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ABSTRACT

Antisense peptides, amino acid sequences encoded in the antisense strand of DNA, can interact with significant affinity and selectivity
" with their corresponding sensepeptides. Experimentally, sense—antisense peptide recognition has been observed repeatedly. However,
skepticism about the biological relevance of this phenomenon has persisted. This is due in part to the unexpected and somewhat
couterintuitive nature of the interaction as well as to its non-universality as an empirical observation. Nonetheless, antisense peptides in
several cases investigated so far have been used as immobilized ligands for the succesful affinity chromatographic separation of native
(sense) peptides and proteins. For example, immobilized antisense peptides corresponding to Arg8-vasopressin (AVP) have been used to
separate vasopressin from oxytocin chromatographically as well as to affinity capture AVP-receptor complex. These results, together
with improved understanding of the general features of amino acid sequence which drive antisense—sense peptide interactions as well as
new ideas for making antisense peptides chimeras, are beginning to suggest improved ways to make antisense-related peptides as affinity
agents for separation as well as for other biotechnology applications.
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1. INTRODUCTION perimentally by Bost ez al. [2], an antisense peptide
can interact with some degree of selectivity with the

Antisense peptides are sequences of amino acids corresponding sense peptide. In the first experimen-
encoded in the antisense strand of DNA (Fig. 1). tal studies [2], adrenocorticotropic hormone

Such peptides are not believed to be synthesized cel- (ACTH) was found to interact with the antisense

lularly except in some simple organisms such as
phage and viruses. However, they can be synthe-
sized chemically. Synthetic antisense peptides have
been found to have unexpected interaction proper-
ties. As predicted by Mekler [1] and first shown ex-
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peptide encoded in the strand of DNA antisense to
the sense strand encoding ACTH. Since this early
observation, a number of other cases of sense—anti-
sense peptide interaction have been identified [2-13]
(see Table 1), and a growing body of quantitative
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N Sense Peptide: C The biological relevance of antisense peptide in-
Nt teraction with sense peptide has met with consid-
1 .y L .
Sense DNA 3' 5 erable skepticism. This is in part due to evidence

that such peptide recognition is not universally ob-

served. Skepticism has been fueled additionally by

Antisense DNA 5’ - 3 the lack of full mechanistic understanding for the
,\N\>’\/\/ — anti_sense—sense int.eractio.n process (see below). On

Antisense Peptide the issue of non-um'versal}ty, no 1nt.eract1§)n was ob-

served between angiotensin IT and its antisense pep-

tide by Guillemette et al. [16], De Gasparo et al.

data has been obtained on antisens¢—sense peptide [17], and Eaton et al. [18]. And neither Najem ez al.

binding using analytical solid phase methods in-  [15] nor Eberle and Huber [14] observed an interac-
cluding analytical affinity chromatography  tion between ACTH and its antisense peptides. An-
(4,8,9,12]. giotensin IT and ACTH represent two cases for
TABLE 1

EXPERIMENTAL OBSERVATIONS OF ANTISENSE PEPTIDE RECOGNITION

Sense peptide or protein denoted in bold, AS peptide size given in parentheses.

System Citation {ref. no.]

ACTH (1-24) Bost, Smith and Blalock, 1985 [2]
(24 res. AS)*

d-Endorphin (17 res). Bost, Smith and Blalock, 1985 [2]
(17 res. AS)

IL-2 Related fragment (6 res). Weigent, Hoeprich, Bost,

(6 res. AS) Brunck, Reiher and Blalock, 1986 [3]
RNase S-peptide (20 res.) Shai, Flashner and Chaiken, 1987 [4]
(10-20 res. AS)

Fibronectin (2000 res.) Brentani, Ribeiro, Potocnjak,

(6 res. AS) Pasqualini, Lopes and Nakaie, 1988 {5]
Angiotensin II (8 res.) Elton, Dion, Bost, Oparil and

(8 res. AS)® Blalock, 1988 [6]

Insulin (51 res.) Knutson, 1988 [7]

(6 res. AS)*

ArgB-vasopressin-GKR (12 res.) Fassina, Zamai, Brigham Burke,

(12 and 20 res. AS) Chaiken, 1989 [9]

Neurophysin IT (95 res.) Fassina, Zamai, Brigham-Burke and
(8 and 20 res. AS) Chaiken, 1989, [9]

Substance P (11 res.) Pascual, Blalock and Bost, 1989 [10]
(11 res. AS)

Cystatin C (120 res.) and fragment 55-59  Ghiso, Saball, Leoni,

(4 res. AS) Rostagno and Frangione, 1990 [11]
c-raf protein and fragment 356-375 Fassina, Roller, Olson,

(20 res. AS) Thorgeirsson and Omichinski, 1989 {12]
o-MSH and f-MSH (13 and 18 res.) Al-Obeidi, Hruby, Sharma,

(13 and 18 res. AS) Hadley and Castrucci, 1990 [13]

“ Failed to be observed by: Eberle and Huber, 1991, by inhibition of receptor action [14]; Najem, Corigliano-Murphy and Ferretti,
1989, by NMR [15].

® Failed to be observed by: Guillemette, Boujlay, Gagnon, Bosse and Escher, 1989, by inhibition of receptor action [16}; De Gaspora,
Whitebread, Einsle and Heusser, 1989, by inhibition of ligand-receptor interaction [17]; Eaton, Austin, Fesik and Martin, 1989, by
NMR [18].

¢ K, observed in nM in this case [7], compared to the mM—uM K, values observed for most other cases.
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which earlier data (refs. 2 and 6, respectively) had
demonstrated and antisense peptide interaction. It
is possible that some of the above-cited failures to
observe sense—antisense peptide interactions could
result from inappropriate analytical procedures
which would not detect weak-affinity interactions
(typical for most antisense-sense peptide recogni-
tion) and interactions which are conformationally
degenerate (again, a property typical for this type of
peptide interaction [12]). Nonetheiess, there is no
biological or mechanistic principle identified so far
which would argue that all antisense peptides
should interact with their sense peptides with exper-
imentally observable affinity. Thus, at least for now,
it appears likely that antisense—sense peptide recog-
nition is not a universal phenomenon.

In spite of the caveats, the repeated observation
of selective antisense peptide recognition of sense
peptides has led to attempts to use this type of rec-
ognition process in molecular separation. Thus, an-
tisense peptides have been immobilized on affinity
chromatographic supports and tested for their abil-
ity to selectively separate native (sense) peptides,

nrateine and caomnlexves containing thace malecnl
proweins and CompiCxEes Containing s moiCCuics.

The results obtained so far suggest a generally use-
ful new approach to peptide and protein separation
science in which affinity chromatographic supports
are designed with immobilized ligands (peptides
and eventually their mimics) to target separation of
a particular native sequence (or general class of na-
tive sequences). The current paper summarizes
some initial observations of selective chromato-
graphic separation of native peptides using immobi-
lized antisense peptides, the range of peptides and
proteins tried so far, and related use of the immobi-
lized antisense peptides to affinity capture— receptor
complexes containing sense peptide as part of a
multimolecular complex. Some comments also are
added on the emerging understanding of mecha-
nism of antisense peptide recognition which may
help guide the redesign of these peptides as separa-
tion agents.

2. SELECTIVITY IN THE ARGS2-VASOPRESSIN-BOVINE
NEUROPHYSIN II SYSTEM

The chromatographic selectivity of immobilized
antisense peptides for eluting sense peptides was
first shown in the Arg®-vasopressin system [9]. The
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root of this observation actually was an attempt to
evaluate antisense peptide selectivity in the vaso-
pressin—neurophysin system. An antisense (AS)
peptide was synthesized based on the antisense
DNA strand corresponding to the amino terminal
20 residues of proAVP/BNPII, the biosynthetic pre-
cursor of arginine vasopressin (AVP) and bovine
neurophysin II (BNPII). The carboxyl terminal 9
residues of this peptide are antisense to AVP,

whereas the amino terminal 8 residues of the pep-
tide are antisense to the N-terminal 8 residues of
BNPII. The 20-residue antisense peptide binds
to both immobilized AVP and BNPII. More impor-
tantly in the effort to establish specificity, fragments
of AS(proAVP-BNPII) that are antisense to AVP
bind only to immobilized AVP but not to immobil-
ized BNPII. In contrast, the fragment that is anti-
sense to BNPII binds only to immobilized BNPII
and not to immobilized AVP.

Based on these results, AVP antisense peptides
were immobilized and tested for chromatographic
effectiveness and selectivity [9]. When the full 20-
residue AS(proAVP-BNPII) is immobilized on a

ealid cinnart tha recnlting affinitv caoliimn hindg
DAV LY DUPI—IUI lv, Liiv 1\40\41;1115 ullllllb] WL WLLLIRL ULLIIND

both AVP and BNPII more efficiently than the two
structurally-related polypeptides, oxytocin and
BNPI (oxytocin-associated neurophysin). The frag-
ment of AS(proAVP-BNPII) that is antisense to
AVP also shows differential affinity for several pep-
tides that are structurally related to AVP. With an-
tisense peptide immobilized (defined as M) and the
various sense peptides eluting as soluble peptides
(defined as P), the heirarchy of affinities measured
was AVP (Kyp = 5.3 - 107° M) > arginine vaso-
tocin (Kyp = 8.6 - 107° M) > lysine vasopressin
(Kmp = 1.1 - 107* M) > oxytocin (Kyp = 5.3 -
10~* M). The differential affinity of the immobi-
lized antisense peptide support for AVP versus ox-
ytocin is sufficient to chromatographically resolve
these two neuropeptides from each other with close
to baseline separation (Fig. 2).
Vasopressin-oxytocin separation by immobilized
antisense peptide has several similarities to other,
more established types of chromatography. The in-
teractions of analyte with solid phase are weak, sim-
ilarly as found in such cases as ion-exchange chro-
matography. Chromatographic separations by
weak interaction can work if there is sufficient ca-
pacity (number of theoretical plates of separation).
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Fig. 2. Separation of arginine®-vasopressin and oxytocin (AVP and OT) on AS(proAVP-BNPII) 12 mer immobilized on ACCELL
(Waters-Millipore). The sample containing 100 ug each of a mixture of AVP and OT, and dissolved in 0.1 A ammonium acetate, pH
5.5, was injected onto an immobilized 12-mer column of 15 cm x 3 mm (amount AS peptide attached = 0.223 umoles), and elution
(400 pl/min) was monitored at 226 nm, 1.0 AUFS. Peak identities were verified by comparison with authentic peptide elution positions
and by amino acid analysis. The affinity chromatographic peptide separation was carried out on a Beckman System Gold liquid

chromatograph. Figure adapted from ref. 9.

When sufficient capacity is attainable, weak interac-
tions with a chromatographic support make it pos-
sible to achieve gentle elutions, often by isocratic
elution with non-chaotropic solvents. This is the
case in Fig. 2, for which a ten-fold difference in af-
finity is sufficient to achieve separation by using iso-
cratic elution under binding conditions.

The immobilized antisense peptide separation of
vasopressin also represents an example of general
ligand affinity chromatography. While antisense
peptides are selective, chromatographic overlap is
likely given the nature of antisense peptide recog-
nition as a composite (see below) of: rather generic
hydrophilic and hydrophobic interactions with lim-
ited conformational driving force [4,8,9,19]. At first
blush, chromatographic overlap would seem anath-
ema for high selectivity separation, and to some ex-
tent overlap can reduce resolution between closely
related molecules. However, on the positive side, a
particular antisense affinity support could be used

to separate several different peptides from crude
mixtures by relying on differential affinity to sep-
arate multiple interacting forms.

As one example of multimolecular affinity chro-
matography, vasopressin separation has been ac-
complished from posterior pituitary extracts [9].
Here, the affinity chromatographic fractionation of
one such extract, from posterior pituirary, was car-
ried out on immobilized AS(proAVP-BNPII) 20
mer. This immobilized AS peptide was expected to
recognize both AVP and BNPII. Pituitary extracts
contain two species of neurophysins, BNPII and
BNPI. Gratifyingly, the order of neurophysin and
peptide retardation on this antisense peptide col-
umn was BNPII > BNPI and AVP > oxytocin
(OT).

Chromatographic separation on immobilized an-
tisense peptide affinity supports also has been ob-
served in the ¢-raf system [12]. The immobilized c-
raf antisense peptide was synthesized with a se-
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quence corresponding to a fragment of the c-raf
protein. The antisense peptide affinity support
could bind the synthetic protein fragment (residues
356-375). In addition, recombinant c-raf protein
could be separated from crude cell extracts using
the antisense peptide affinity support. For this anti-
sense peptide system, the intriguing observation al-
so was made that antisense peptide models contain-
ing a more perfected hydropathic oppositeness to
the sense peptides interacted with sense peptide with
greater affinity than the direct readout antisense
peptide. These results not only confirmed the role of
amphipathicity as a mechanistic element in sense—
antisense peptide recognition but also suggested a
general synthetic route to obtain higher affinity li-
gands, analogous to antisense peptides, for separa-
tion purposes (see below).

3. AVP-RECEPTOR COMPLEX AFFINITY CAPTURE

The bulk of quantitative data on antisense pep-
tide interactions with sense peptides suggests that

as ,

AVP

KNOWN

1)

PREDICTED

Fig. 3. Predicted binding of arginine®-vasopressin-receptor
(AVP-R) complex to immobilized antisense peptide affinity sup-
port. This prediction (bottom) was based on the observed selec-
tive binding of AVP to immobilized antisense peptide (upper left;
see Fig. 2) and assumption (upper right) that AVP when bound
to receptor would have some of its structural elements remaining
exposed. Adapted from ref. 20.
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binding occurs by multipoint contact between rela-
tively extended peptide chains (4,8,9, 19). This view
led to a prediction, Fig. 3, that sense peptides, when
bound to their receptors, might still have enough
structural elements exposed to interact with anti-
sense peptides. Hence, a particular immobilized an-
tisense peptide might be useful to affinity capture a
corresponding peptide-receptor complex.

This idea has been tested recently with the AVP
system [20]. To do this, a solubilized [*H]AVP-re-
ceptor complex was obtained from rat liver mem-
branes as a partially purified fraction from ion-ex-
change chromatography. When, this fraction was
eluted on immobilized AS(proAVP-BNPII) 20
mer, a radiolabelled fraction indeed was obtained
as shown in Fig. 4. The late-eluting radiolabelled
fraction subsequently was treated with a crosslink-
ing agent to covalently attach [PHJAVP to bound
protein and the crosslinked forms were examined
by gel electrophoresis followed by gel slice counting
to determine the molecular weights of label-con-
taining complexes. The major labelled forms so
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Fig. 4. Affinity capture of [3H]arginine®-vasopressin—receptor
complex on immobilized AS(proAVP-BNPII) 20-mer. Column
bed was 2 ml. Elution was isocratic with 0.1 M sodium acetate
containing 0.005% maltoside (pH 5.4). Flow-rate was 1 ml/min. .
DPM = desintegrations per minute. Adapted from ref. 20.
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identified were of 31 000 and 38 000 dalton. Intrigu-
ingly, these molecular weights agree well with those
identified before for the AVP receptor.

These data argue that AVP-receptor complex in-
deed can be affinity captured by imimobilized AS
peptide. This conclusion was supported by showing
that binding of [*HJAVP in the affinity-captured
complex could be competed by both AVP and an
AVP antagonist selective for rat liver (V1 subtype)
receptor (but not by an AVP agonist selective for
kidney (V2 subtype) AVP receptor [20]. In addition,
elution of [*HJAVP-receptor complex on immobi-
lized AS peptide after crosslinking still yielded a re-
tarded labelled fraction. This fragtion could be
competed from the matrix with soluble AVP.

Whether antisense peptide affinity capture of
sense peptide-receptor complexes in the AVP case
can be generalized to other peptide- and/or -protein
complexes remains to be determined. Recent pre-
liminary results in our laboratory have shown that
the 21-residue AS peptide corresponding to endo-
thelin 1, when immobilized, can bind selectively to
eluting ET-1 [21]. Given the emerging availability of
ET receptors, this system can provide another op-
portunity for peptide-receptor affinity capture by
immobilized antisense peptide.

4. MECHANISM AND DESIGN WITH ANTISENSE PEP-
TIDES

Mechanistic understanding of antisense peptide
recognition remains incomplete. The nature of the
genetic code [1,22] and mechanism-directed experi-
mental data [4,8,9], along with the original ideas of
Mekler [1], have led to several current hypotheses.
These include models emphasizing a dominant role
of hydrophobic interactions of side chain elements
of residues [23] as well as models invoking amphi-
pathic recognition through a combination of hydro-
phobic and hydrophilic forces provided by both
main chain and side chain componénts of residues
[24].

Most attempts to explain antisense—sense peptide
interactions start with the pattern of hydrophilic
and hydrophobic residues built into the genetic
code. As pointed out by Mekler {1] and Blalock and
Smith [22], when the sense strand off DNA encodes
a greatly hydrophobic amino acid :(e.g. Leu), the
antisense strand of DNA encodes a greatly hydro-

I. CHAIKEN

Recognition by
Hydropathic Complementarity
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via
Amino Acid Structural Elements

Fig. 5. Scheme depicting (top) hydropathic complementarity be-
tween sense and antisense peptides (shaded areas arbitrarily tak-
en as hydrophilic, open areas as hydrophobic) and (bottom) the
way such complementarity could occur between hydrophilic and
hydrophobic amino acid residues encoded in opposite strands of
DNA. Top scheme is adapted from ref. 19, bottom scheme from
ref. 24.

philic residue (Lys), and vice versa. Thus the genetic
code dictates that antisense peptides have hydro-
pathic patterns which are opposite those of sense
peptides.

At the same time, a significant body of experi-
mental data on antisense—sense peptide binding ar-
gues that both hydrophilic and hydrophobic inter-
actions are important. This was shown, for exam-
ple, by the disruptive effects of both increasing or-
ganic solvent and increasing ionic strength on the
affinity of AVP with its corresponding antisense
peptide [9]. In addition, mutation studies with AS
peptides in the ribonuclease system [4,8] show the
disruptive effect of replacement of both hydrophilic
and hydrophobic groups of the peptide interactors.

One way to explain these results in the light of the
pattern of residues encoded in DNA is a model of
antisense—sense interaction which envisions amino
acid residues as amphipathic, that is having both
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hydrophilic and hydrophobic structural elements
(Fig. 5). In this view, hydrophobic elements of hy-
drophilic-hydrophobic residue pairs can interact
with each other. These hydrophobic interactions
can then shield hydrophilic groups from water so
that they can interact with each other. Hydrophilic
elements of the residue side chain could interact ei-
ther with main chain hydrophilic groups or with
other side chain hydrophilic groups. In any case the
pattern of hydrophilic and hydophobic elements
built into the sense and antisense peptide sequences
would drive interaction of the amphipathic pep-
tides.

The above amphipathic (or hydropathic) comple-
mentarity model argues that antisense peptide se-
quences may be derived either by direct readout
from the AS DNA sequence or by creating hydro-
pathically opposite peptides based on readout of
sense peptide sequences (see Fig. 6). Affinity sup-
ports built with immobilized antisense peptides
could be designed with peptides derived by either
route. As cited above, some evidence suggests that
amphipathically-perfected ‘‘antisense” peptides
may be of higher affinity than direct readout anti-
sense peptides [12]. It is likely that both of these
types of peptides, when immobilized, will be useful

A Antisense DNA ~ ————p | DIRECT READOUT AS
FYOROPATHICALLY
i —_—
B Sense Peptide PERFECTED AS

D)

-
+

/
—_— —
\_

Antisense SCAFFOLDED
Scaffold R
Peptide AS

Fig. 6. Scheme depicting the design of antisense-related peptides
by (top) direct sequence readout from the literal antisense DNA
sequence; (middle) designing amphipathically-perfected “anti-
sense” sequences guided by the sequence of amino acids in the
sense peptide; and (bottom) antisense peptides inserted into con-
formationally constrained scaffolds. The choice of residues for
the middle strategy has been attempted by maximizing the oppo-
siteness of hydropathic moments versus sense peptide sequence
but may also be based on conformational fit of side chains.
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as affinity supports for peptide and protein separa-
tion. Affinity differences likely will dictate which
would be useful for a particular separation goal.

5. PERSPECTIVES

Since the initial observations of antisense peptide
recognition of sense peptides, the rationale and
therefore the biological relevance of these interac-
tions has been debated. In particular, the mecha-
nism of interaction has been elusive, and the inter-
action process has not been observed in all cases
examined. Nonetheless, the repeated observation of
this type of recognition process, and its selectivity,
argue for its potential biotechnological utility. The
usefulness of immobilized antisense peptides for
separation has been demonstrated, at least in a few
systems so far. Such usage is compatible with the
weak affinity normally found for antisense-sense
peptide binding. In contrast, whether antisense-re-
lated peptides can be made with high enough affin-
ity and selectivity to warrant their use in therapeut-
ics or diagnostics remains to be demonstrated. Per-
fecting the amphipathic pattern of residues may
help.

In addition, it is likely that antisense peptide in-
teraction affinity and selectivity would be increased
if their productive conformations were limited by.
being inserted into some type of conformational
scaffold (see Fig. 6). Peptides intrinsically are con-
formationally disordered. It is likely that this dis-
order is responsible, at least in part, for the low
affinity and other complexities observed with anti-
sense peptide recognition. Recently developed leu-
cine zipper scaffolds [25] may provide one route to
form constrained antisense peptide chimeras. Such
chimeric constructs could be used in combination
with molecular biological tools to derive higher af-
finity and more selective variants of antisense pep-
tide sequences which could be used as improved
tools in affinity separation and other biotechnology
applications.
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