Fig. 2A vs Davis
scores of polarity according to the second codon position (Fig. 2B).

2.4. tRNA acceptor-stem coding related to 2nd codon base

For the vapor-to-cyclohexane amino acid lipophilic scale the
following is valid:

1. the scale is not correlated with the hydropathy scales presented
in Fig. 2A (−0.23 ≤ r ≤ 0.13);

2. it was derived by a different measurement procedure, i.e. by
the calculation of free energy values in vapor-to-cyclohexane
environments (Gv > c), rather than in water-to-cyclohexane envi-
ronments (Gw > c);

3. its clustering of complementary amino acid pairs is identical to
the clustering observed for the hydrophobic moment consensus
scale—PRIFT (Table 1B, Figs. 1 and 4).

Additionally, as shown in Table 3, Figs. A1 and A2, this common
type of amino acid free-energy-based pairing within two extracted
cluster types (polar-nonpolar, neutral-neutral) is strongly depen-
dent on the central/second purine base of the mRNA codon (i.e. tRNA
anticodon) irrespective of:
1. the lipophilic character or hydrophobic character of the residues,
and

2. the direction of translation.
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Fig. 3. (A) Equilibrium constants (Keq) of amino acid transfer from vapor (v), water (w)  and cyclohexane phases (c) (B) Lipophilic t-RNA acceptor-stem code according to
the  Carter-Wolfenden model (Gv > c = �Gv > c), which is distinct from a hydrophobic code allocated in the mRNA anticodon (Gw > c = �Gw > c). (C) Carter-Wolfenden water-
t er equ
(  amin
a ing Ra

t
p
c

p
t
t

o-cyclohexane (Gw > c = �Gw > c) and vapor-to-cyclohexane (Gv > c = �Gv > c) transf
aaRS)-based selection of the residues. (D) The relationship between four different
nd  corresponding class I and class II aminoacyl-tRNA synthetases was  analyzed us

Table 3 clearly shows that the central/second pyrimidine base of
he mRNA codon is not significantly correlated with the amino acid
airing based on the hydrophobicity and lipophilicity values of the
lusters examined.
One plausibile interpretation of this phenomenon related to
urine—pyrimidine coding of the sense—antisense peptide interac-
ions could be that the 2nd purine of the codon defines amino acids
hat tend to be exposed due to the combined effects of residue
ilibria and free energy determination related to the aminoacyl-tRNA synthetase-
o acid physicochemical properties in Ref. (Carter and Wolfenden, 2015)—Table S1
ndom Tree classifier (Weka software, version 3.6.13 (Witten et al., 2011)).

contact potentials (“hydrophobic character”) and their accessible
surface areas (“lipophilic character”). Consequently, in addition to
the proposed tRNA acceptor-stem code for amino acid size and
asccessible surface area there seems to exist one more checking

algorithm, confirming Carter-Wolfenden “lipophilic” model, at the
level of the 2nd purine—pyrimidine base interaction of the comple-
mentary mRNA codon—tRNA anticodon complexes.
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Fig. 4. Lipophilicity values of the complementary amino acid pairs (Carter-Wolfenden vapor-to-cyclohexane, Table 1B) form two distinct clusters composed of polar-nonpolar
and  neutral residues. (A) Complementary (sense − antisense) pairs of the genetic code translated in 3′ → 5′ direction, r = 0.85; (B) Complementary (sense − antisense) pairs
of  the genetic code translated in 5′ → 3′ direction, r = 0.84. Paired group algorithm, Gower similarity index (PAST software, version 3.16).

Table 3
Correlation of complementary amino acid (aa) pairs in 3′ → 5′ and 5′ → 3′ translation direction with respect to amino acid hydrophobicity and lipophilicity. x = ligandaa = amino
acid  hydrophobicity or lipophilicity (2nd base purine or pyrimidine), y = |ligandaa – receptoraa| = absolute difference in amino acid hydrophobicity or lipophilicity (2nd base
purine  or pyrimidine).

Complementary aa pairs (translation direction) polar-nonpolar (3′ → 5′) neutral-neutral (3′ → 5′) polar-nonpolar (5′ → 3′) neutral-neutral (5′ → 3′)

2nd purine base
Hydrophobicitya 0.98* 0.87* 0.98* 0.81*

Lipophilicityb 0.96* 0.99* 0.95* 0.98*

2nd pyrimidine base
Hydrophobicitya 0.56 0.64 0.50 0.56
Lipophilicityb 0.22 0.17 0.30 0.13

t
p
h
b
b
d
1

d

a Cornette et al. (PRIFT) (Cornette et al., 1987).
b Carter-Wolfenden free energy (Gv > c) (Carter and Wolfenden, 2015).
* p < 0.05 (Pearson r).

Hydrophilic amino acids are coded by the second purine base of
he codon (Table 1A, Fig. 2B). Considering distribution and com-
lementarity of hydropathy in multi-subunit proteins, i.e. at a
igher structural level, Korn and Burnett found that “subunits that
ind predominantly through hydrophilic forces, such as hydrogen
onds, ionic pairs, and water and metal bridges, are involved in

ynamic quaternary organization and allostery” (Korn and Burnett,
991).

Euclidean amino acid pair distances,
ij =

√
(�Gw > cij/�Gw > c)2 + (�Gv > cij/�Gv > c)2, of both Carter-
Wolfenden water-to-cyclohexane and vapor-to-cyclohexane
scales were calculated by Štambuk et al. (Štambuk et al., 2016b).
�Gw > cij are amino acid free energies from water-to-cyclohexane
(w > c), and �Gv > cij are amino acid free energies from vapor-to-
cyclohexane (v > c). �Gw > c and �Gv > c are standard deviations
of �Gw > cij and �Gv > cij, respectively. These distances, based on

Carter-Wolfenden hydrophobicity and lipophilicity parameters,
exhibit significant correlation with the Miyata distances (Miyata
et al., 1979) derived in 1979 using amino acid hydropathies and
volumes (r = 0.71) and reconstruct the columns of the genetic code
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Fig. 5. The binding of ACTH1-10 and its antisense peptide (LVKAT5-9) observed with
microscale thermophoresis.
N. Štambuk et al. / BioS

able, thus confirming the Carter-Wolfenden method (Carter and
olfenden, 2015).
It remains an open question if such distances could be used

s a supplement to PAM and BLOSUM matrices in an analysis of
losely-related protein sequences (Štambuk et al., 2016b). It could
lso be used in QSAR studies to quantify the substitution of one or
ore amino acid within a peptide chain (Štambuk et al., 2016b). The

rocedure takes into account the difference between the embed-
ing of the amino acid’s physico-chemical properties into the tRNA
cceptor-stem and mRNA bases. The genetic code is translated
y the aminoacyl-tRNA synthetases and their cognate transfer
NAs. Related bi-directional coding, i.e. middle-base pairing in the
ynthetase antisense alignments, represents an important unifi-
ation of the proteome—consistent with sense-antisense coding
Chandrasekaran et al., 2013; Carter, 2017).

The results imply that the flow of information from nucleic
cids to proteins, with related sense—antisense peptide interac-
ion phenomena, is more complex than the situation described by
he hydrophobicity concept of the genetic code (Root-Bernstein,
015; Biro, 2007). Recent developments in this field could enable
he development of new algorithms for the analysis of the struc-
ure, function and evolution of protein and nucleotide sequences
Root-Bernstein, 2015; Carter and Wolfenden, 2015; Štambuk and
onjevoda, 2017a; Wolfenden et al., 2015; Štambuk et al., 2016b).
he prediction of protein—protein interactions and rational design
f peptide ligands will also benefit from new insights into the
enetic coding of complementary peptides.

.5. Practical applications of sense-antisense peptide modeling

In the following text we will address several practical applica-
ions of sense-antisense peptide modeling illustrated with different
nteraction assay types based on: microscale thermophoresis
MST), tryptophan fluorescence spectroscopy (TFS), nuclear mag-
etic resonance spectroscopy (NMR), and magnetic particles
nzyme immunoassay (MPEIA).

Four different ligand-acceptor binding events under varying cir-
umstances are considered as examples.

. In the first example microscale thermophoresis was success-
fully employed to analyze the binding of ACTH1-10 and its short
antisense peptide ligand LVKAT5-9.

. The second ligand binding assay used tryptophan fluorescence
spectroscopy to evaluate how L- and D-enantiomers of Met-
enkephalin bound L-antisense peptide IPPKY.

. The third target was a CD20 epitope168-181. Low affinity bind-
ing to the antisense paratope was analyzed efficiently with NMR
spectroscopy.

. Finally, as the fourth example, magnetic particles enzyme
immunoassay was used to model the binding of erythropoietin
epitopes P4 and P5 to their antisense paratopes.

.5.1. Microscale thermophoresis (MST)—binding of ACTH1-10
nd its short antisense5-9

Microscale thermophoresis represents a fast and accurate assay
or the study of peptide–peptide interactions (Jerabek-Willemsen
t al., 2011; Wienken et al., 2010; Turčić et al., 2015). We  used it to
nalyse the binding of ACTH1-10 to its antisense peptide LVKAT5-9
argeting ACTH pharmacophore region HFRV6-9 (3’  → 5’ translation
ccording to Root-Bernstein (Root-Bernstein, 2015; Houra et al.,
011; Root-Bernstein and Holsworth, 1998)).

Microscale thermophoresis observed the binding event

etween peptidic fragments ACTH1-10 and a LVKAT5-9 antisense
itrant (GenScript, Piscataway, NJ, USA). The interaction seen
n Fig. 5 shows a single binding event in the micromolar con-
entration range of the titrant. In the MST-experiment we  have
Fig. 6. The binding of ACTH5–9, ACTH1–10 and ACTH1-13 to the short antisense peptide
LVKAT5–9 targeting the ACTH pharmacophore region HFRW6–9.

kept the concentration of the ACTH1-10 Trp-containing fragment
constant, while the concentration of the non-fluorescent binding
partner (LVKAT5-9) was  varied between 60 mM and 1.8311 �M.
After a short period of incubation the samples were loaded into
MST  NT.LabelFree standard glass capillaries and the MST-analysis
was performed using the Monolith.NT.LabelFree (NanoTemper
Technologies GmbH, Munich, Germany). The experimental data
show consequent titrant (LVKAT5-9) concentration dependency
of ACTH1-10 fragment interaction. The results give an efficient fit
with a Kd of 465 �M (SE = 59.4 �M).

The tryptophan fluorescence studies of LVKAT antisense binding
to different ACTH fragments is shown in Fig. 6. It is clearly vis-
able that the constant of dissociation (Kd) rises from 0.2 ± 0.02 mM
for ACTH5-9 and 0.47 ± 0.02 mM for ACTH1–10 to 7.9 ± 0.9 mM for
ACTH1–13 (Houra et al., 2011), i.e. the affinity for LVKAT binding
drops with the rise in ACTH chain length. The results also sug-
gest that shorter peptides lacking significant secondary and tertiary
conformation are preferable in modeling bioactive parts of larger
polypeptides and proteins (Root-Bernstein, 2015) (see also Fig. 10).
Additionally, as emphasized by Tropsha et al. (Tropsha et al., 1992):
“The composition of the antisense peptide is more important than
the conformation imposed by the sequence determining the affinity
of small sense and antisense peptides”.

2.5.2. Fluorescence spectroscopy—binding of Met-enkephalin
enantiomers and L-antisense
Met-enkephalin is an endogenous opioid pentapeptide
(YGGFM) with biological effects on neurotransmission and
neuroimmunomodulation, and strong protective effects in differ-
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ig. 7. (A) The binding of L- and D-Met enkephalin to the antisense peptide L-IPPK
nd  D-Met enkephalin enantiomers. L- amino acid and glycine are denoted using ca
mbH,  Bad Harzburg, Germany), D-Met enkephalin and L-IPPKY (GenScript, Piscata

nt animal disease models (Martinić et al., 2014). Natural peptides
re made of L-amino acids, while D-amino acids are rarely found
Turčić et al., 2009).

The binding of L-Met-enkephalin and its antisense peptide L-
PPKY was detected by fluorescence spectroscopy (Kd = 19 ± 3 �M)
Martinić et al., 2014). The biological assay showed that when Met-
nkephalin was preincubated with antisense peptide, its protective
ffects were lost, in line with the fluorescence spectroscopy study
Martinić et al., 2014). Due to achiral glycine–glycine dipeptide, at
he central part of the molecule, L- and D-Met-enkephalin enan-
iomers seem to have similar spatial positions of the amino acid
unctional groups at positions 1 (Y) and 4–5 (F–M), both rotated
ith respect to the glycine–glycine (G–G) part at positions 2 and 3

Fig. 7B). Therefore we investigated the binding of L- and D-Met-
nkephalin to the L-IPPKY antisense (3′→5′ translation).

Fluorescence spectra were measured by OLIS RSM 1000F spec-
rofluorimeter (Bogart, Georgia, USA) equipped with thermostated
ell at 25 ◦C (Martinić et al., 2014). The excitation wavelength was
et at 290 nm in order to diminish the fluorescence of phenylala-
ine and maximize the fluorescence of tryptophan (Martinić et al.,
014). In our titrations, both species exhibited fluorescence (e.g. D-
GGFM or L-YGGFM, and L-IPPKYW) but the phenylalanine present

n D-YGGFM or L-YGGFM, which was in excess, had a much smaller
uantum yield than the tryptophan present in L-IPPKYW.

Data obtained from the titrations were analyzed with Specfit
®

oftware and three spectrally active species were suggested by
ingle value decomposition (SVD) analysis. Both reactants are flu-
rophores and the third spectrally active species was attributed
o the complex of two reactants. Analysis also suggested 1:1 com-
lex formation and did not indicate any higher order complexes in
ither case. Consequently, the model proposed is that given by Eq.
5) where Kd is the dissociation constant of the complex (Eq. (6)):

 − IPPKYW − L(D) − YGGFM � L − IPPKYW + L(D) − YGGFM (5)

d = [L − IPPKYW][L(D) − YGGFM]
[L − IPPKYW − L(D)YGGFM]

(6)

The dissociation constants (mean ± SD) calculated from the fluo-

escence titrations for complexes of L-YGGFM and D-YGGFM with
-IPPKYW are 19 ± 3 �M and 3.7 ± 0.9 �M,  respectively (Fig. 7A).
hese results indicate a slightly stronger affinity of D-YGGFM
or L-IPPKYW, although both of dissociation constants are within
 detected using tryptophan fluorescence spectroscopy. (B) Primary structures of L-
letters, and D-amino acids with small letters. L-Met-enkephalin (LUPEX® , Biofactor
NJ, USA).

a similar range of micromolar values. As shown by Martinić,
D-Met-enkephalin exhibits hepatoprotective results similar to
L-Met-enkephalin in the murine experimental hepatitis model
(Martinić, 2014). These protective effects could be eliminated by
L-IPPKY antisense (Martinić, 2014), according to the fluorescence
spectroscopy study (Fig. 7A). Our data suggest that antisense tech-
nology is applicable to D-forms (Root-Bernstein, 2007).

2.5.3. NMR spectroscopy—low affinity binding of CD20
epitope168-181 and antisense paratope

The CD20 antigen is an important biomarker for diagnosis and
therapy of non-Hodgkin lymphoma (Binder et al., 2006; Klein et al.,
2013). Rituximab is a monoclonal antibody to CD 20, widely used in
the treatment of malignant lymphoma and autoimmune diseases
(Klein et al., 2013). Binder et al. (Binder et al., 2006; Klein et al.,
2013) showed that CD20 extracellular loop 142–188 posseses two
rituximab binding domains, i.e. rituximab binds a discontinuous
epitope in CD20, comprised of ANPS170–173 and YCYSI182–185.

Using 3’ → 5’ translation rule we  derived an antisense pep-
tide to the region 168–181 EPANPSEKNSPSTQ (Fig. 8). This region
had been predicted by several methods to be antigenic and
exposed (Kyte-Doolittle, PRIFT, RVP-net (Kyte and Doolittle, 1982;
Štambuk and Konjevoda, 2017a; Ahmad et al., 2003)). The sequence
EPANPSEKNSPSTQ168–181 was translated in the 3’ → 5’ comple-
ment direction and the antisense peptide LGRLGSLFLSGSWV was
selected by BLAST search, as a combination of the most prob-
able antisense (antibody) fragments within the sliding block of
5 residues (Štambuk et al., 2014). By joining fragments LGRLG,
GSLFL and SGSWV we obtained a final linear antisense sequence
LGRLGSLFLSGSWV, consisting of three human antibody fragments
(Fig. 8A).

Fig. 9 presents the binding interaction between bioactive frag-
ment of the human CD20 peptide, EPANPSEKNSPSTQ168–181, and
its antisense peptide LGRLGSLFLSGSWV (GenScript, Piscataway, NJ,
USA). NMR  spectroscopy could provide useful information regard-
ing sense-antisense peptide complexes (Tropsha et al., 1992). The
study has been done using 500 MHz 1H NMR  titrations. Spec-
tra were recorded on a Bruker Avance II 500 spectrometer. The

addition of increasing amounts of the antisense peptide LGRL-
GSLFLSGSWV caused chemical shift changes for several protons
in the peptide EPANPSEKNSPSTQ. Two of the proton resonances
of the human CD 20 peptide EPANPSEKNSPSTQ which moved
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Fig. 8. (A) Human CD20 epitope EPANPSEKNSPSTQ168-181 and its antisense peptide LGRLGSLFLSGSWV (in 3′ → 5′ direction). (B) Detection of CD20 epitope and transmenm-
brane  (TM) helices using the Kyte-Doolittle scale based on: 1. twenty amino acids (black) (Kyte and Doolittle, 1982), 2. average values of three clusters of amino acids (red)
(Kyte and Doolittle, 1982), and 3. three medoids (blue) calculated using partition around medoids for Kyte-Doolittle values and hydropathy score of the 2nd codon position
in  Fig. 2B (nonpolar aa cluster: L, V, I, F, M—medoid L = 3.8; neutral aa cluster: T,G, S, W,  P, A, C, R—medoid S = −0.8; polar aa cluster: Q, N, D, E, H, K, Y—medoid E = −3.5;
manhattan-metric-standardized, silhouette width = 0.74, R software version 3.4.2). Pearson correlation between three used variables is in the range from 0.95 to 0.99.
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ig. 9. Binding study using 1H NMR  chemical shift titration of antisense peptide
GRLGSLFLSGSWV and its sense CD20 peptide EPANPSEKNSPSTQ168-181.

radually and were evidently in fast exchange throughout the titra-
ion were selected as an appropriate marker of the equilibrium
onditions. The titration protocol was designed so that the con-
entration of EPANPSEKNSPSTQ remained constant at 0.27 mM,  as
he concentration of antisense LGRLGSLFLSGSWV was subjected to
ncremental increases: 0.27, 0.54, 0.81, 1.08, 1.35, 1.62, 2.16, 2.7 mM
Scheme B1, Appendix B).

The non-linear least-squares fitting of the observed 1H chemi-
al shifts to the equation (7) shown below yielded the equilibrium
issociation constant, Kd:

obs = 0.5�max{1 + X + Kd/[P]0 − [(1 + X+/Kd/[P]0)2 − 4X]1/2} (7)

here X is the molar ratio of the two peptides and [P]0 was
et to 0.27 mM  (see above and Scheme B1—Appendix B). Kd and

max were fitted (Fielding, 2007). The dissociation constants of the
omplex were 0.944 mM and 0.905 mM,  respectively (Fig. 9). The
esult indicated low affinity binding of the CD20 peptide epitope
PANPSEKNSPSTQ168–181 and its 3′ → 5′ antisense paratope LGRL-
SLFLSGSWV. The results of NMR  experiments confirm that this
ethod can detect low affinity interactions, difficult to determine
ith other methods (Musselman and Kutateladze, 2016).

The data obtained support the concept that NMR  is a useful
ethod for determining low-affinity binding Kd > 10 �M.  However,
ith Kd < 10 �M,  alternative methods (fluorescence spectroscopy

nd microscale thermophoresis) are better because the high pro-
ein concentrations needed in NMR  measurements will lead to
toichiometric binding conditions (Musselman and Kutateladze,
016). The data imply that NMR  spectroscopy and 3′ → 5′ transla-
ion modeling of antisense peptides could be used to model the low
ffinity binding of ligand–acceptor, i.e. epitope–paratope, motifs.

.5.4. Magnetic particles enzyme immunoassay (MPEIA)—binding
f erythropoietin to antisense paratopes P4 and P5

Erythropoietin (EPO) is the primary humoral regulator of
ed blood cell production (Fibi et al., 1991). It has five well-
haracterized regions, P1-P5, suitable for the investigation of
otential binding sites (Štambuk et al., 2014; Štambuk et al., 2016a;
ibi et al., 1991). We  recently designed an EPO antisense peptide
FDIWPLRTAWPLS, by the 3′ → 5′ translation of its P2 carboxyl-

erminal domain LKLYTGEACRTGDR153-166 (Štambuk et al., 2014).
hen coated to magnetic nanoparticles P2 antisense captures EPO,

t its receptor binding site 153–166, which enables its quantifica-

ion with the magnetic particles enzyme immunoassay (MPEIA),
ither using an antibody or a biotinylated antisense peptide to P4
egion (aa 9–22, SRVLERYLLEAKEA) (Štambuk et al., 2016a). The
4 antisense peptide RAQDLSIDELRFLR-Lys (Biotin) was equally
s 164 (2018) 199–216

successful in detecting Erythropoietin-alpha, and Darbepoetin alfa
modified with two  additional sialic acid-containing carbohydrate
chains (aa 30 and 88), even in the low concentration range
(Štambuk et al., 2016a).

In this study we compared the detections of Erythropoietin-
alpha and Darbepoetin alfa by two distant secondary antisense
motifs—P4 at aa 9–22 and P5 at aa 112–123 (CASLO, Lyngby,
Denmark). P5 region LGAQKEAISPPD112-123 was translated in the
3′ → 5′ direction to obtain antisense peptide DPRVFLRYSGGL-
Lys(Biotin). Primary antisense motif DFDIWPLRTAWPLS of the
carboxyl-terminal P2 domain was  used to capture Erythropoietin-
alpha, and Darbepoetin alfa to magnetic nanoparticles.

2.5.5. Coating of carboxyl magnetic particles with peptides
SPHEROTM carboxyl magnetic particles (1.0–1.4 �m)  were

coated with either test peptide (antisense peptide DFDIWPLRTAW-
PLS directed to the selected EPO-� region P2—aa 153–166,
Fig. 10A–C) (Štambuk et al., 2014; Štambuk et al., 2016a;
Spherotech Inc., 2017) or the control (erythropoietin unrelated
peptide YGGFM, Fig. 10D) using the one step 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) coupling method as
suggested by manufacturer.

Briefly, reaction mixtures were composed of a 2 mL sodium
acetate buffer (0.01 M,  pH 5.0), 1 mg  of peptide, 0.2 mL of 2.5% w/v
carboxyl magnetic particles, 10 mg  of EDC. Reactions proceeded in
glass reaction tubes for two hours at room temperature with occa-
sional vortexing. Tubes were centrifuged at 3000g for 15 min, the
supernatant was  carefully discarded, and the pellets were twice
washed in 4 mL of isotonic buffered saline (IBS), followed by cen-
trifugation. After washing, magnetic particles were re-suspended
in IBS to obtain a 0.125% w/v  suspension.

2.5.6. Comparison of magnetic particle enzyme immunoassay
with detection by biotinylated peptide

Four fold serial dilutions (from 1000 ng to 0.98 ng) of two
commercial preparations of erythropoietin (recombinant human
erythropoietin-alpha—rHuEPO-�, ProSpec, East Brunswick, NJ, USA
and Darbepoetin alfa—Aranesp

®
, Amgen Europe B.V., Breda, NL)

were made in 96-well microtiter plates to generate standard curves.
A suspension (0.125% w/v) of carboxyl magnetic particles, coated
with either test or control peptide was  added (25 �L/well). The
plates were incubated at room temperature for 30 min  and washed
with PBS-Tween three times. The washing solution was removed
each time by using the Spherotech UltraMag Separator.

For the magnetic particle assay using biotinylated antisense
peptides, 100 �L of the peptides RAQDLSIDELRFLR-Lys(Biotin) or
DPRVFLRYSGGL-Lys(Biotin) in PBS (125 ng/�L) was added to the
wells and incubated at room temperature for 30 min. The plates
were washed and 100 �L of anti-biotin-peroxidase antibody pro-
duced in goats (Sigma-Aldrich, St. Louis, MO,  USA) diluted in PBS
(1:2000) was  added to the wells. The plate was placed in an incuba-
tor for 30 min  at room temperature, washed and SIGMAFASTTM OPD
peroxidase substrate was added to the wells. After 30 min  incuba-
tion in the dark, the reaction was  stopped with 3 M HCl and the
absorbances read at 492 nm.

The results presented in Fig. 10 shows that antisense pep-
tides targeting P4 and P5 regions of the native and glycosylated
derivatives of erythropoietin could be successfully applied for their
quantification, instead of antibodies. Two component bispecific
(Bs) assay with simultaneous detection of biotinylated antisense
peptides to Darbepoetin alfa (Aranesp

®
) regions P4 and P5 in

Fig. 10C exhibited almost identical standard curves according to

the individual P4 and P5 Darbepoetin alfa (Aranesp

®
) measure-

ments presented in Fig. 10B. This indicates that specific antisense
peptides targeting EPO regions P4 and P5 did not cross-react, either
mutually or with other binding region (Fig. 10C). In a similar way to
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Fig. 10. (A) Detection of recombinant human erythropoietin-alpha (rHuEPO-�) by Magnetic Particle Ezyme Immunoassay (MPEIA), using biotinylated antisense peptides to
regions  P4 (RAQDLSIDELRFLR9–22) and P5 (DPRVFLRYSGGLK112–123). (B) Detection of Darbepoetin alfa (Aranesp® ) by Magnetic Particle Ezyme Immunoassay (MPEIA), using
b RYSGGLK112–123). (C) Detection of Darbepoetin alfa (Aranesp® ) by Magnetic Particle Ezyme
I ntisense peptides to regions P4 (RAQDLSIDELRFLR9–22) and P5 (DPRVFLRYSGGLK112–123).
( f Darbepoetin alfa (Aranesp® ) or recombinant human erythropoietin-alpha (rHuEPO-�)
w boxyl magnetic particles instead of EPO capturing P2 antisense—DFDIWPLRTAWPLS.

t
d
u

a
b
t

3

1

2

3

iotinylated antisense peptides to regions P4 (RAQDLSIDELRFLR9–22) and P5 (DPRVFL
mmunoassay (MPEIA), using two  component (bispecific) assay with biotinylated a
D)  Magnetic Particle Ezyme Immunoassay (MPEIA) failure to detect the binding o
hen unrelated peptide (Met-enkephalin — YGGFM) was  coupled to SPHEROTM car

he situation with bispecific antibodies (BsAb) (Fan et al., 2015), this
ual specificity of protein antisense paratopes (BsAp) could open
p a wide range of possibilities for biomedical applications.

The concept of sense–antisense peptide binding and design may
lso be used for the separation of molecules and cells from different
ody fluids, e.g., using SEPMAG technology and immunopurifica-
ion (Štambuk et al., 2016a; Sepmag Systems, 2017).

. Conclusions

. Antisense peptides bind to each other with high affinity. Impor-
tant factors for such binding are the number of available
sense—antisense peptide structures arising from the bidirec-
tional transcription and translation of RNA sequences, and
physicochemical properties of amino acids encoded by the
genetic code table. The interplay of both factors influences the
specificity of the ligand–receptor interactions, and affects the
selection and evolution of such peptide ligand–receptor systems.

. The nucleotide information specified by the complementary
mRNA codon—tRNA anticodon complexes,  and recently discov-

ered tRNA acceptor-stem code provide the basis for the rational
modeling of sense—antisense peptide interactions.

. The genetic coding algorithm for sense and antisense pep-
tide interactions is based on hydrophobic and lipophilic
Fig. 11. Modulation of acceptor (A) and sense peptide (B) using complementary, i.e.
antisense, peptides.

amino acid physico-chemical properties, i.e. the tendency of

residues to leave water/vapor and enter a nonpolar condensed
phase—dependent on the parameters of mass, size and accessible
surface area.



2 ystem

4

5

A

i

experiment.

F
1
1
c
a
a
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. The interaction and clustering of complementary amino acid
pairs according to hydrophobic and lipophilic free-energy val-
ues is strongly dependent on the central (second) purine base
of the mRNA codon and its pyrimidine complement of the tRNA
anticodon.

. Antisense peptides can be used to derive bioactive peptide frag-
ments, and to modulate the activity of acceptors and ligands
(Fig. 11). Different interaction assays based on microscale ther-
mophoresis (MST), tryptophan fluorescence spectroscopy (TFS),
nuclear magnetic resonance spectroscopy (NMR) and magnetic
particle enzyme immunoassay (MPEIA) enable quick and accu-
rate screening of the potentially bioactive antisense peptides
with optimal activity. Selected antisense peptides are poten-
tial lead compounds for the development of novel diagnostic,
prognostic and therapeutic substances, biopharmaceuticals and
vaccines.
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Fig. A2. (A) Correlation of complementary pairs of polar residues in 5′ → 3′ translation direction with respect to amino acid hydrophobicity (aa, PRIFT scale (Cornette et al.,
1987)); (B) Correlation of complementary pairs of neutral residues in 5′ → 3′ translation direction with respect to amino acid hydrophobicity (aa, PRIFT scale (Cornette et al.,
1987)); (C) Correlation of complementary pairs of polar residues in 5′ → 3′ translation direction with respect to amino acid liphophilicity (aa, Carter-Wolfenden vapor-to-
c ement
a
a

yclohexane scale—Gv > c (Carter and Wolfenden, 2015)); (D) Correlation of compl

cid  liphophilicity (aa, Carter-Wolfenden vapor-to-cyclohexane scale—Gv > c (Carter and
bsolute difference; r value represents Pearson correlation.
ary pairs of neutral residues in 5′ → 3′ translation direction with respect to amino

 Wolfenden, 2015)). x = free energy ligandaa, y = |ligandaa – receptoraa| free energy



2

A

S
s
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ppendix B
cheme B1. 1H NMR  chemical shift titration study (500 MHz, T = 300 K, peptides disso
pectrometer).
lved in 500 ul H2O/D2O = 9:1, spectra were recorded on a Bruker Avance II 500
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Kazazić,  S., Vikić-Topić, D., Pokrić, B., 2009. Effects of alpha-melanocortin
enantiomers on acetaminophen induced hepatotoxicity in CBA mice.
Molecules 14, 5017–5026.
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