Downloaded from symposium.cship.org on December 23, 2011 - Published by Cold Spring Harbor Laboratory
Press

m Cold Spring Harbor Symposia
W92 on Quantitative Biology

Synthetic Sequence-specific Ligands
G.V. Gursky, A.S. Zasedatelev, A.L. Zhuze, et al.

Cold Spring Harb Symp Quant Biol 1983 47: 367-378
Access the most recent version at doi:10.1101/SQB.1983.047.01.043

References This article cites 40 articles, 8 of which can be accessed free at:
http://symposium.cshlp.org/content/47/367.refs.html

Email alerting Receive free email alerts when new articles cite this article - sign up in
service the box at the top right corner of the article or click here

To subscribe to Cold Spring Harbor Symposia on Quantitative Biology go to:
http://symposium.cshlp.org/subscriptions

Copyright © 1983 Cold Spring Harbor Laboratory Press


http://symposium.cshlp.org/lookup/doi/10.1101/SQB.1983.047.01.043
http://symposium.cshlp.org/content/47/367.refs.html
http://symposium.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=sqb;47/0/367&return_type=article&return_url=http://symposium.cshlp.org/content/47/367.full.pdf
http://symposium.cshlp.org/subscriptions
http://symposium.cshlp.org/
http://www.cshlpress.com

Downloaded from symposium.cship.org on December 23, 2011 - Published by Cold Spring Harbor Laboratory

Press

Synthetic Sequence-specific Ligands

G.V. GURSKY, A.S. ZASEDATELEV, A.L. ZHUZE, A.A. KHORLIN, S.L.. GROKHOVSKY,
S.A. STRELTSOV, A.N. SUROVAYA, S.M. NIKITIN, A.S. KRYLOV, V.O. RETCHINSKY,
M.V. MIKHAILOV, R.S. BEABEALASHVILI, AND B.P. GOTTIKH
Institute of Molecular Biology, Academy of Sciences of USSR, Moscow 117984, USSR

There is much interest in the design and synthesis of
chemical compounds that possess binding specificity
comparable with that of bacterial repressors. These
compounds could be used to affect selectively the activi-
ty of certain genes in bacterial and eukaryotic cells and
might have important implications in pharmacology. In
this paper we report several approaches to the design
and synthesis of sequence-specific ligands.

Present knowledge of the cccurrence of base-pair or
base-sequence specificity among various antibiotics and
drugs is restricted largely to the DNA complexes with
antibiotics of the distamycin class (Zimmer et al. 1971;
Zasedatelev et al. 1974, 1976; Wartell et al. 1974; Zim-
mer 1975; Kolchinsky et al. 1975; Gursky et al. 1977;
Luck et al. 1977; Krylov et al. 1979) and to the interac-
tion of actinomycin D (AMD) and related molecules
with DNA (Gellert et al. 1965; Cerami et al. 1967;
Miiller and Crothers 1968, 1975).

Distamycin A (Dst) and netropsin (Nt) (Fig. 1) exhibit
a pronounced specificity of binding to AT-rich regions
on DNA (Zimmer et al. 1971; Zimmer 1975). Zasedate-
lev et al. (1976) have suggested a detailed stereochem-
ical model for the binding of Dst and Nt to DNA that is
strongly supported by several lines of evidence (for a
compilation, see Zimmer 1975; Gursky et al. 1977).
According to the model, the bound Dst molecule ex-
tends more than 5 bp in the minor DNA groove and is
attached to DNA base pairs through hydrogen bonds
that connect the four imido groups of the antibiotic pep-
tide links with four possible acceptor sites, represented
by adenine N3 and pyrimidine O2 atoms lying in one
and the same polynucleotide strand. The binding is

<
Figure 1. Chemical structure of Dst and Nt and o4
schematic drawing illustrating the proposed model o

stereospecific in the sense that the N-C4-C’ sequence in
the antibiotic molecule coincides with the C5’-C3’
direction in the polynucleotide chain.

In the first part of this paper, we summarize our at-
tempts to evaluate the interaction free energies of a Dst
amide group with each of the four DNA bases. We
believe that the binding principles found for Dst may
show a way to the synthesis of ligands with defined se-
quence specificity and that these principles, in a general-
ized form, may describe specific protein-nucleic acid
interactions (Gursky et al. 1977).

The binding of AMD to DNA is known to require the
proper conformation of DNA (B form) and to require
the presence of a guanine 2-amino group faced into the
minor groove of DNA (Gellert et al. 1965; Cerami et al.
1967). To enhance the binding specificity exhibited by
Dst and AMD, one should increase the total number of
specific reaction centers in the antibiotic molecules. An
obvious way to accomplish this is to synthesize dimeric
(oligomeric) compounds in which two or more mono-
mers can interact specifically with DNA base pairs.

In this paper we describe DNA-binding properties of
a series of bis-netropsins (bis-Nts) and bis-actinomy-
cins, synthetic ligands of which each is composed of the
two monomers linked by a flexible chain. We also
demonstrate that certain oligopeptides with defined
amino acid sequences can bind to DNA in a sequence-
specific manner. At present it seems likely that the in-
formation determining the recognition of specific DNA
sequences by regulatory proteins is inherent in the
primary sequence of the polypeptide chain. Relatively
short sequences of regulatory proteins are known to

for distamycin-DNA complex. The amide groups of
the antibiotic molecule are hydrogen bonded to the
thymine C =O groups and adenine N3 atom lying in
the same polynucieotide strand. The sequence
TATT is shown as an attachment site for the anti-
biotic molecule. In the complex the antibiotic
molecule possesses an overall curved shape with the
imido-NH groups on the concave side of the
molecule and the C =0 groups on the convex side.
Indicated are atom numbering and conformation
angles ¢ and . The conformation with ¢ = 140°
and y=60° allows hydrogen bonding of the anti-
biotic amide groups to thymine O2 and adenine N3
atoms in the minor DNA groove (Gursky et al.
1977).
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carry all the information necessary for recognition of the
appropriate target sites on DNA (Adler et al. 1972;
Miiller-Hill 1975; Ogata and Gilbert 1979; Johnson et
al. 1981).

A degenerated protein-nucleic acid recognition code
proposed earlier (Gursky et al. 1975, 1976a, 1977,
1979) offers a possibility for synthesis of model oligo-
peptides with simplified sequences containing essential
residues for the recognition of a specific DNA site. We
describe here design and DNA-binding properties of a
series of oligopeptides modeling the recognition site of
the lac repressor.

Determination of Free-energy Changes
for the Interaction of a Single Dst Amide Group
with Four DNA Bases

To estimate the contributions of various chemical
groups of Dst to the stability and specificity of Dst-DNA
complexes, we have synthesized a series of Dst analogs
(Fig. 2) and investigated their interaction with various
natural and synthetic DNAs. These molecules contain
various numbers of methylpyrrol carboxamide units and
possess glycylamido or dansylglycylamido groups in-
stead of a formamido group on the left end of the Dst
molecule.

The binding constants K = Lim (r/m) were deter-
mined from the intercepts of bmdmg isotherms in
Scatchard representation on the r/m axis and are sum-
marized in Table 1. Here, r is the ratio of moles of bound
ligand to moles of DNA base pairs, and m is the molar
concentration of free ligand in the titration assays.

The free-energy change, AG,, for binding of a ligand
with n reaction centers to the jth site on a polynucleotide
chain can be represented as a sum of contributions of in-
dividual reaction centers:

A(;J':AGo'f'AGl,j"‘AGz,ﬁ.l‘f‘...AG,.,j+,.-| (1)
where AG, is the free-energy change corresponding to
an unspecific component of the binding reaction.
AG; ;.- is the free-energy change accompanying the
bonding of the ith ligand reaction center to a base at site
Jj+i—1 on the polynucleotide chain (1 < i < n).

The intrinsic binding constant of the ligand to a
stretch of n bases on the polynucleotide chain is given
by the following standard relation:

K = exp (—AG/RT) = B-IL ..., )
where B = exp (AG./RT).

Sivici=€Xp (—AG; ;..-1/RT) is the stability constant
for a bond connecting the /th ligand reaction center with
the base at site j+i— 1. Since all reaction centers are
equivalent, each term AG; ,..-, in Equation 1 assumes
one of the four possible values AGr, AGa, AGc, AG,
depending on the nature of the base at each site j+i—1.
(AGr, AG., AGc, and AG; denote the free-energy
changes accompanying the bonding of each amide group
of Dst to thymine, adenine, cytosine, and guanine bases,
respectively. Similarly, Sr, Sa, Sc, and Sg denote the

-
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H-Gly-Dst(Pr)-2 (n=2,R= CHCHCH ,R HNCH CO)
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Dns-Gly-Dst(Pr)2  ( n—2,R—CH2CH2CH3,R1- Dns-Gly-)
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Figure 2. Chemical structure of Dst analogs.

corresponding bond-stability constants.) In the subse-
quent analysis of experimental data, we take into ac-
count that Dst can bind to DNA in the two opposite
orientations by utilizing potential binding sites on the
two polynucleotide strands. In the case of binding to a
naturally occurring DNA, the intercept of the Scatchard
isotherm on the vertical axis is equal to the average
binding constant of a ligand to an isolated site on DNA
(Zasedatelev et al. 1973; Livshitz et al. 1979):

K= le(r/m) 2B[XAT (ST + SA)/2 + (1 XAT) (Sc + SG)/2]"
3

In the limit, when X,r—1,

K = 2BXir - [(St + SJ)/21 4
From Equations 3 and 4, one can conclude that the total
number of ligand reaction centers can be determined
from the slopes of experimental plots of InK versus
InX,r when X,r— 1. This procedure led us to the con-
clusion that the number of specific reaction centers in
the molecules of Dst analogs is equal to the number of
amide groups (Zasedatelev et al. 1974).

Once n is determined for every Dst analog, the bind-
ing constants to various synthetic DNAs can be readily
calculated. Table 1 provides the necessary information
for evaluation of stability constants St, S,, S, and Sg
from experimentally measured binding constants of Dst
analogs to various DNAs. To accomplish this, we note
that the unspecific interaction constant B takes the same
value for a homologous series of Dst analogs (such as
Dns-Gly-Dst-1, Dns-Gly-Dst-2, and Dns-Gly-Dst-3).
(Dns is 5-dimethylamino naphthalene sulfonic acid.) We
therefore used all data sets in Table 1 to calculate the ex-
perimental and theoretical values of f;, which are de-
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Table 1. Binding Constants of Dst Analogs to Various Natural and Synthetic DNAs

Binding constant

Theoretical expression

Polymer Xat Compound KM for binding constant X
Poly(dA)+poly(dT) 1 Dns-Gly-Dst-1 6 = 1)-10¢ 2% = Baer (S3 + S3)
Dns-Gly-Dst-2 (20 + 3)-10° 2 = Baer(SE + SH)
Dns-Gly-Dst-3 (5.5 £ 1107 K223 = B,.1(S¢ + SO
H-Gly-Dst(Pr)-2 (11 + 1)<10° K25 = Bi.1(S} + S3)
Poly(dA-dT)-
poly(dA-dT) 1 Dns-Gly-Dst-2 (18 & 3)°10°  KRP% = Ba_1S1Sa(St + Sa)
Dns-Gly-Dst-3 (18 % 3)°10°  KRP% = 2Ba_1(S1Sa)?
H-Gly-Dst(Pr)-2 (7.2 = 1)+10° KPP = B _1StSa(Sr + Sa)
Poly(dG)+poly(dC) 0 Dns-Gly-Dst-2 9 + 2)°10° KB = Bg.o(S& + S2)
Dns-Gly-Dst-3 (5 £ 3)°10*  K8% = Bo.c(S& + S8
H-Gly-Dst(Pr)-2 (25 + 5)*10*  KB3%? = Biuo(S¢ + S2)
Poly(dG-dC)*
poly(dG-dC) 0 Dns-Gly-Dst-2 0+ 10°  KB”% = Bo_cScSo(Sc + So)
H-Gly-Dst(Pr)-2 0+ 10° KPP = B4 cScSo(Sc + Sc)
Poly(dA-dC)-
poly(dT-dG) 0.5 Dns-Gly-Dst-2 (10 = 5)°10° KPPr6) = BaoyrolSaSc(Sa + Sor + StSe(St + So)I72
Dns-Gly-Dst-3 @2 + 1D*10* K2P%ra = Baoaa(SiSE + SiS2)
Closteridium
perfringens DNA 0.72  Dns-Gly-Dst-2 (7 £ 1)°10° KBRA = 2BpnalXat(St + SA)/2 + (I — Xar)(Sc + So)/21°
Calf thymus DNA 0.58 @4 = 1)10°
Escherichia coli
DNA 0.49 (25 + 5)°10¢
Achromobacter
agile DNA 0.38 1L + 5)-10*
Closteridium
perfringens DNA 0.72  H-Gly-Dst(Pr)-2 (45 + 5)*10° KBEY? = 2BonalXar(St + Sa)2 + (1 — Xar)(Sc + So)/2)?
Calf thymus DNA 0.58 24 + 4)-10*
Escherichia coli
DNA 0.49 (16 + 2)-10*
Achromobacter
agile DNA 0.38 (10 = 1)10*
Micrococcus
lysodeikticus DNA 0.28 (5.3 + 1)+10*

fined as the ratio of the appropriate binding constants
determined from the binding of two homologous
analogs to the same synthetic DNA (Table 2). This pro-
cedure allows us to climinate Bs and provides us with
experimental values of f; for seven simultaneous equa-
tions, each containing the appropriate stability con-
stants. To evaluate the parameters Sy, S,, Sc, and Sg,
we applied an iterative procedure in which the sum

L (- R )

is minimized. Here, f¢ is the experimental value of f;;
Afr is the experimental uncertainty in f7. ff is the
theoretically calculated value of f;. Table 3 lists the
estimated values for S;, S., Sc, and S; and the cor-
responding values for the interaction energies AG;,
AG., AG., and AGg.

Table 2. Quantities Independent of the Magnitude of the Unspecific Component of
Binding Free Energy

i f f: afi  (fi- faf
1 f = KPRKROE = (5% + SDI(SE + §B) 33 9 0.21
2 f, = KROUKO®E = (5% + SH/(SE + SD) 275 10 ~0.43
3 fi = KRYKF = 251Sa/(Sr + Sa) 10 3 0.01
4 fi = KQUKER = (S¢ + S&/(SE + S&) 5.5 3 0.43
5 fs = Gino YKBRAY/Gn - KB 0.115 0.02 —0.05
= (-0 YRRV G- VKB
= (Sc + Sa)/(St + Sa)
6 f = Ktl/)\l')cl)(rc)/K&l-)éNTrG) 2 4 —-0.22
= 2(SASE + SESEY/[SaSc(Sa + Sc) + StSc(St + So)]
7 fr = KB Boc = ScSc(Se + So) 0 10 -0.12

The experimental data for the calculation of f? and Af? are taken from Table 1,
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Table 3. Stability Constants and Free-energy Changes for the
Interaction of a Single Amide Group of Dst with Thymine,
Adenine, Cytosine, and Guanine Bases

Free-energy change

Base Stability constant (kcal/m)
Thymine StT=32+6 AGr = =2.1 + 0.1
Adenine Sa=59+2 AGy, = —1.1 £ 0.2
Cytosine Sc =42+ 15 AGe = —-09 + 0.2

. +1 -1
Guanine Se = 0.2_0.2 AGg = +0.9+°°

These results deserve some comment. The observed
differences in the magnitude of the interaction energies
listed in Table 3 appear to reflect the order of the reac-
tivities of purine N3 and pyrimidine O2 atoms with
respect to their interaction with amide groups of Dst.
The interaction energies are decreased in the order
thymine O2 > adenine N3 > cytosine O2 » guanine
N3. The guanine actually acts as a repulsive element.
From examination of molecular models, one can con-
clude that the guanine 2-amino group causes a sterical
hindrance for hydrogen bond formation between the an-
tibiotic imido group and the guanine N3 atom, thus pre-
venting the attachment of the antibiotic molecule to a
section of the polynucleotide chain that contains guanine
(Zasedatelev et al. 1976; Gursky et al. 1977). The
decrease in the reactivity of the O2 position of cytosine,
compared with that of the thymine O2 atom, results
probably from the fact that the cytosine O2 atom is im-
plicated in hydrogen bond formation with the guanine
2-amino group in a GC pair. The replacement of
guanine by inosine unshields the N3 position of the
purine and makes more reactive the O2 position of
cytosine in an IC pair, thereby increasing the strength of
the antibiotic binding to poly(dI)-poly(dC) (Krey et al.
1973; Zasedatelev et al. 1976).

Having resolved the four free energies that define the
interaction between a single amide group of Dst and
DNA bases, it is possible to evaluate unspecific interac-
tion energies AG, using the data in Table 1. Table 4
shows that the estimated AG, values are not identical for
binding to various synthetic DNAs but vary around the
average value of about 2.6 kcal/mole. This may indicate
that unspecific binding of Dst analogs is to some extent
sensitive to structural differences that are known to exist
between various synthetic DNAs (Arnott and Chan-
drasekaran 1981). However, the variation of AG, with

DNA sequence within about 1 kcal/mole does not
markedly affect the antibiotic-binding specificity, which
is basically governed by hydrogen-bonding interactions
between the four Dst amide groups and DNA bases (see
Table 3).

Design and DNA-binding Properties of Bis-Nts

The binding specificity shown by Nt and Dst can be
improved by their di- and oligomerization. Figure 3
shows the chemical formulas of the bis-Nts studied
here. Each molecule consists of the two Nt-like
fragments linked by a flexible chain. In principle, the
two Nt-like fragments can be aligned in either a parallel
or antiparallel manner. The latter class can further be
subdivided into two groups corresponding to head-to-
head and tail-to-tail associations of the two fragments.
These molecules will be referred to as bis-Nt(——) and
bis-Nt(— —), respectively, with the notation bis-
Nt(— —) for the molecule in which the two fragments
are aligned in the parallel fashion. A detailed account of
the synthesis of these compounds will be published
elsewhere.

The CD spectra of bis-Nt(— —) and bis-Nt(— —)
complexed with poly(dA)-poly(dT) are very similar to
those reported for binding of bis-Nt(— —) (Khorlin et
al. 1980). The molar ellipticities of all these complexes
are found to be twice as large as that of the complex with
the corresponding monomeric fragment. Figure 4 shows
typical CD titration curves obtained for binding of bis-
Nt(——), bis-Nt(— ), and bis-Nt(— —) to poly-
(dA)-poly(dT) and calf thymus DNA. From mea-
sured saturation levels of the binding of these ligands to
poly(dA)-poly(dT), the conclusion can be drawn that
each bound bis-Nt molecule occupies 10-11 bp. In con-
trast, the estimated site size for binding of the
monomeric fragment is equal to 5 bp. The saturation
levels of binding of bis-Nts to calf thymus DNA are
markedly lower than that of Nt, reflecting a greater
binding specificity of bis-Nts in comparison with the
monomeric fragment. The ratio of the measured
dichroisms for saturated complexes of each ligand with
poly(dA)-poly(dT) and calf thymus DNA can be con-
sidered as a measure of binding specificity. According
to this criterion, the binding specificity is decreased in
the following order: bis-Nt(— —) > bis-Nt(——) =
bis-Nt(— ) > Nt.

The binding principles found for Dst and Nt suggest

Table 4. Stability Constants and Free-energy Changes Characterizing
Unspecific Interactions between Dst Analogs and Various Nucleic Acids

Free-energy

Stability change AG,
Polymer Compound constant B (kcal/m)
Poly(dA)*poly(dT) Dns-Gly-Dst-n BR% = 57 + 4 —2.43 + 0.05
Poly(dA-dT)+poly(dA-dT)  Dns-Gly-Dst-n B3 =250 + 20 —3.31 %= 0.05
Poly(dG)*poly(dC) Dns-Gly-Dst-n B2%: = 120 = 10 —2.89 + 0.07
Poly(dA-dC)*poly(dT-dG)  Dns-Gly-Dst-n Bllte = 35+ 8 -2.1 +£02
Natural DNAs Dns-Gly-Dst-n B =110 = 10 —2.83 + 0.06
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3

CH3

Bis-Nt (= =)

Figure 3. Chemical formulas of bis-Nt with antiparallel and parallel alignments of two Nt-like fragments.

that the two Nt-like fragments of bis-Nt(— —) appear to
interact preferentially with two stretches of thymine
residues lying in the same polynucleotide strand. In con-
trast, bis-Nt(— —) and bis-Nt(— —) appear to bind
preferentially to two stretches of thymine bases lying in
the opposite polynucleotide strands. In the complex, the
two Nt-like fragments are probably related by twofold
rotation symmetry. The distance between the two Nt-
like fragments can be adjusted by changing the length of
the connecting chain (Krylov et al. 1980). Each Nt-like

240D,,./P
oA n 7./{,_._._
8: lo——o-/\ B /. { bis- Nt(**)
5'_" I ® _—o—0—
,./ | Nt é ./o/|° 5
1 s & |
¢ 1 N3 . 3
oL 01 02 -
—/0-—. —o— } .—.—-.— )
5 f | bis- Nt(**)/(f - ’I big-Nt{+-) [{d
oI-O—‘O— \NE] .
i MR R - S,
01 02 2C/P 0t 02 2C/P

Figure 4. CD titrations of poly(dA)*poly(dT) (®) and calf thymus
DNA (O) with the monomeric Nt-like fragment (H-Gly-Dst{Pr]-2)
and various bis-Nts. Indicated is the proposed geometry of com-
plexes between ligand and DNA. Concentrations of nucleic acids
(P/2) were 5 x 107 M (base pairs). C is the total molar concentra-
tion of ligand. 2AOD;,s/P is the measured dichroism expressed per
mole of base pairs and per 1 cm path length. Experiments were
made in 0.06 M phosphate buffer (pH 6.0) at 20°C.

fragment can interact with any base sequence containing
no guanine.

As expected for the molecules with six specific reac-
tion centers, bis-Nt(— —), bis-Nt(— ), and bis-
Nt(— —) bind very tightly to DNA with the intrinsic
binding constant greater than 108 m™'. If the two Nt-like
fragments of bis-Nt act independently upon binding, the
estimated value of the binding constant of bis-Nt(— —)
to poly(dA)-poly(dT) is on the order of 10'2 M.

Bis-Nts as Selective Inhibitors of
DNA-dependent RNA Synthesis

Retchinsky et al. (1981b) have previously showed that
bis-Nt(— —) selectively inhibited the in vitro RNA syn-
thesis from certain prokaryotic promoters. Therefore,
we have begun a series of studies to test inhibition ef-
fects of bis-Nts in highly purified systems that use as
templates short, sequenced DNA fragments, each con-
taining a well-characterized promoter such as the UV5
lac promoter (Dickson et al. 1975) or early phage T7
promoters A2 and A3 (Dunn and Studier 1981). The
isolated DNA fragments containing these promoter se-
quences were inserted in a modified pBR322 plasmid in-
stead of the original tetracycline promoter. The cloning
and the properties of some of the plasmids were de-
scribed elsewhere (Retchinsky et al. 1981a). The cloned
promoters together with the sequences originating in
pBR322 were cut out with Haelll restriction nuclease.
The resulting fragments of about 250 bp were isolated
via polyacrylamide gel electrophoresis and purified by
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DEAE-cellulose chromatography and gel filtration.
Each fragment contains (1) the 18-bp Haelll-EcoRI
restriction fragment situated upstream from a promoter-
containing fragment and carrying the nucleotides pres-
ent in positions 4344-4362 of the pBR322 DNA
(Sutcliffe 1979), (2) the 144-bp HindIIl-Haelll fragment
situated downstream from the promoter and containing
the nucleotides 31-175 of the pBR322 DNA, and (3) a
promoter-containing fragment inserted between the
above-mentioned pBR322 DNA sequences. The DNA
fragments carrying promoter sequences were (1) the
Hpall-Hpall fragment located between nucleotides 547
and 651 of T7 DNA and containing the A2 promoter,
(2) the Hpall-Hinfl fragment located between nu-
cleotides 651 and 761 of T7 DNA and containing the A3
promoter (Dunn and Studier 1981), and (4) the UV5 lac
promoter sequence ranging from nucleotide —58 to
nucleotide + 5 of the lac control region (Dickson et al.
1975). The last sequence will be referred to as the
modified UV3 lac* promoter, with the abbreviation
UVS5 lac for the entire lac control region ranging from
nucleotide —58 to nucleotide + 37 (Dickson et al.
1975).

Figure 5 shows the effects of bis-Nts on the RNA syn-
thesis directed by various promoters. Experiments were
done as described by Retchinsky et al. (1981b) and
outlined in the figure legend. From Figure 5, one can
conclude that ail bis-Nts selectively inhibit transcription
from various promoters. As shown in Figure 5a, the in-
hibition effect of bis-Nt(«— —) is decreased in the order
UVS5lac = UVS lac* > A2 > A3 > Al

To estimate the potential contribution of the inhibition
of RNA chain elongation, the ternary complexes be-
tween RNA polymerase, whole D111 T7 DNA, and
nascent, unlabeled RNA were prepared and treated for
10 minutes with various concentrations of inhibitor.
RNA synthesis was then restarted by adding MgCl, and
[«-3?P]CTP. The maximal inhibition level seen under
these conditions was about 30% in the presence of
1.2 X 1072 M of either bis-Nt(— —) or Nt (Fig. 5a). This
suggests that bis-Nt(— —) preferentially inhibits initia-
tion of transcription. It is worth noting that in the
restriction fragments carrying the UV5 lac* promoter
and promoters A2 or A3, the transcribed regions are
nearly identical. Since bis-Nt(— —) binds to DNA in a
sequence-specific manner, the observed difference in
the inhibition levels of various promoters appears to be
attributed to specific interaction between bis-Nt(— —)
and promoter. Analysis of the distribution of putative
binding sites for bis-Nt(— —) on various promoter se-
quences suggests that the inhibiting effect can be cor-
related with the strength of bis-Nt(— —) binding to
putative sites located in a small DNA region near the
transcription start site. Bis-Nt(— —) appears to bind to
two stretches of nonguanines lying in the opposite
polynucleotide strands and separated by two arbitrary
base pairs (Krylov et al. 1980). Such sequences exist in
the UVS5 lac promoter and the T7 A2 promoter near the
start site of transcription. Our previous experiments
show that bis-Nt(— —) at a concentration of approx-
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Figure 5. Effect of bis-Nts on the incorporation of [a-32PJCMP
into RNA at various concentrations (C) of bis-Nts. CMP incor-
poration in the absence of ligand was taken as 100%. (a) Effect of
bis-Nt(— —) on the RNA synthesis directed by T7 bacteriophage
promoters (Al, A2, and A3) and promoters UVS5 lac and UV5
lac*. The inhibition levels of the last two promoters were coinci-
dent (the lower curve). The upper curve shows unspecific inhibi-
tion levels of RNA-chain-elongation reaction at various concentra-
tions of bis-Nt(— —). Data for the Al promoter were obtained
using whole D111 T7 DNA as a template (Retchinsky et al.
1981b). (b, ¢, d) Effect of various bis-Nts on the RNA synthesis
directed by the UVS lac* promoter, A2 promoter, and A3 pro-
moter, respectively. (@) Bis-Nt(— —) with 10 methylene links in
the connecting chain (see Fig. 3); (A) bis-Nt(—~ —}; (4) bis-
Nt(— —); (O) Nt-like fragment (H-Gly-Dst{Pr]-2). Experiments
were made as reported by Retchinsky et al. (1981b). The concen-
tration of promoter in the reaction mixture was 40 nm for each
restriction fragment and 2 nM for whole D111 T7 DNA. Experi-
ments were made at 37°C in 50 mm Tris-HCI (pH 7.5) buffer con-
taining 75 mM NaCl; 3 mm MgCl,; 1 mm §-mercaptoethanol; 10
mg/liter of bovine serum albumin; 100 um ATP, GTP, and UTP;
and 10 uM [a-32P]JCTP. Bis-Nt and DNA restriction fragment (or
whole D111 T7 DNA) were preincubated for 10 min in the com-
plete reaction mixture without RNA polymerase. The transcription
was initiated by adding RNA polymerase holoenzyme up to the
concentration of 40 nM and terminated by adding EDTA.

imately 5 x 107 M inhibits the formation of a binary
complex between RNA polymerase and the UVS5 lac
promoter if added to the reaction mixture prior to the ad-
dition of the enzyme (Retchinsky et al. 1981b).

Figure 5, b, ¢, and d, shows variations in the inhibi-
tion effects produced by various bis-Nts on the
transcription from the same promoters. The observed
effects for bis-Nt(— «—) and bis-Nt(— —) are of smaller
magnitudes than that found for bis-Nt(— —). In some
cases, inhibition effects are comparable to the activity of
the monomeric Nt analog. The selective influence of
each ligand on the RNA synthesis directed by various
promoters is apparent from the data presented in Fig-
ure 5.

Bis-Actinomycin D

Bis-actinomycins D (bis-AMD-1 and bis-AMD-2) are
synthetic sequence-specific ligands (Fig. 6) in which
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Figure 6. Chemical formulas of AMD, AMD analogs
(AMD-1 and AMD-2), and dimeric compounds bis-
AMD-1 and bis-AMD-2. Indicated are C’ —-C*—N
directions in the two halves of the connecting chain of
bis-AMD. Glo is the glycolic acid residue.

two actinomycinlike fragments are linked covalently by
a flexible chain attached to position 7 of the antibiotic
chromophore (Mikhailov et al. 1981; Nikitin et al.
1981). Both bis-AMD-1 and bis-AMD-2 display a com-
plex pattern of sequence selectivity with considerable
specificity for GC pairs. Physicochemical studies on the
binding of bis-AMD-1 and bis-AMD-2 to various
natural and synthetic DNAs show that the two AMD-
like fragments of bis-~AMD bind to DNA in virtually the
same manner as AMD does (Mikhailov et al. 1981).
Each AMD fragment carries one GC-specific reaction
center. In the complex, the two AMD-like fragments of
bis-AMD-1 are probably related by twofold symmetry
and interact specifically with two guanine bases lying in
the opposite polynucleotide strands and separated by 4
bp.

Figure 7 shows typical titration curves obtained for
binding of bis~rAMD-1 and the corresponding monomer
analog to poly(dG-dC)-poly(dG-dC). From measured
saturation levels of binding, we conclude that the site
size for strong binding of bis-AMD-1 (9 bp) is about
two times greater than that of AMD. Synthesis of bis-
AMD seems to be important for further progress in
designing sequence-specific ligands.
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Figure 7. Titration of poly(dG-dC)*poly(dG-dC) with AMD-1
(@) and bis-AMD-1 (O). AA is the difference in the absorbance at
425 nm of ligand solutions in the absence and presence of poly(dG-
dC)+poly(dG-dC). Concentration of poly(dG-dC)*poly(dG-dC)
(P/2) was 2 X 107* M (base pairs). C is the total molar concentra-
tion of the ligand in the titration assay.
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Design and DNA-binding Properties of
Oligopeptides Modeling the Recognition Site
of lac Repressor

It is known that the 59 aminoterminal residues of the
lac repressor carry all (or almost all) of the information
needed for the recognition of the specific lac operator
sequence on DNA (Miiller-Hill 1975; Ogata and Gilbert
1979). Here, we describe our attempts to define which
residues of the lac repressor polypeptide chain are
essential for the recognition of the operator sequence.
We have synthesized a series of oligopeptides modeling
the aminoterminal sequence of the lac repressor. The
ideas of synthesis stem from the stereochemical model
that has been advanced for the binding of the lac
repressor to the lac operator (Gursky et al. 1975,
1976b). According to the model, the aminoterminal
residues 19-32 and 53-71 of the lac repressor are im-
plicated in specific interaction with operator DNA. A
correspondence has been found between the lac
repressor sequence 19-30 and the nucleotide sequence
of the lac operator (Fig. 8). This correspondence points
toward the existence of a degenerated protein-nucleic
acid recognition code in which threonine, serine,
asparagine, and histidine residues (potential hydrogen
bond donors) serve as AT-coding residues, whereas in-
ert valyl and alanyl residues serve as GC-coding
residues (Gursky et al. 1976a, 1977). This type of cor-
relation, in a generalized form, has also been found be-
tween the aminoterminal sequences of AcI and cro
repressors and corresponding operator sequences (Gur-
sky et al. 1979).

To check these rules, we have synthesized a series of
oligopeptides modeling the sequence 19-31 of the lac
operator (Fig. 8) and investigated their binding to
natural and synthetic DNAs. As shown in Figure 8, in
the model tripeptide (TVP), hexapeptide (HEXP),
tridecapeptide (TDP), and eicosapeptide (ECP), the
valyl and threonyl residues are used as potential GC-
and AT-coding residues, respectively. The sequence of
ECP involves a TDP fragment linked to the peptide Lys-
Gly-Ala-GlIn-Gln-Leu-Ala which contains residues 53 to
57 of the lac repressor. These residues are probably im-
plicated in the formation of an intersubunit 3 sheet in the
repressor tetramer (Gursky et al. 1976b).

The monodisperse, chemically and optically pure oli-
gopeptides were synthesized according to the conven-
tional stepwise elongation procedures in solution with


http://symposium.cshlp.org/
http://www.cshlpress.com

Downloaded from symposium.cship.org on December 23, 2011 - Published by Cold Spring Harbor Laboratory

Press
374 GURSKY ET AL.
Asn Arg
Arg Thr
val
65 55 Lys 30 20
i L L
Leu g, Ser gy Ay, GBIy Leu g Ser g Lys o Ala | GIn g Ala Ma g Val o Ser 5, Bl  Val o\ Arg g, Val
s 0 = cee s — oer The
)
507 T G T G A G c G G A T A A c A A
3’ a A c A ¢ T c G c c T A T T G T T
= = T
Th'val \erArg Val val AsnGln Ala Ser H'SVaI e la Ala &in Leu Ala Gly Lys Gln ser Leu Leu lle Gly Val Ala The Ser Ser Lew
20 0
3 Lys val % L
Thr Arg
Arg Asn
O N(CH3)2
H O
buim. . T, Vel T, VAl Ter. . val G Leu P
val Lys Gly Lys Gly val Lys Y Ala Gin Ala-N-N-$
1
H 0

H 0

c — — XX} — e — U "
H— “N-N=§ -~

Thr val Thr Lys Vat Gly Thr Lys val Gly Thr val Vat r;a N E

H o}

d . JE— ces 9 /
- )
H-Thr val Thr Lys valGly-r;J—N—S

e see cos oo

= -N-N-§ -

H-val val Val \ N E
H 0

Figure 8. Design and chemical formulas of oligopeptides modeling the recognition site of /ac repressor. (a) A model for the binding of
lac repressor to the lac operator (Gursky et al. 1976b). The repressor polypeptide chain sequences 19-32 and 53-71 are involved in a
specific interaction with operator DNA. A pair of twofold-related repressor subunits interact with symmetrically disposed base-pair se-
quences on the lac operator. There is a correlation between the sequence 19-30 of lac repressor subunit and base-pair sequences lying
on the peripheral parts of the lac operator. Amino acid residues coding for A-T and G-C pairs are underlined by solid and dotted lines,
respectively. The sequences 53-57 in the two repressor subunits are implicated in the formation of an intersubunit 8 sheet that probably
interacts with the central part of the lac operator sequence. (b-¢) Chemical formulas of oligopeptides modeling the recognition site of the

lac repressor. Each oligopeptide carries a fluorescent dansyl label.

modifications that will be reported in detail elsewhere.
All of the oligopeptides used have a limited solubility in
aqueous solution and tend to form aggregates of various
sizes that are in concentration-dependent equilibrium
with each other and monomers. The existence of associ-
ated and nonassociated oligopeptide forms in aqueous
solution is strongly supported by our observations
showing that the absorbance and fluorescence spectra of
the oligopeptides in free solution are concentration-
dependent (Streltsov et al. 1980). All of the oligopep-
tides bind to DNA. Figure 9 shows the absorbance and
fluorescence spectra of TDP and HEXP in the presence
and absence of DNA. The spectral changes observed on
adding DNA to TDP (or ECP) are similar to those
reported for binding of TVP to DNA (Streltsov et al.
1980). The fluorescence spectrum of TDP (or ECP)
shows a shift to a shorter wavelength on binding to
DNA, which is attributable to the hydrophobic environ-

ment of the Dns group in the complex. The fluorescence
intensity per mole of TDP (or ECP) is greatly enhanced
on binding to DNA. Similar enhancement is observed
for HEXP at a concentration 100 times higher.

The addition of DNA to diluted solutions of HEXP
and TDP induces only minor changes in the absorbance
and fluorescence spectra, even at a DNA/oligopeptide
ratio of 100:1. There is a small increase in the
fluorescence intensity at 550 nm. These spectral
changes can be attributed to the binding of the mono-
meric oligopeptide species to DNA (Streltsov et al.
1980).

The CD spectra for TDP in the presence and absence
of DNA are shown in Figure 9c. In the peptide absorp-
tion region, the CD pattern of free oligopeptide shows a
negative band at 197 nm. This indicates that a signifi-
cant portion of the oligopeptide molecules is in a
random-coiled conformation. On adding DNA to TDP,
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Figure 9. Changes observed in the absorption,
fluorescence, and CD spectra of TDP and HEXP upon
binding to calf thymus DNA. (a) Absorption spectrum
of free TDP (----) and difference absorption spectra ob-
tained by subtracting the spectrum of DNA from
the spectra of complexes of TDP ( ) and HEXP
(—+—+—) with DNA. (b) Fluorescence emission spec-
tra (uncorrected) of free TDP (----), TDP ( ), and
HEXP (—+—-—) in the presence of calf thymus DNA.
The fluorescence and absorption spectra of free HEXP
were practically coincident with those of TDP at the
same concentration. Excitation wavelength was 380
nm. (¢) CD spectra of free TDP (----), of TDP in the

300
A,nm

nm
-2

presence of calf thymus DNA ( ), and of DNA
alone (******). (AOD) Measured dichroism calculated

300 400 A,nm -3

per 1 cm path length. The complexes between oligopeptides and DNA were prepared as reported by Streltsov et al. (1980). Concentrations
of TDP and HEXP were 5 X 10~ M. DNA concentration was 1 X 107 (base pairs). Experiments were made at 20°C in 0.001 M Na-

cacodylate buffer (pH 7.0) in the presence of 10% (v/v) methanol.

the CD spectrum changes completely. There is a great
increase in the CD amplitude at 190 nm. In addition, the
two negative CD bands appear at 213 nm and 255 nm.
The CD band around 255 nm is likely to be related to a
contribution of the aromatic Dns group. There is a
remarkable similarity of CD spectra obtained for DNA
complexes with TDP and TVP (Streltsov et al. 1980).
The @ structure is known to be the preferred conforma-
tion for the N-protected oligo(L-valine), in trifluoro-
ethanol, whereas oligo(L-valine); assumes an unordered
conformation (Toniolo and Bonora 1974). In aqueous
solution the equilibrium between associated and
nonassociated species is shifted toward the formation of
associated species (Toniolo and Bonora 1974; Streltsov
et al. 1980). An increase in the CD amplitude at 190 nm
observed for TDP-DNA complexes may be partially at-
tributed to the formation of B-associated TDP species
upon binding to DNA.

Figure 10 shows typical binding isotherms of TVP to
poly(dG)-poly(dC) and poly(dA)-poly(dT). The bind-
ing isotherms were determined for two different DNAs
simultaneously in three-part dialysis cells similar to
those described by Miiller and Crothers (1975). From

(rrm)x103
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Figure 10. Binding isotherms of TVP to poly(dG)-poly(dC) (O)
and poly(dA)-poly(dT) (@) as determined by equilibrium dialysis.
(a) Plots of r (the ratio of moles of bound TVP to moles of DNA
base pairs) against m (the molar concentration of free oligopep-
tide). (b) Scatchard plots of the same data. Concentrations of
nucleic acids were 8 x 107 M (base pairs). Conditions: 0.001 m
Na cacodylate (pH 7.0), 5% (v/v) methanol, 20% (v/v) 2,2,2-
trifluoroethanol.

Figure 10, one can conclude that at low concentrations
of TVP in free solution, the binding is negligible. Scat-
chard plots show that the oligopeptide in the monomeric
form binds weakly (K = 10° M™") and unspecifically to
DNA. Increasing the free oligopeptide concentration
from6 X 10°Mto 1.5 x 10™* M results in a remarkable
increase in the apparent binding constant. In this region
of binding isotherm, TVP binds more strongly to
poly(dG)-poly(dC) than to poly(dA)-poly(dT). It seems
likely that B-associated oligopeptide species are im-
plicated in specific interactions with DNA base pairs.

The binding is a cooperative phenomenon. As soon as
a certain critical concentration is exceeded, DNA binds
a significant amount of the oligopeptide in a cooperative
manner. In an aqueous solution, 3 sheets are known to
have a tendency to form 3 sandwiches stabilized by
hydrophobic interactions (Cohen et al. 1981). It seems
likely that sequence-specific binding of §3-associated
oligopeptide species in one of the DNA grooves favors
subsequent (3 strand-3 sheet-3 sandwich condensation.
In agreement with our binding experiments, this model
predicts that in a saturated complex, the two TVP
dimers forming a sandwich occupy a DNA region ex-
tending over 3 bp.

The binding takes place in the minor DNA groove, as
revealed from our observations that both TDP and TVP
bind tightly to phage T2 DNA, in which the major
groove is occupied by massive glucose and diglucose
residues. In addition, distamycin A, which binds to AT
base pairs in the minor groove, can displace TVP and
TDP from DNA (Fig. 11).

A combination of equilibrium dialysis and fluores-
cence measurements shows that the fluorescence inten-
sity at 520 nm is very sensitive to the formation of com-
plexes between B-associated oligopeptide species and
DNA. In the excess of DNA over TVP, the fluorescence
intensity is proportional to the square of the oligopeptide
concentration, thereby suggesting that the dimeric
oligopeptide species are implicated in specific interac-
tion with DNA (Streltsov et al. 1980). The fluorescence
intensity of TVP-DNA complexes with higher r values
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Figure 11. Data showing that TVP and TDP bind to DNA in the
minor groove. (a) Plots of r against m for the binding of TVP to
calf thymus DNA (O) and glycosylated bacteriophage T2 DNA
(®). The binding isotherms were obtained by equilibrium dialysis
in three-part dialysis cells. Concentration of nucleic acids was 8 X
107* M (base pairs). Conditions were the same as those in Fig. 10.
(b) Displacement of TVP (O) and TDP (®) from calf thymus
DNA by Dst. The normalized fluorescence intensity I/1, of
oligopeptide-DNA complexes is plotted against rp,, (the ratio of
moles of bound Dst to moles of DNA base pairs). I, is the
fluorescence intensity of the oligopeptide-DNA complexes in the
absence of Dst. Concentrations of TVP and TDP were 4 x 107 M
and 2.5 X 107 M, respectively. Concentration of DNA was 1 X
10* m (base pairs). Conditions were the same as those in Fig. 9.

(0.1 < r = 1) exceeds the intensity of the fluorescence
of the free oligopeptide by approximately two orders of
magnitude. The contribution of bound monomers to the
fluorescence intensity can also be neglected in the
region 0.1 < r < 1. Figure 12 shows that for com-
plexes with high r values, there is a linear correlation

GURSKY ET AL.

between the fluorescence intensity and the concentration
of bound oligopeptide, as determined from equilibrium
dialysis measurements. From Figure 12a, one can also
conclude that the fluorescence intensities per mole of
oligopeptide bound are equal for the complexes with
poly(dA)-poly(dT) and poly(dG)-poly(dC). These ex-
periments demonstrate that the fluorescence intensity at
520 nm can be regarded as a measure of the amount of
oligopeptide bound to DNA in the associated form.
Since the fluorescence quantum yield of the bound Dns
group does not depend on the G+ C content of DNA,
the fluorescence measurements provide a rather simple
and sensitive tool for comparing the affinities of TVP
and TDP to various DNAs. Figure 10 shows that there
is a region of binding isotherm where the binding pro-
cess is sequence-specific.

Figure 12 displays the plots of fluorescence intensity
at 520 nm versus nucleic acid concentration for titra-
tions of the two oligopeptide solutions with various
DNAs. For several titration curves presented in Figure
12, the fluorescence intensity is initially observed to in-
crease with an increase of nucleic acid concentration un-
til the binding becomes maximum, beyond which the
fluorescence intensity decreases with a further increase
of DNA concentration. This type of behavior reflects
the existence of binding cooperativity for which interac-
tion between bound oligopeptide molecules is responsi-
ble. Increasing the DNA concentration beyond a certain
critical value leads to a decrease in the amount of
oligopeptide bound to DNA in the associated form with
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1520 Figure 12. Fluorimetric titrations of TVP and TDP
- ‘\ (c) with various synthetic DNAs. (a) A plot of the
A fluorescence intensity measured at 520 nm against
\ A A the molar concentration of bound TVP for com-
40k ‘B -AAAA- plexes of TVP with poly(dA)-poly(dT) (@) and
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[ e ‘CCCC- (A) poly(dG-dC)-poly(dG-dC); (@) poly(dA):
Q/ poly(dT). Concentrations of TDP and TVP were
4 | i { 4 X 10 m and 8 x 107° M, respectively. Condi-
L tions were the same as those in Fig. 9 and Fig. 10
1 2 (P/2)x10 for titrations of TDP and TVP, respectively.
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a concomitant increase in the amount of bound mono-
mers.

At a relatively high DNA/oligopeptide ratio, there is a
marked difference between the titration curves obtained
with various DNAs. For TVP-DNA complexes, the
fluorescence intensity is found to decrease in the follow-
ing order: poly(dG)-poly(dC) > poly(dA-dC)-poly(dT-
dG) > poly(dG-dC)-poly(dG-dC) > poly(dA)-poly-
(dT). This suggests the same order of sequence prefer-
ences for binding of TVP to DNA. This is confirmed by
equilibrium dialysis experiments (Fig. 10 and similar
data for other DNASs).

From the experimental curves obtained from the bind-
ing of TDP to various nucleic acids, the conclusion can
be drawn that this oligopeptide exhibits a quite distinct
order of sequence preferences compared with that of
TVP (Fig. 12). At relatively high DNA/oligopeptide
ratios, the fluorescence intensity of TDP-DNA com-
plexes is found to decrease in the following order: poly-
(dA-dC)-poly(dT-dG) = poly(dA)-poly(dT) > poly-
(dG-dC)+poly(dG-dC) > poly(dG)-poly(dC), thereby
indicating that the amount of TDP bound to these se-
quences in a self-associated form is decreased in the
same order. The observed preference of TVP for bind-
ing to poly(dG)-poly(dC) is consistent with the pro-
posed protein-nucleic acid recognition code in which
valine is regarded as a GC-coding residue (Gursky et al.
1976a, 1977, 1979). Since valyl side chains are inert,
the observed specificity is probably attributed to
hydrogen-bonding interactions between the backbone
C =0 groups of TVP and guanine 2-amino groups. Fur-
ther support comes from our observations that TDP
binds more strongly to poly(dA-dC)-poly(dT-dG) than
to poly(dG)-poly(dC). The former sequence matches
perfectly the sequence of coding valyl and threonyl
residues in TDP (Fig. 8), thereby explaining the ob-
served sequence specificity. A prominent feature of
DNA sequences recognized by various repressors and
activators is the existence of long DNA stretches with an
asymmetric distribution of guanine bases between the
two polynucleotide strands. Protein recognition sites ap-
pear to be complementary to such DNA sequences (Gur-
sky et al. 1976a, 1977). This is consistent with our
observations that at high DNA/oligopeptide ratios,
poly(dG-dC)-poly(dG-dC) exhibits a low affinity for
associated oligopeptide species (Fig. 12) binding TDP
and TVP preferentially in the nonassociated form. Since
the sequence 5° TGTGAG represents a dominating
motif in the lac operator, our experiments suggest that
TDP and ECP are capable of selective binding to the lac
operator. For binding of ECP, this was recently con-
firmed by the footprinting technique using the above-
described restriction fragments containing the UVS lac
promoter-operator region (A.V. Skamrov and R.S.
Beabealashvilly, unpubl.). It is of interest that there is a
low extent of homology between the aminoterminal se-
quence of the lac repressor (residues 1-59) and that of
ECP, although these two sequences can recognize the
same base-pair sequence on DNA. Evidently, ECP con-
tains essential residues for recognition of lac operator.

Determination of the structures of two regulatory pro-
teins has greatly added to our knowledge (Anderson et
al. 1981; McKay and Steitz 1981). Detailed models
have been developed for complexes of these proteins
with DNA that imply a-helical regions of the two pro-
teins in the protein recognition sites. However, there is
no direct evidence that «-helical regions can recognize
specific DNA sequences. In addition, the model of
McKay and Steitz and that of Anderson et al. are in
disagreement with recent experimental data (Gutte et al.
1980; Kolb and Buc 1982). The aminoterminal se-
quence 1-22 of the cro repressor appears to recognize
the specific N operator sequence (Gutte et al. 1980),
even when the postulated cro recognition helix at se-
quence 27-36 (Anderson et al. 1981) is eliminated. The
aminoterminal sequence of the cro repressor exhibits a
correspondence with the base-pair sequence of the A
operator of the same type as that shown in Figure 8 for
binding of lac repressor to the lac operator (Gursky et
al. 1979). Residues 1-22 of the cro protein form a 8
strand and two « helices. If these short and relatively
unstable « helices undergo a transition to a deformed 3
structure upon binding to DNA, the suggested modes of
binding of the cro protein and lac repressor are basically
similar.

Our present observations show that B-associated oli-
gopeptide species bind to DNA and exhibit base-se-
quence preferences that point toward the existence of a
degenerated protein-nucleic acid recognition code.
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