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ABSTRACT: Poly(vinyl alcohol) has been substituted with
oligodeoxythymidylic acid and the resulting polyanion irre-
versibly attached to DEAE-cellulose via ionic bonding. Pep-
tide-oligonucleotide interactions have been studied using a
column chromatography technique with the PV(pT),-
DEAE-cellulose as stationary phase. Of all the naturally
occurring amino acids, only tryptophan and to a lesser ex-
tent tyrosine interact significantly with the immobilized oli-
godeoxythymidylic acid residues under the conditions for
base pairing. The homopolymers of tryptophan and tyrosine
undergo greater retardation than the monomers, such that
the effect is not additive but multiplicative. Thus Tyr-Tyr-
Tyr shows an eightfold and Trp-Trp-Trp an approximately
30-fold larger retardation than tyrosine and tryptophan, re-
spectively. The peptide-oligonucleotide interaction de-
creases considerably when nonaromatic amino acids are
present in the peptide. Consequently, naturally occurring

The study of peptide-nucleotide interactions has until
now been carried out mainly using physical-chemical meth-
ods which only enable indirect conclusions to be drawn
(Montenay-Garestier and Héléne, 1971; Diminicoli and
Héléne, 1974; Wagner and Arfmann, 1974; Arfmann et al.,
1974; Morita, 1974; Pinkston and Li, 1974). In order to
eliminate these drawbacks, we have developed a column
chromatographic technique which we call template chroma-
tography with which the peptide-nucleotide interactions
can be studied and determined directly (Eckstein et al.,
1975). A great advantage of template chromatography lies
in the fact that very complex, multicomponent systems can
be investigated which would otherwise be extremely diffi-
cult using other techniques. The matrix used in template
chromatography is DEAE-cellulose to which polymer-
bound oligonucleotides of known sequence are irreversibly
attached (Schott, 1974a). The internucleotide phosphate
groups of the covalently attached oligonucleotide are bound
as anions to the DEAE-cellulose. The oligonucleotide at-

¥ From the Chemisches Institut, University of Tibingen, Tiibingen,
West Germany. Received March 31, 1975. This work was supported
by the Deutsche Forschungsgemeinschaft

BIOCHEMISTRY, VOL. 14, NO. 26, 1975

peptides and proteins which contain relatively small
amounts of tryptophan and tyrosine compared with the
nonaromatic amino acids undergo at the most only slight
retardation on the PV(pT),-DEAE-cellulose. The retention
of oligonucleotides and peptides containing these aromatic
amino acids is due in both cases mainly to base stacking
(roughly 67% of the total interaction) but involves different
mechanisms. Thus, the peptides interact preferably with the
cellulose matrix whereas the oligonucleotides with the im-
mobilized oligonucleotides. Interaction via hydrogen-bond
formation makes up the remaining 33% of the total interac-
tion. The oligonucleotides and peptides of the mobile phase
interact with each other also via this mechanism. The
strength of the d(pA-A-A) interaction is roughly that of
Trp-Trp whereas d(pA-A-A-A) is weaker than Trp-Trp-
Trp.

tached covalently to poly(vinyl alcohol) and ionically to
DEAE-cellulose leads to a very stable stationary phase. The
oligonucleotide therefore remains bound under the elution
conditions, whereas a non-poly(vinyl alcohol)-bound olig-
onucleotide does not interact with DEAE-cellulose. Since
only the terminal phosphate group and the internucleotide
phosphate groups are used to form the stationary phase,
there are still enough portions of the oligonucleotide avail-
able for the components of the mobile phase. The degree of
interaction of the components of the mobile phase with the
stationary phase can be directly obtained from their retar-
dation values. Thus mixtures of oligonucleotides can be sep-
arated on PV(pT),-DEAE-cellulose into complementary
and noncomplementary nucleotides according to the princi-
ple of base pairing (Schott, 1974b). The template chroma-
tography of amino acids on PV(pT),-DEAE-cellulose
showed that only the aromatic amino acids undergo signifi-
cant retardation (Eckstein et al., 1975). It was thus con-
cluded that only those peptides which contain aromatic
amino acids play an important role in peptide-nucleotide
interactions.

A very important aspect of the gene regulation mecha-
nism and especially for the codon-anticodon interaction is
whether small peptides or specific segments of proteins
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compete with the complementary oligonucleotides in the
base-pairing step for the common binding site. In order to
gain more information on this fundamentally important
mechanism we have studied the interaction of oligonucleo-
tides (PV(pT),-DEAE-cellulose) and peptides containing
aromatic amino acids using the template chromatography
technique.

Materials and Methods!

Chemicals. The Na,HPO, (LAB) and NaCl (p.a.) were
obtained from E. Merck, Darmstadt, W. Germany, DEAE-
cellulose (DE 23) was from Whatman, Maidstone, Kent,
England, poly(vinyl alcohol) from Roth, Karlsruhe, W.
Germany (mol wt 70000) and TPS (technical grade) from
EGA-Chemie, Steinheim, W. Germany. The methanol
(technical grade) and triethylamine (technical grade) were
distilled once. The other solvents were distilled thus: pyri-
dine (technical grade) over KOH, diethyl ether (technical
grade) over sodium. HMPT was stored over molecular
sieves (3 A, E. Merck, Darmstadt, W. Germany).

Amino Acids and Peptides. These were obtained from
the following sources: amino acids (E. Merck, Darmstadt,
W. Germany), Tyr-Tyr, Tyr-Tyr-Tyr, Trp-Tyr, Trp-Trp,
and Phe-Gly-Phe-Gly (Sigma, St. Louis, Mo.), Phe-Phe-
Phe p.a. (Serva, Heidelberg, W. Germany), Leu-Trp-Leu
(Mann Res. Lab.,, New York, N.Y.). All other peptides
were synthesized in our laboratories.

Antibiotics and Enzymes. Gramicidin and «-lactalbumin
(National Biochemical Corp., Cleveland, Ohio), tyrocidin
hydrochloride (pharm.), lysozyme from chicken egg-white
p.a. (3 X crystallized), and bovine chymotrypsinogen p.a.
(Serva, Heidelberg, W. Germany).

Nucleotides. 2-Deoxythymidine 5’-monophosphate, diso-
dium salt, was obtained from Waldhof, Mannheim, W.
Germany; the nucleotides d(pT-T-T-T), d(pA-A-A), and
d(pA-A-A-A) were synthesized in our laboratories.

Synthesis of PV(pT),-DEAE-Cellulose. The synthesis
of the PV(pT),-DEAE-cellulose is achieved in three steps.
Commercial deoxythymidine 5’-phosphate was condensed
according to the modified Khorana method (Agarwal et al.,
1972), using TPS, yielding oligothymidine 5’-phosphate
with maximal 12 monomer units. The low molecular weight
oligonucleotide fractions were separated from the high mo-
lecular weight fractions by chromatography on DEAE-cel-
lulose. The high molecular weight oligonucleotides were
condensed with the free hydroxyl group of PVYOH using
TPS in HMPT-pyridine. An aqueous solution of PV(pT),
was treated with DEAE-cellulose and filled into a chroma-
tography column and impurities and weakly bound oligom-
ers were washed out before use.

Synthesis of Poly(pT),. Twenty millimoles (176000
Aaep units) of pT (pyridinium salt) was suspended in dry
pyridine and thoroughly dried by repeated evaporation of
the pyridine at the oil pump. The residue was dissolved in
40 ml of dry pyridine and condensed using 20 mmol (6 g) of

! The system of abbreviations is principally as has been suggested by
the TUPAC-IUB commission (1970). In this paper the prefix d (for
deoxy) refers in all cases to the entire nucleoside residues of the olig-
onucleotide chains described, for clarity, parentheses and hyphens usu-
ally following the prefix d have been omitted. PYOH, poly(vinyl alco-
hol); TPS, 2,4,6-triisopropylbenzenesulfonyl chloride; HMPT, hexa-
methylphosphorous triamide; TEAB, triethylammonium hydrogen car-
bonate buffer. One 4360 unit is defined as the amount of nucleotide
giving an absorbance of 1 at 260 nm when dissolved in 1 ml of solvent
and measured in a 1-cm light-path quartz cell.
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TPS during 10 hr at room temperature under anhydrous
conditions with shaking. The condensation reaction was in-
terrupted through the addition of 40 ml of water and the re-
action mixture left to stand overnight at room temperature.
The reaction mixture was diluted with water to make a 0.04
M solution which was then applied to a 1000-ml DEAE-cel-
lulose column. The column was washed with water until
free of pyridine. Low molecular weight oligomers po-
ly(pT)<s, ca. 80% of the condensation product, were eluted
using 0.3 M TEAB whereas the higher molecular weight ol-
igomers (poly(pT)>s, ca. 20%) were eluted with 1 M
TEAB. The low molecular weight nucleotide fractions were
combined, dissolved in absolute pyridine, and again poly-
condensed. The yield from four condensation reactions in-
volving 80 mmol of pT was approximately 64 mmol of po-
ly(pT)«s and 16 mmol of poly(pT)>s. The high molecular
weight nucleotides were combined (140000 A»6¢ units), dis-
solved in absolute pyridine, treated with acetic anhydride in
order to cleave pyrophosphate derivatives, and finally puri-
fied by chromatography on 1000 ml of DEAE-cellulose.
The column was washed with 0.3 M TEAB to remove low
molecular weight compounds and then eluted using a linear
gradient (5 1. of 0.3 M TEAB in the mixing vessel, 5 1. of
1.0 M TEAB in the reservoir). poly(pT)>7 (37000 A0
units) fractions were combined and the TEAB was re-
moved, taken up in absolute pyridine and acetylated in the
3’ position using acetic anhydride, and finally precipitated
from ether. One obtains after drying, 1.5 g of poly(p-
T(Ac))>7 which was condensed on to PVOH.

Synthesis of PV(pT),. Powdered, dried PVOH (300 mg)
was added to 10 ml of dry HMPT under stirring and dis-
solved upon warming and then 10 ml of pyridine was added.
Dry poly(pT(Ac))>7 (1.4 g) was suspended in 10 ml of dry
pyridine, 600 mg of TPS (2 mmol) was added, and the solu-
tion was slowly added under anhydrous conditions to the
warm polymer solution during 30 min.

After shaking for 3 hr at room temperature, the highly
viscous reaction mixture was diluted with a mixture of 8 ml
of HMPT and 10 m! of pyridine, allowed to condense for a
further 12 hr, and finally precipitated from ether. The cen-
trifuged precipitate was dissolved in lukewarm water and
the acetate protecting group removed through the addition
of 2 ml of concentrated NH,OH. After 12 hr the reaction
mixture was neutralized with carbon dioxide.

Loading and Preparation of DEAE-Cellulose with
PV(pT),. Preswelled DEAE-cellulose (100 ml) was slowly
added to the neutral PV(pT), solution under stirring at
room temperature. The suspension was stirred for a further
4 hr, poured into a chromatography column, and then
washed free from pyridine with 0.04 A TEAB-20% metha-
nol. The low molecular weight compounds were eluted
using a linear TEAB gradient (2 |. of 0.04 M TEAB in the
mixing vessel, 2 1. of 0.7 M TEAB in the reservoir). The
column was washed with water to remove TEAB and then
with 0.5 M NaCl buffer at 60°C until the extinction of the
eluate decreased below 0.2 A»e unit. Approximately 8000
Az60 units of PV(pT), of the original ca. 30000 units of po-
ly(pT)>7 used in the condensation reaction with PVOH re-
mained irreversibly bound.

Preparation of the DEAE-Cellulose Column. The com-
mercial DEAE-cellulose was treated according to the man-
ufacturer’s instructions and after filling in the chromatog-
raphy column was equilibrated with 0.5 M NaCl-0.01 M
Na,;HPO, buffer (pH 6.8).

Chromatography. Glass columns (30 X 2 cm) containing
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FIGURE 1: Template chromatography of a mixture of Trp, Trp-Trp,
Leu-Trp-Leu, Ala-Trp-Trp, Trp-Trp-Ala, and Ala-Trp-Trp-Leu-Ala-
Gln-Ser(O-t-Bu) in 0.5 M NaCl-0.01 M Na,HPOQO, buffer on
PV(pT).-DEAE-cellulose at 0°C (- - -, 25°C). Column size: 23 X 2
cm; fractions of 20 ml/hr were collected. Both elution profiles were au-
tomatically recorded at 280 nm using a LKB-Uvicord II unit. The
characterization of the peak fractions is summarized in Table I.
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FIGURE 2: Template chromatography of a mixture of Trp, Trp-Trp,
Trp-Trp-Trp, Tyr, Tyr-Tyr, and Tyr-Tyr-Tyr in 0.5 M NaCl-0.01 M
NasHPO; buffer on PV(pT),-DEAE-cellulose at 0°C (---, 25°C).
Column size: 23 X 2 cm; fractions of 20 ml/hr were collected. Both
elution profiles were automatically recorded at 280 nm using a LKB-
Uvicord II unit. The characterization of the peak fractions is summa-
rized in Table 1.

a sintered glass disc (D 1) and having a cooling jacket were
used for the column chromatography. Between 8 and 120
wmol of each substance was dissolved in 1-10 ml of the elu-
tion buffer (0.5 M NaCl-0.01 M Na,HPO, (pH 6.8)) and
applied to the column. Occassionally methanol was added
to dissolve the substance. The water in the jacket surround-
ing the column was kept constant at the predetermined tem-
perature (Haake thermostat) during the elution procedure
(hydrostatic pressure).

The elution profiles were measured automatically at 280
nm (LKB Uvicord II) and plotted simultaneously (Figures
1-3). The components within the various peaks were identi-
fied via their characteristic extinction values 250/260,
280/260, and 290/260 (Zeiss, PMQ II photometer) or by
using paper chromatography. The composition of the vari-
ous peaks is summarized in Table I.

Results and Discussion

Both the polysaccharide matrix and the immobilized
thymidylic acid residues play a part in the retention of the
compounds when chromatographed on oligonucleotide-
DEAE-cellulose. Ion-exchange action can be neglected be-
cause the active sites are completely blocked by the poly-
mer-bound oligonucleotides and furthermore the high salt
concentration of the elution buffer completely nullifies the
ion-exchange properties of the DEAE-cellulose. The sub-
stances and mixtures were chromatographed under identi-
cal conditions on both DEAE-cellulose and PV(pT),-
DEAE-cellulose in order to determine the magnitudes of
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FIGURE 3: Template chromatography of a mixture of d(pT-T-T-T),
d(pA-A-A), d(pA-A-A), Tyr-Tyr-Tyr, Trp-Trp, and Trp-Trp-Trp in
0.5 M NaCl-0.01 M Na,HPO, buffer on PV(pT),-DEAE-cellulose at
0°C. The dotted line shows the elution profile obtained when the same
mixture is chromatographed under the same conditions on DEAE-cel-
lulose. Insert: Elution profile obtained upon rechromatography of the
fractions comprising peak A’ in Figure 3, on PV(pT),-DEAE-cellulose
at 37°C and otherwise identical conditions. Column size: 23 X 2 cm;
fractions of 20 ml/hr were collected. All elution profiles were atuoma-
tically recorded at 280 nm using a LKB-Uvicord II unit. The charac-
terization of the peak fractions is summarized in Table [,

Table I: Characterization of the Peak Fractions in Figures 1-3. .

Figure Peak
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the peptide-oligonucleotide and peptide-polysaccharide in-
teractions, respectively. If the retention on the oligonucleo-
tide-DEAE-cellulose is larger than on the DEAE-cellulose,
then assuming additivity, the difference between these two
values is a quantitative measurement of the peptide-nucleo-
tide interaction. Alanine undergoes no measurable retention
on the column and, therefore, in order to eliminate addi-
tional column parameters, all elution volumes are expressed
in terms of the elution volume of alanine. The relative elu-
tion volume (V;) is obtained from the ratio between the elu-
tion volume found for a particular substance and that of al-
anine, viz., ¥; = Vobsd/Vala. The peptide-oligonucleotide
interaction is given by the difference in the relative elution
volumes (AV;) obtained through chromatography on both
columns. The chromatographic data obtained for various
amino acids and synthetic peptides are summarized in
Table II, whereby the V¥, values show a maximum error of
+2%.

Alanine and all nonaromatic amino acids do not measu-
rably interact with the stationary phase and thus have the
5543
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Table 11: Chromatographic Data of Amino Acids and Synthetic
Peptides on PV(pT),,-DEAE- and DEAE-Cellulose Columns. 4

Elution Volume

Elu- sEAE- PV(PT),-DEAE-
tion Cellulose Cellulose
Components of the Temp ——— = __ 7777
Mobile Phase (°C) ml r ml Ve Ly
Ala and all non- 0 S6 1.00 60 1.00 GO
aromatic amino acids 20 58 1.00 60 1.00 0.0
Phe 0 60 1.07 67 1.12 0.05:0.04
Tyr 0 67 1.20 75 1.25 0.05+0.04
20 65 1.12 70 1.17 0.05:0.04
Trp 0 80 143 92 1.53 0.10x0.06
20 75 1.29 85 1.42 0.13:0.05
Trp-Ala 0 77 137 90 1.50 0.13+0.05
20 80 1.38 87 1.45 0.07 +0.05
Trp-Tyr 0 106 1.89 120 2.00 0.11 +0.07
Trp-Leu-Ala-Glin- 0 74 1.32 80 1.33 0.0l £0.03
Ser (O-¢-Bu)
Leu-Trp-Leu 0 77 138 87 145 0.07 +0.05
Tyr-Tyr 0 78 1.39 102 1.70 0.31 £+0.05
Trp-Trp 0 163 291 212 3.53 0.62:0.13
20 149 2.57 180 3.00 0.43:0.09
37 144 248 175 292 0.44+0.10
Trp-Trp-Ala 0 140 250 180 3.00 0.50:0.11
Ala-Trp-Trp 0 143 2.55 185 3.08 0.53:0.09
pGlu-Trp-Trp-NH, 0 174 3.10 201 3.35 0.25+0.14
Ala-Trp-Trp-Leu- 0 110 1.97 136 2.27 0.30:0.08
Ala-Gln-Ser(O-1-Bu)
Phe-Gly-Phe-Gly 0 65 1.16 75 1.24 0.08 +0.07
Phe-Phe-Phe 0 63 1.12 70 1.17 0.05:0.04
Tyr-Tyr-Tyr 0 110 196 142 2.37 0.41 +0.09
37 99 1.70 120  2.00 0.30+0.06
Trp-Trp-Trp 0 480 8.58 715 11.92 3.35:0.48

37 382 6.59 SO0 8.33 1.74:0.8

aColumn size in both cases: 23 X 2 cm.

values ¥, = 1.0 and AV, = 0. However, all the aromatic
amino acids and the synthetic peptides containing aromatic
amino acid residues have V; values significantly larger than
1.0. Thus these compounds interact with the stationary
phase to a greater or lesser extent. The retention of the
amino acids phenylalanine and tyrosine is almost totally
due to interaction with the polysaccharide portion of the
stationary phase because the corresponding AV, values are
not significantly larger than zero.

Tryptophan undergoes the greatest retardation of all the
naturally occurring amino acids. This retardation is mainly
the result of a very strong interaction with the cellulose ma-
trix (V; = 1.43) which is only slightly, but significantly in-
creased by the tryptophan-oligonucleotide interaction, AV,
= 0.1. This weak peptide-oligonucleotide interaction can
also be observed for the following peptides which all contain
one tryptophan residue: Trp-Tyr, Trp-Ala, and Leu-Trp-
Leu. The peptide-nucleotide interaction of trpytephan pep-
tides decreases and rapidly approaches zero as the number
of nonaromatic amino acid residues in the molecule in-
creases. Thus, the pentapeptide Trp-Leu-Ala-Gln-Ser(O-t-
Bu) which contains four nonaromatic amino acid residues
shows no measurable affinity for oligonucleotides. Further-
more, the position of the tryptophan within the peptide does
not influence the retention in any way. It may thus be con-
cluded that interaction with oligonucleotides can also take
place when the tryptophan is in the middle of the peptide
chain.

If the number of tryptophan or tyrosine residues in a par-
ticular peptide increases so does the retention. On the other
hand, an increase in the number of phenylalanine residues
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in the peptide causes no increase in the retention. Thus the
AV, values for phenylalanine and Phe-Phe-Phe are identi-
cal, namely 0.05 + 0.04. On the other hand, the AV, value
for the homopolymers of tyrosine increases considerably in
going from the monomer to the trimer thus, 0.05 + 0.04
(Tyr), 0.31 + 0.05 (Tyr-Tyr), and 0.41 £ 0.09 (Tyr~Tyr-
Tyr). As can be seen, the interaction does not increase lin-
early for each new tyrosine residue. The tryptophan oligom-
ers undergo an even greater interaction with the stationary
phase than the corresponding tyrosine oligomers. The V.
value for tryptophan increases from 1.53 to 3.53 in going to
Trp-Trp and reaches the unexpectedly high value of 11.92
for Trp-Trp-Trp. The extremely large retention shown by
Trp-Trp-Trp on PV(pT),-DEAE-cellulose is mainly (ca.
2/3, V, = 8.58) due to interaction with the polysaccharide
portion of the stationary phase. The interaction with the im-
mobilized oligodeoxythymidylic acid amounts to approxi-
mately one-third of the total interaction (AV, = 3.35). The
AV, values increase from 0.10 £ 0.06 for Trp to 0.62 +
0.13 for Trp-Trp and reach the value of 3.35 + 0.48 for
Trp-Trp-Trp. Thus one can say that each new tryptophan
residue causes an approximate sixfold increase in the AV,
values (0.10:0.62:3.35). This multiplicative increase is in-
dicative of a cooperative effect which is known to occur in
the base pairing of complementary oligonucleotides, but is
up till now unknown for peptide-nucleotide interactions.

The AV, values of those peptides which contain nonaro-
matic amino acid residues in addition to the Trp-Trp se-
quence are smaller than the value for the homopolymer it-
self. Thus, the AV, value decreases from 0.62 to 0.50 in
going from Trp-Trp to Trp-Trp-Ala. Similarly pGlu-Trp-
Trp-NH; has a AV, value some 50% smaller than that of
Trp-Trp. This tryptophan peptide has also only one nonaro-
matic amino acid but due to the missing ionic charge at
both ends, is similar to a Trp-Trp segment in a peptide
chain. A similar environment for the tryptophan residues is
present in the model peptide Ala-Trp-Trp-Leu-Ala-Gln-
Ser(0--Bu) and the AV, value of 0.30 corresponds closely
with that of pGlu-Trp-Trp-NH;. The interaction of all the
amino acids and peptides investigated decreases as expected
upon raising the temperature. This is due to the fact that
the hydrogen bonding and stacking effect which bring
about the interaction become weaker with increasing tem-
perature. This temperature effect is especially noticeable
with the homopolymers of tryptophan whereas it lies within
the tolerance limits in the case of tyrosine and tryptophan
peptides.

The strong interaction of tryptophan is drastically weak-
ened through the presence of nonaromatic amino acid resi-
dues in the peptide. Thus, peptides with statistically distrib-
uted tryptophan and tyrosine residues should not be expect-
ed to interact with oligonucleotides. This assumption is
based on the results of the template chromatographical in-
vestigations on tryptophan-containing, naturally occurring
proteins on PV(pT),-DEAE-cellulose. The chromatograph-
ic data are summarized in Table 111

The V., values for the water-soluble enzymes lysozyme
and chymotrypsinogen, both of which contain a relatively
high percentage of tryptophan, are smaller than 1.0, thus
indicating that these substances undergo partial exclusion
from the matrix. It can be tentatively concluded from the
AV, values that lysozyme undergoes slight interaction with
the immobilized oligonucleotides whereas chymotrypsino-
gen is not retarded at all. The antibiotic tyrocidin and
gramicidin and also the protein a-lactalbumin show a poor
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Table I1I: Chromatographic Data of Amino Acids, Synthetic Peptides, and Naturally Occurring Antibiotics and Enzymes on PV(pT),-DEAE-

and DEAE-Cellulose Columns.2

Elution Volumes

Amount of DEAE-Celiulose PV(pT),,-DEAECellulose AV
Tyr and Trp r
Substance in Peptideb Buffer Methanol--Buffer Buffer Methanol~Buffer Methanol—
mg (ml) (%) ml Ve ml Ve ml Ve ml Ve Buffer Buffer
Ala 20 (1) 70 1.00 71 1.00 58 1.00 59 1.00 0.00 0.00
Trp 3 (2) 100 96 1.37 90 1.27 82 141 82 1.39 +0.04 +0.12
Trp-Trp 1 (2) 100 217 3.10 136 191 209 3.60 157 2.66 +0.50:0.13 +0.75
Lysozyme 7 61 0.87 55 0.95 +0.08 £ 0.04
20 (1)
Chymotryp- 5 46 0.66 37 0.64 -0.02 + 0.02
sinogen 10 (1)
Tyrocidin¢ ~10-20 70 1.00 64 1.08 +0.08
7(2)
Gramicidin¢ ~20-25 76 1.07 62 1.05 -0.02
6(2)
a-Lactalbumin 6.5 67 0.94 63 1.07 +0.13
20 (2)

aColumn size in both cases: 23 X 2 cm. b= [(Tyr + Trp)/Z amino acid residues] 100. € Mixtures.

solubility in water and therefore they were chromato-
graphed using a buffer solution containing 50% methanol.
The V; values for tryptophan and Trp-Trp in the methanol-
buffer decreased by ca. 7% for Trp (DEAE-cellulose) and
for Trp-Trp by 38% (DEAE-cellulose) and 26%
((PV(pT),)-DEAE-cellulose).

However, the AV, values underwent a considerable in-
crease in the methanol-buffer mixture when compared with
aqueous buffer. This effect can be explained by assuming
that the influence of the stacking effect which occurs pre-
dominantly on the cellulose matrix is reduced in the metha-
nol-buffer (Cantor et al.,, 1969) whereas hydrogen-bond
formation with the immobilized oligonucleotides increases.
The weak retention found for the naturally occurring pep-
tides and proteins investigated corresponds roughly to that
of tryptophan and thus the differing tryptophan contents
(5-25%) of these compounds play no significant role. These
results are important when considering the peptide-nucleo-
tide interaction of naturally occurring proteins. The large
majority of all the proteins sequenced to date (Dayhof and
Eck, 1968) contain considerably less statistically distributed
tryptophan and tyrosine residues than the peptides and pro-
teins which were chromatographed here. Furthermore such
tryptophan and tyrosine sequences, which as we have shown
interact extremely strongly with oligodeoxythymidylic acid,
are very rare in naturally occurring peptides and proteins.
Thus it is probable that several adjacent tryptophan and ty-
rosine residues are necessary to produce a significant inter-
action between such peptides and oligonucleotides. It is con-
ceivable that tryptophan and tyrosine residues which show a
statistical distribution in the primary structure can never-
theless be close together as a result of the protein’s tertiary
structure.

Most aromatic amino acids tend to be located in the terti-
ary structures of proteins. However there is good evidence
that besides these buried tryptophan residues there are also
exposed tryptophans present in proteins (Williams et al.,
1965). Furthermore it is possible that tryptophan residues
could be exposed by nucleotide sequences according to a
“induced fit” mechanism. Thus, the tertiary structure of the
protein possibly plays a decisive role in the interaction with
oligonucleotides.

Table IV: Chromatographic Data of a Solution of (a) and (b) in 10
ml of 0.5 M NaCl-0.01 M Na,HPO, Buffer on the PV(pT),-DEAE-
Cellulose Column at 0 and 25°C4

Elution Volume on PV(pT),,-DEAE-Cellulose

ml |
Component
mg (umol) 0°C 25°C 0°C 25°C
Mixture a
Trp 24 (120) 82 83 1.37 1.38
Leu-Trp-Leu 82 88 1.37 1.38
52 (120)
Trp-Trp-Ala 164 158 2.73 2.63
14 (30)
Ala-Trp-Trp 164 158 2.73 2.63
14 (30)
Trp-Trp 220 178 3.67 2.97
24 (60)
Ala-Trp-Trp-
Leu-Ala-Gln- Not identified
Ser(0-t-Bu)
15 (16) .
Mixture b
Tyr 13.7 (75) 65 60 1.08 1.00
Tyr-Tyr 92 92 1.53 1.53
14.2 (39)
Tyr-Tyr-Tyr 140 130 2.33 2.17
14.7 (27)
Trp-Trp-Trp 726 496 12.10 8.27
9.4 (15)
Trp 8.3 (40) 92 90 1.53 1.50
Trp-Trp 240 200 4.00 3.33
8.3 (20)

BIOCHEMISTRY, VOL.

aColumn size: 23 X 2 cm.

These results do not give any information on the possible
mutual interaction between peptides containing aromatic
amino acid residues, in a mixture. In order to investigate
this problem which is important for the understanding of
natural systems, we chromatographed mixtures of peptides,
the components of which contained nonaromatic amino
acids and tryptophan residues. Figure 1 shows the elution
profile obtained for the separation of a mixture of Trp,
Trp-Trp, Leu-Trp-Leu, Ala-Trp-Trp, Trp-Trp-Ala, and
Ala-Trp-Trp-Leu-Ala-Gln-Ser(O-t-Bu) on  PV(pT),-
DEAE-cellulose at 0 and 25°C. The chromatographic data
are also summarized in Table IV. The good peak resolution
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Table V: Chromatographic Data of a Solution of d(pT-T-T-T), d(pA-A-A), d(pA-A-A-A), Tyr-Tyr-Tyr, Trp-Trp, and Trp-Trp-Trp in 10 ml of
0.5 M NaCl-0.01 M Na,HPO, Buffer (pH 6.8) on PV(pT),,-DEAE- and DEAE-Cellulose Columns.@

Elution Volumes

PV(pT),,-DEAE-Cellulose

DEAE-Cellulose

Component in o o o Vedi-ne Ve(11-111)e
Solution 0cC 0¢ N AV,(1D100d/ AP (IHI1)1004/
mg (umol) ml vl ml vl ml VIl VoI VIl
d(PT-T-T-T) 65 1.16 80 133 80 1.33 0.17 (12.8) 0(0)
15 (12) 65 1.16 75b 1.25 756 125 0.09 (7.2) 0(0)
A(pA-A-A) 65 1.16 240 4.00 180 3.00 2.84 (71.0) 1.00 (25)
6 (6) 65b 1116 2206 367 1905 317 2.50 (68.1) 0.50 (13.6)
d(pA-A-A-A) 65 1.16 375 6.25 256 4.27 5.09 (81.4) 1.98 (31.7)
8 (6) 655 1.16 3300 550 265b 4.42 4.34 (78.9) 1.08 (19.6)
Tyr-Tyr-Tyr 110 1.96 140 2.33 130 217 0.37 (15.9) 0.16 (6.9)
7 (14) 110 1.96 1425 2.37 1206 2.00 0.41 (17.3) 0.37 (16.0)
Trp-Trp 175 313 240 4.00 180 3.00 0.87 (21.8) 1.00 (25)
4 (10) 1635 2.91 212b 3.53 175b 2.92 0.62 (17.5) 0.61 (17.3)
Trp-Trp-Tep 520 9.29 650 10.83 430 7.17 154 (14.2) 3.65 (33.8)
18 (30) 4800 8.58 715b 11.92 5000 8.33 3135 (28.1) 359 (30.1)

2Column size: 23 X 2 cm. b Value for pure material. ¢ Contribution of immobilized oligodeoxythymidylic acid toward the total interaction

with the PV (pT),,-DEAE-cellulose matrix. d Asin ¢ in %. € Amount of passible hydrogen bonds involved in the interaction with the im-

mobilized oligonucleotides.

indicates that the components of the mobile phase interact
to differing extents with the stationary phase. As expected,
the degree of interaction increases as the number of trypto-
phan residues in the peptide increases whereas an increase
in the elution temperature causes a decrease in the interac-
tion (Figure 1). The interaction between the stationary
phase and the components in the mixture is in almost all
cases approximately 10% weaker than when the individual
components are chromatographed alone. The only excep-
tion is Trp-Trp which undergoes identical retardation in the
mixture as when chromatographed alone. A distinct mutual
interaction between the components of the mixture which
would lead to a more striking difference in the chromato-
graphic behavior could not be detected even in the following
example. Thus, a mixture of the homopolymers of trypto-
phan and tyrosine was chromatographed on PV(pT),-
DEAE-cellulose. These compounds show the strongest in-
teraction with the stationary phase of all the peptides inves-
tigated and it is therefore possible that they can associate
with each other in solution. Figure 2 shows the elution pro-
file obtained for the separation of the mixture containing
Trp, Trp-Trp, Trp-Trp-Trp, Tyr, Tyr-Tyr, and Tyr-Tyr-Tyr
on PV(pT),-DEAE-cellulose at 0 and 25°C. The chroma-
tographic data are summarized in Table IV. As in the first
example, the good peak resolution shows that the compo-
nents of the mobile phase interact to differing extents with
the stationary phase. Furthermore the interaction shows a
significant temperature dependency as can be seen from the
elution profiles at 0 and 25°C. This temperature effect is
especially noticeable with Trp-Trp and Trp-Trp-Trp for
which the elution volume in both cases is some 30% smaller
at 25°C than that at 0°C. Tyrosine and Tyr-Tyr undergo
an approximate 10% weaker retardation in the mixture than
when chromatographed as single components. The V;
values obtained for tryptophan, Trp-Trp-Trp, and Tyr-Tyr-
Tyr in the mixture correspond to those obtained when chro-
matographed alone. On the other hand, Trp-Trp is retarded
more strongly (ca. 14%, V; = 4.00) than in the correspond-
ing single component system (¥, = 3.53). This increase in
the retention is possible due to aggregation formation be-
tween Trp-Trp units although this still has to be unequivo-
cably proved. The results obtained from the multicompo-
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nent systems are in good agreement with those for individu-
al components and show that mutual interaction between
aromatic amino acids is if at all, then considerably smaller,
than the peptide-oligonucleotide interaction.

As we have shown, peptides which contain tyrosine and
tryptophan residues can interact via these amino acids with
oligodeoxythymidylic acid. The degree and extent of the in-
teraction depend upon the number and the spacial arrange-
ment of these residues within the peptide. Thus, one ob-
serves especially large interactions when these aromatic
amino acids occur blockwise and are not statistically dis-
tributed within the peptide. The interaction between the im-
mobilized oligodeoxythymidylic acid and Tyr-Tyr-Tyr and
Trp-Trp-Trp clearly show that the monomer units in the ho-
mopolymers participate in the interaction in a multiplicate
and not an additive manner, analogous to the interaction
between complementary oligonucleotides. At this stage the
question arose as to whether the strengths of interaction of
small peptides and base-paired, complementary oligonu-
cleotides are comparable. This comparison is very impor-
tant for the understanding of the peptide-nucleotide inter-
action and we therefore chromatographed a mixture of
tryptophan-containing peptides and oligodeoxyadenylic
acid on PV(pT),-DEAE-cellulose in an attempt to clarify
the situation.

Figure 3 shows the elution profiles obtained for the chro-
matography of a mixture of d(pT-T-T-T), d(pA-A-A),
d(pA-A-A-A), Tyr-Tyr-Tyr, Trp-Trp, and Trp-Trp-Trp on
PV(pT),-DEAE- and DEAE-cellulose at 0°C. The chro-
matographic data are summarized in Table V. The good
peak resolution obtained indicates once more that the com-
ponents of the mobile phase interact to a greater extent with
the stationary phase than with themselves. In addition, the
resolution obtained on the PV(pT),-DEAE-cellulose is con-
siderably better than that on the DEAE-cellulose, thereby
confirming that the immobilized oligodeoxythymidylic acid
residues play an important role in the interaction. By com-
paring the V; values of the mixture with those of the pure
substances it must be concluded that the homologues of
tryptophan and tyrosine probably interact with each other
and also with the additional components of the mixture.
The V, values of the oligonucleotides and of Tyr-Tyr-Tyr on
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DEAE-cellulose remain unaltered in the mixture compared
with the corresponding single component values. However,
the V. values for the tryptophan oligomers are some 7%
larger in the multicomponent system than the values for the
pure substances. These variations are even more noticeable
on the PV(pT),-DEAE-cellulose. Thus the V; values of all
the oligonucleotides in the multicomponent system at 0°C
are between 7-13% higher than the single component
values. On the other hand, the ¥, value for Trp-Trp-Trp is
some 9% smaller.

These significant differences in the elution volumes can
be explained by postulating that the components of the mo-
bile phase form some type of aggregate species via hydro-
gen bonding and/or stacking effects. This postulate is sup-
ported by the results obtained by performing the chromato-
graphic separation at 37°C. Thus, the V; values of the indi-
vidual components of the mixture apart from Trp-Trp-Trp,
are only slightly different (max. 5%) than the values ob-
tained by chromatographing the pure substances separately.
Furthermore the components d(pA-A-A) and d(pA-A-A-
A) are eluted earlier in the mixture than they are when
chromatographed alone. This shows that the secondary
forces are partially destroyed through warming to 37°C.

The increased retention of the tryptophan oligomers on
the DEAE-cellulose can thus be explained through the for-
mation of aggregates in solution. Such aggregates should
show a greater tendency to interact with the cellulose ma-
trix so that Trp-Trp and also Trp-Trp-Trp undergo stronger
retardation in the mixture than the individual substances
alone. Presumably peptide-oligonucleotide complexes are
also formed in solution which will interact with the immo-
bilized oligodeoxythymidylic acid to differing extents.
Thereby, the weaker binding components of the peptide-
nucleotide complexes (oligodeoxyadenylic acid and Trp-
Trp) are eluted later and the strongly binding component
(Trp-Trp-Trp) earlier than in the single component sys-
tems. Tyr-Tyr-Tyr apparently plays no part in this interac-
tion since its V; values does not differ significantly from the
value in the single component system.

The strength of the peptide-oligonucleotide and the olig-
onucleotide-oligonucleotide interactions can be estimated
in a semiquantitative manner from the ¥ values in Table
V. The V; values at 0°C on PV(pT),-DEAE-cellulose are
directly proportional to the strength of the interaction. All
the secondary forces such as base stacking and hydrogen
bonding which occur between the components of the mobile
phase and both the cellulose matrix and the immobilized ol-
igonucleotide are included in the V11 value. That portion of
the total interaction, due to the immobilized oligonucleo-
tides is approximately equivalent to the difference between
V.II and V.I. The relative retention of a compound on
DEAE-cellulose (V.I) increases on the PV(pT),-DEAE-
cellulose (V,I1) by that amount due to the contribution of
the immobilized oligodeoxythymidylic acid residues.

A comparison of the AV (II-I) values in percent shows
that peptides and oligonucleotides have completely different
affinities toward the stationary phase. Thus, 70-80% of the
total interaction of the oligodeoxyadenylic acid occurs via
the immobilized, complementary oligodeoxythymidylic
acid, whereas only 14-28% of the interaction of the non-
complementary oligodeoxythymidylic acid and peptides oc-
curs via the immobilized nucleotides. The aromatic peptides
and the noncomplementary nucleotides exhibit a much
greater affinity for the cellulose matrix than for the immo-
bilized nucleotides.
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Complementary tri- and tetranucleotides do not form in-
termolecular hydrogen bonds at 37°C and consequently the
retention suffered by these compounds at 37°C (¥, III) is
presumably due to base stacking. Thus the difference V,II
— V,III corresponds approximately to that portion of the
total interaction due to hydrogen-bond formation.

The AV(II-III) values show that all the components
form hydrogen bonds to a grater or lesser extent with the
PV(pT),-DEAE-cellulose, apart from oligodeoxythymidyl-
ic acid which forms none.

That portion of the total interaction due to hydrogen
bond formation is approximately 25% in the case of d(pA-
A-A) and increases to 32% for d(pA-A-A-A).

The values obtained from the multicomponent systems
indicate that peptide-nucleotide interaction occurs in the
mobile phase. Thus the interaction of oligodeoxyadenylic
acid and of Trp-Trp is twice as large in the mixture than in
the single component systems whereas the value for Tyr-
Tyr-Tyr is only half as large.

Trp-Trp-Trp shows the greatest tendency of all to form
hydrogen bonds and this seems unaffected by the presence
of other components in the mobile phase. Thus this tenden-
cy shown by Trp-Trp-Trp is some 3.5 times greater than
that for d(pA-A-A) and 1.80 times greater than d(pA-A-
A-A). The contribution in percent toward the total interac-
tion due to hydrogen bonds is roughly the same for d(pA-
A-A) and Trp-Trp; furthermore the values for d(pA-A-A-
A) and Trp-Trp-Trp are very similar. However, for all the
compounds investigated here, the hydrogen-bond formation
accounts for maximally 30% of the total interaction. Conse-
quently, base stacking plays the most important role in the
retention on PV(pT),-DEAE-cellulose.

The results of the template chromatography show that at
low temperatures and also under physiological conditions
(37°C, salt buffer), tryptophan peptides and low molecular
weight oligonucleotides interact with each other via hydro-
gen-bond formation and with other compounds via base
stacking. Thus, due to base stacking, tryptophan peptides
have an extremely high affinity for the cellulose matrix.
Oligonucleotides also interact via base stacking but do so
preferably with the immobilized oligonucleotides and not
with the cellulose matrix. As a result of the different mech-
anism involved, it is conceivable that tryptophan peptides
induce interactions between oligonucleotides and other sub-
stances which normally, in the absence of such peptides, are
not possible. Such a mechanism could possibly regulate mo-
lecular biological processes.
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Endonuclease 11 of Escherichia coli: DNA Reacted with
7-Bromomethyl-12-methylbenz[a]anthracene as a Substrate’

Dollie M. Kirtikar, Anthony Dipple,’ and David A. Goldthwait*$

ABSTRACT: An endonuclease II preparation from Esche-
richia coli makes single-strand breaks in DNA which has
been treated with the carcinogen 7-bromomethyl-12-meth-
ylbenz[a]anthracene. In addition, the enzyme preparation
excises  N®-(12-methylbenz[a]anthracenyl-7-methyl)ade-

Endonuclease Il is an enzyme from Escherichia coli
which hydrolyzes phosphodiester bonds in DNA treated
with alkylating agents such as methyl methanesulfonate
(Friedberg and Goldthwait, 1968; Friedberg et al., 1969),
dimethyl sulfate, and N-methyl-N-nitrosourea (Kirtikar
and Goldthwait, 1974), as well as in DNA exposed to v ir-
radiation (Kirtikar et al., 1975). This activity has been pu-
rified 1600-fold (Hadi et al., 1973). In this partially puri-
fied preparation of endonuclease II, there is an activity
which recognizes depurinated and depurinated reduced
DNA (Hadi and Goldthwait, 1971) and this activity was
originally considered to be the same enzyme as that active
on alkylated DNA. Since then the activities have been sepa-
rated as will be noted in the Results and Discussion sec-
tions.

This 1600-fold purified enzyme preparation is also active
on DNA treated with the polycyclic aromatic carcinogen
7-bromomethyl-12-methylbenz[a]anthracene. This carcino-
gen reacts with the amino groups of the bases in DNA both
in vitro and in vivo (Rayman and Dipple, 1973a,b). It is a
potent carcinogen in several animal test systems (Dipple
and Slade, 1970, 1971; Roe et al., 1972), it exhibits muta-
genic and cytotoxic effects in mammalian cells (Huberman
et al., 1971; Duncan and Brookes, 1973) and bacterial sys-
tems (Maher et al.,, 1974), and it is toxic to bacteriophage
(Dipple and Shooter, 1974). The enzyme preparation
makes phosphodiester breaks in DNA treated with this car-
cinogen and also releases derivatives of the purine bases.
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nine and ANZ2-(12-methylbenz[a]anthracenyl-7-methyl)gu-
anine residues from the DNA. These are released as the
modified purine bases, not as purine nucleoside derivatives.
The rate of release of the adenine derivative is three to four
times that of the guanine derivative.

Materials and Methods

Radioactive Materials. 7-Bromo['4C]methyl-12-methyl-
benz[a]anthracene (specific radioactivity 5.6 Ci/mol) and
[*H]-7-bromomethyl-12-methylbenz[a]anthracene (specif-
ic radioactivity 725 Ci/mol) were prepared as previously
described (Rayman and Dipple, 1973a). [*H]Thymidine-
and [*H]purine-labeled T; DNA were prepared as de-
scribed previously (Kirtikar et al., 1975). [*H]Thymidine-
labeled T4 DNA was prepared according to procedures of
Melgar and Goldthwait (1968).

Modified DNA Samples. Treatment of various DNA
samples with hydrocarbon was carried out under the reac-
tion conditions described by Rayman and Dipple (1973a).
Samples of both T; and commercial salmon sperm DNAs,
reacted with [3H].7-bromomethyl-12-methylbenz[a]an-
thracene [0.44 mmol of hydrocarbon per mol of DNA-P for
T7 DNA and 1.2 mmol of hydrocarbon per mol of DNA-P
for salmon sperm DNA] were prepared. Salmon sperm
DNA was also reacted with 7-bromo['“C]methyl-12-meth-
ylbenz[q]anthracene to give DNA with specific activity of
0.23 uCi/mmol of DNA nucleotide. [*H]Purine-labeled T,
DNA (specific activity 1960 cpm/nmol of DNA nucleo-
tide) was reacted with unlabeled 7-bromomethyl-12-meth-
ylbenz[a]anthracene at a hydrocarbon to DNA nucleotide
ratio of 1:10, Other DNA samples used as substrates were
prepared according to published procedures. [*H]Purine-
labeled T7 DNA was treated with methyl methanesulfonate
(Friedberg and Goldthwait, 1968) at a drug to DNA nucle-
otide ratio of 10:1 and the same labeled DNA was used to
prepare depurinated reduced DNA by the procedures de-
scribed by Hadi and Goldthwait (1971). [*H]Purine-la-
beled T; DNA was exposed to 22.5 krad of vy irradiation
from a ¢°Co source (Kirtikar et al., 1975). [*H] Thymidine-
labeled T4 DNA was irradiated with approximately 200
ergs/mm?, a dose which should introduce approximately 60
dimers into each DNA molecule (P. Kuebler and D.
Schlaes, unpublished results).



