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Interaction of Aromatic Residues of Proteins with Nucleic
Acids. Circular Dichroism Studies of the Binding of

Oligopeptides to Poly(adenylic acid)*

Maurice Durand, Jean-Claude Maurizot, Hanna N. Borazan, and Claude Héléne*

ABSTRACT: The binding of peptides containing lysyl and
aromatic residues to poly(A) in its single-stranded form at
pH 7 leads to a change of its circular dichroism (CD) spec-
trum, which is mainly due to the stacking of the aromatic
amino acid with the bases of poly(A). Comparison is made
between the binding of peptides having different primary
structures which gives indications on the way the peptides
bind to poly(A). A method is described which allows the

In previous papers we have shown that aromatic amines
could interact with poly(A) to form stacked complexes with
adenine bases (Héléne et al., 1971a,b; Durand et al., 1975).
This leads to an unstacking of the adenine bases of poly(A)
as shown by the change in the circular dichroism (CD)
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calculation of the binding parameters from CD data. The
magnitude of the association constant depends on the size of
the aromatic ring and decreases in the order tryptophan >
tyrosine > phenylalanine. The CD amplitude decreases lin-
early with the concentration of bound molecules. These re-
sults are discussed with respect to the role played by aro-
matic amino acids in complex formation between nucleic
acids and proteins.

spectrum, as well as in the proton magnetic resonance
(pmr) spectrum of poly(A) (Héléne et al., 1971a,b; Razka
and Mandel, 1971). This study has been extended to oligo-
peptides containing aromatic residues. Attention has been
focused on peptides whose general formula is Lys-X-Lys,
where X is tryptophan, tyrosine, phenylalanine, and, for
comparison, alanine. At neutral pH, these peptides bear
three positive and one negative charge, so that we can ex-
pect that the binding to poly(A) will be enhanced as com-
pared to the aromatic amines as long as it depends on elec-
trostatic forces. Furthermore, due to the increase of the
binding constant, it has been possible to obtain a better
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FIGURE 1. CD spectra of the peptides Lys-X-Lys at 1°, pH 7 (note
that on the right part of the figure the scale is expanded 50-fold): (-—)
Lys-Tyr-Lys; (---) Lys-Phe-Lys; (-++) Lys-Trp-Lys: (---) Lys-Ala-
Lys.

quantitative analysis of the binding process. We have also
studied the effect on the poly(A) CD spectrum of peptides
having different primary structures (Lys-TyrNH,, Ala-
TyrNH,, Tyr-Lys, etc.) in order to get a better under-
standing of the mechanism of interaction. Different physi-
cal methods have been used to investigate the binding of the
oligopeptides to poly(A). We present here the results of our
CD studies. Proton magnetic resonance results are pub-
lished elsewhere (Héléne and Dimicoli, 1972; Dimicoli and
Héléne, 1974a,b) and fluorescence results are presented in
the accompanying paper (Brun ef al., 1975).

Experimental Methods

L-Lysyl-L-tyrosinamide (Lys-TyrNH,), glycyl-L-trypto-
phan (Gly-Trp), L-tryptophanamide.(TrpNH3), L-tyrosina-
mide (TyrNHa,), L-tryptophanglycinamide (Trp-GlyNH3),
and L-alanyl-L-tyrosinamide (Ala-TyrNH,) were pur-
chased from Cyclo Chemical. L-Lysyl-L-tryptophyl-L-lysine
(Lys-Trp-Lys), L-lysyl-L-tyrosyl-L-lysine (Lys-Tyr-Lys),
L-tryptophylglycine  (Trp-Gly),  L-tryptophyl-L-lysine
(Trp-Lys), L-tyrosylglycine (Tyr-Gly), glycyl-L-tyrosine
(Gly-Tyr), and L-tyrosyl-L-lysine (Tyr-Lys) were pur-
chased from Mann.

L-Lysyl-L-phenylalanyl-L-lysine (Lys-Phe-Lys), L-lysyl-
L-alanyl-L-lysine (Lys-Ala-Lys), L-lysyl-L-O-methyltyro-
syl-L-lysine (Lys-TyrOMe-Lys), L-lysyltryptophan methyl
ester (Lys-TrpOMe), and L-lysyl-L-lysyl-L-tryptophan
methyl ester (Lys-Lys-TrpOMe) were synthesized in our
laboratory by Dr. J. Rossi.

Poly(A) and poly(C) were purchased from Miles. Solu-
tions were made in a buffer containing NaCl (1 mM), sodi-
um cacodylate (1 mM), and EDTA (0.2 mM) at pH 7. In
order to adjust this low ionic strength, poly(A) was exten-
sively dialyzed in the cold room against this buffer.

Circular dichroism (CD) spectra were recorded with a
Roussel Jouan dicrograph in a thermostated quartz cell.

Results

Circular Dichroism of the Peptides. The investigated
peptides have optical activity which may interfere with the
CD of poly(A) in contrast to aromatic amines whose bind-
ing to poly(A) has been described elsewhere (Durand et a/.,
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1975). The CD spectra of the peptides Lys-X-Lys are
shown in Figure 1. These CD spectra may be divided in two
regions. At wavelengths longer than 240 nm, the CD due to
the asymmetrically perturbed aromatic chromophore is
small. For example, the amplitude of the Lys-Tyr-Lys CD
spectrum at the wavelength of its maximum (275 nm) is
200 times smaller than that of poly(A). With Lys-Trp-Lys
the signal is too weak to be detected with our CD instru-
ment. At wavelengths below 240 nm the spectrum is due
not only to the aromatic chromophores but also to the dif-
ferent amide transitions. In this region the amplitude is
larger, and in some cases it may be of a magnitude similar
to that of poly(A). The positions of the different CD bands
observed agree very well with those of small peptides con-
taining similar aromatic residues (for a review see Adler ef
al., 1973).

In order to avoid difficulties due to the optical activity of
the peptide we have limited our measurements to wave-
lengths longer than 240 nm. In this region we have sub-
tracted (if it exists) the contribution of the peptide. It may
be anticipated that this will be justified by the fact that the
changes induced by peptide binding on the poly(A) CD
spectrum are at least one order of magnitude larger than
the CD of the peptide alone (see below). Detailed studies of
the CD of the different peptides will-be published separate-
ly.

Change in the CD Spectrum of Poly(A) Induced by Pep-
tide Binding. Addition of the peptides Lys-X-Lys to
poly(A) induces important changes in the CD spectrum of
this polymer (Figure 2). These changes depend markedly on
the nature of the central residue X. Lys-Ala-Lys induces a
small decrease of the intensity of the positive band and a
weak increase of that of the negative band. With peptides
containing an aromatic residue (Lys-Trp-Lys, Lys-Tyr-Lys,
and Lys-Phe-Lys) there is a large decrease of the amplitude
of the two bands. However, the intensity decrease is larger
for the positive than for the negative band. It should be
noted that there is no marked shift in the wavelengths of the
two maxima. These results differ slightly from those ob-
tained with the aromatic amines (Durand er al., 1975)
which induced similar changes in both the positive and the
negative bands. This is better illustrated in Figure 3 which
shows the difference CD spectra between poly(A) alone and
its equimolar mixture with the peptides. A quantitative
analysis of CD variations will be presented below from
which it can be deduced that in equimolar mixtures the ex-
tent of binding of the different peptides is nearly the same.
With aromatic amines (illustrated in Figure 3 by trypt-
amine) difference spectra are similar in shape to that of
poly(A). This is not the case with Lys-X-Lys when X is an
aromatic residue. Particularly one can notice an increase in
the ratio of the intensities of the positive to the negative
band (Table 1). With Lys-Ala-Lys the difference spectrum
is composed of only one broad band of weak intensity. From
the comparison between these spectra one can assume that
the difference spectrum due to Lys-X-Lys with X aromatic
is composed of two contributions: one similar to that ob-
tained with Lys-Ala-Lys and one similar in shape to the CD
spectrum of poly(A). As shown in Figure 3 the {irst contri-
bution must be small.

[t is clear that the change in the poly(A) CD spectrum is
not due to a circular dichroism induced in the peptide ab-
sorption bands. This would be possible only for peptides
having a chromophore absorbing between 240 and 300 nm.
The similarity of the CD difference spectra for Lys-Tyr-
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FIGURE 2: CD spectra of 5 X 107% M poly(A) in the absence (—) and the presence (- - -) of equimolar concentrations of peptides Lys-X-Lys at pH
7 (10~3 M sodium cacodylate-10~3 M NaCl-2 X 10~ M EDTA), temperature 1°.

Lys, Lys-Phe-Lys, and Lys-Trp-Lys, whose absorption
spectra greatly differ from one another, excludes induced
dichroism in the aromatic amino acid absorption bands as a
major contribution to the change in the CD spectrum. For
the same reason, we can exclude a conformational change
of the peptide as an important contribution to the CD dif-
ference spectra.

One can conclude that the changes observed in the CD
spectrum correspond to a conformational change induced in
poly(A) by peptide binding. In a previous paper (Durand et
al., 1975), we have attributed this conformational change to
the unstacking of poly(A) bases induced by base stacking
with the aromatic ring of the amines. Such an unstacking is
probably induced by the binding of the aromatic peptides as
well, but there is a second contribution to the conformation-
al change which is due to electrostatic binding of the lysyl
residues as shown in the case of Lys-Ala-Lys which gives
only this second type of interaction.

At pH 7, peptides Lys-X-Lys bear three positive charges
(terminal NH3* and two lysyl e«NH;3*) and one negative
charge (terminal COO™). The N-terminal lysyl residue is
similar to a diamine. Several investigations have shown that
diamines interact with polynucleotides (Higushi and Tsu-
boi, 1965; Szer, 1966; Rogers er al., 1967; Gabbay and
Shimshack, 1968; Glaser and Gabbay, 1968). One possibili-
ty is that the conformational change induced by Lys-Ala-
Lys is only due to the binding of the N-terminal lysyl resi-
due to the polynucleotide (as will be shown later, the second
lysine residue is not involved in the binding of the peptide to
poly(A)). In order to test this hypothesis we investigated
the change of the CD spectrum of poly(A) in the presence
of cadaverine (1,5-diaminopentane, NH;*(CH,)sNH3%).
In this compound the two NH3* groups are separated by
the same number of methylene groups as in a lysyl residue.
In an equimolar mixture of this compound with poly(A) a
small decrease of the intensity of the positive band (about
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FIGURE 3: CD spectra difference between poly(A) alone and in the
presence of equimolar concentration of peptides. Same condition as for
Figure 2: (—) Lys-Trp-Lys; (- - -) Lys-Tyr-Lys; (+ - - - - ) Lys-Phe-Lys;
(- --+-) Lys-Ala-Lys; (- - -) tryptamine.

5%) is observed whereas the negative band is not affected.
Addition of lysine methyl ester (LysOMe) induces a similar
change of the CD spectrum of poly(A). These modifications
are very similar to those induced by Lys-Ala-Lys and may
be interpreted as the result of electrostatic binding of these
molecules to poly(A). Such a binding, involving probably
two adjacent phosphate groups, may induce small confor-
mational changes (e.g., tilting or rotation of two adjacent
bases with respect to each other) and give rise to the ob-
served modification of the CD spectrum of poly(A). The
binding of poly(L-lysine) to poly(A) induces a very large
change in its optical rotatory dispersion (ORD) spectrum
(Davidson and Fasman, 1969). Such a large change is not
observed when Lys-Ala-Lys binds to poly(A) (Figure 2).
From the comparison between the changes in CD spectra
induced by the binding of Lys-Ala-Lys and Lys-X-Lys (X
aromatic) it may be concluded that the main effect on the
CD spectrum of poly(A) can be attributed to the aromatic
ring which induces unstacking of the adenine rings. Fluores-
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Table I: Characteristics of the Circular Dichroism Differ-
ence Spectra between Poly(A) and Poly(A)-Peptide
Complexes.®

Poly(A)~
Poly(A)— Poly(A)- Poly(A)— 5-Meth-
Lys- Lys- Lys- oxytrypt-
Poly(A) Trp-Lys Tyr-Lys Phe-Lys amine
Xy 262.5 260 260 259 261
Xy 247.5 245.5 246.5 245 247.5
R 1.43 2 2.66 2.45 1.5

2 )y and Ao are the wavelengths of the maximum of the
positive and negative bands in the difference spectrum,
respectively. R is the ratio between the intensities of the
positive and negative bands in the difference spectrum.
b Values are from the CD spectrum of poly(A) alone.

cence and pmr experiments provide evidence for a stacking
between adenine bases and the aromatic residue of Lys-X-
Lys. Such a stacking induces an unstacking of poly(A)
bases (Dimicoli and Héléne, 1974a,b) in agreement with
the CD results.

In all cases, addition of NaCl reverses the observed de-
crease of the CD spectrum of poly(A), demonstrating the
importance of electrostatic interactions in peptide binding.
It has also been shown by other techniques (fluorescence
and nuclear magnetic resonance (nmr)) that increasing the
ionic strength leads to complex dissociation.

Using the changes of the CD intensity at a given wave-
length it is possible to follow the binding of the peptide to
poly(A). Figure 4 illustrates these binding studies and
shows, for comparison, the curves obtained with trypt-
amine. As the concentration of peptide is increased, the rel-
ative change of the CD amplitude seems to tend toward a
limit, but this limit is not reached in the concentration
range allowed by the absorption of the peptide. As reported
elsewhere for aromatic amines (Durand er a/., 1975) the
size of the ring is an important factor in determining the
magnitude of the observed decrease.

0]
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FIGURE 4: Concentration dependence of the intensity of the CD signal of poly(A) for various peptides. Same conditions as in Figure 2: (¥) Lys-
Alaijs; {.) Lys-Trp-Lys; (%) Lys-Tyr-Lys; (®) Lys-Phe-Lys; (O) tryptamine. X is the ratio of peptide and poly(A) concentrations. The concen-
tration of poly(A) is constant and equal to 5 X 10™* M. The change in CD amplitude is followed at 262.5 nm (a) and at 247.5 nm (b).
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FIGURE 5: pH dependence of Ae/Ae, the relative decrease of the CD
signal, of poly(A) at 262.5 nm alone (3.9 X 10=* M) (M) and in the
presence of Lys-Trp-Lys (4.25 X 1074 M) (O).

Influence of pH. The terminal NH3% group of the inves-
tigated oligopeptides is involved in the binding process as
shown by the pH dependence of complex formation. This
particular NH3* group has a pK value around 8 as deter-
mined by fluorescence (Brun ez al., 1975), nmr (Dimicoli
and Héléne, 1974a,b), and CD measurements. Titration of
an equimolar mixture of poly(A) and Lys-Trp-Lys shows an
increase of the intensity of the CD spectrum when the pH
increases until the value of poly(A) alone is reached (Figure
5). This clearly demonstrates that binding of Lys-Trp-Lys
to poly(A) is greatly reduced when the N-terminal group is
unprotonated. Similar conclusions were obtained from the
pH dependence of the fluorescence and nmr spectra (Brun
et al., 1975; Héléne et al., 1973; Dimicoli and Héléne,
1974a,b).

Influence of the Primary Structure of the Peptide. Vari-
ous peptides containing tryptophan or tyrosine residues with
other different amino acids were studied in order to deter-
mine how the sequence and the nature of these adjacent
residues interfere with the interaction of the phenol or in-
dole ring with the bases of poly(A). We studied the‘binding
to poly(A) of six peptides containing a tryptophyl residue
(Gly-Trp, Trp-Gly, Trp-Lys, TrpNH,, Trp-GlyNH,, and
Lys-Trp-Lys) and of seven peptides containing a tyrosyl
residue (Tyr-Gly, Gly-Tyr, TyrNH,, Ala-TyrNH,, Tyr-
Lys, Lys-TyrNH;, and Lys-Tyr-Lys). As shown in Figure
6, the behavior of the poly(A)-peptide systems is correlated
with the total charge of the peptide. Among the tryptophan-
containing peptides there are clearly three groups of com-
pounds. Gly-Trp and Trp-Gly bear one positive (the NH3;*
terminal) and one negative (the COO~ terminal) charge.
These compounds induce practically no change in the CD
spectrum of poly(A). The second group of peptides has a
total positive charge of one. This may be the result of either
two positive and one negative charge (Trp-Lys) or of only
one positive charge (TrpNH,, Trp-GlyNH,). Lys-Trp-Lys,
which has three positive and one negative charge, gives rise
to a more pronounced effect. We also tried Lys-Lys-
TrpOMe which bears three positive charges. Under our ex-
perimental conditions addition of this peptide to poly(A)
leads to a precipitation when the concentration ratio in-
creases beyond 0.2. Such a phenomenon does correspond to
a strong binding to poly(A). The same conclusions con-
cerning the influence of the total charge of the peptides may
also be reached from a comparison between peptides con-
taining tyrosine residues (Figure 6). Within each group of
peptides containing the same aromatic amino acid and cor-
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FIGURE 6: Variation of the intensity of the CD signal of poly(A) at
262.5 nm, for peptides of different sequences; same conditions as in
Figure 2: (a) (¥) Gly-Trp, (O) Trp-Gly, (@) TrpNH,, (O) Trp-Lys,
(a) Trp-GlyNHj;, (¥) Lys-Trp-Lys; (b) (¥) Tyr-Gly, (O) Gly-Tyr,
(@) Ala-TyrNHj, (&) TyrNHj, (m) Tyr-Lys, (0) Lys-TyrNH;, (&)
Lys-Tyr-Lys.

responding to the same total charge there are small differ-
ences in the effect upon the CD spectrum of poly(A). This
may reflect modifications in the charge distribution in the
peptide structure which may induce changes in the binding
constant to poly(A). This may also result from the fact that
different conformations of the peptides do not aliow the
same overlap of the aromatic ring with adenine bases. These
possibilities are not exclusive and the observed variation
may result from these two contributions.

Figure 6 shows that the binding curve of Lys-Tyr-NH; is
very similar to that of Lys-Tyr-Lys, which might indicate
that the C-terminal lysine residue is not involved in complex
formation with poly(A).

Quantitative Analysis of CD Data. When a ligand binds
to a polymer to form only one type of complex, the same
relative change of the CD amplitude of the polymer (Ae/
Aeg) corresponds to the same degree of saturation. The ratio
of ligand and polymer concentrations that will give the
same value of Ae/Ae¢y will depend on polymer concentration
(Po) according to eq 1, where r is the degree of saturation of

X =r+ C/P, (1)

the polymer (r = Cy/Po), Cr and Cy, being the concentra-
tions of free and bound ligand, respectively.

If several complexes exist in equilibrium, and if the dis-
tribution of bound molecules between the different types of
complexes does not depend on polymer concentration (i.e.,
either cooperativity is not involved for any of the complexes
or, if cooperativity is involved, the same cooperativity pa-
rameter applies to all types of complexes), eq 1 can still be
used with r = Eiri even if one (or more) complex does not

contribute to thé change in the CD spectrum.

The relative decrease of the amplitude of the poly(A) CD
spectrum depends on the concentration of both poly(A) and
peptide. We have shown in the accompanying paper (Brun
et al., 1975) that the binding between poly(A) and peptides
involves the formation of two types of complexes:
poly(A) + free peptide == complex A ? complex B

Kl 2
The above analysis (eq 1) may be applied to such an equi-
librium. Figure 7 shows that plots of x vs. 1/Pg give straight
lines as predicted from eq 1. Values of r and Cr were ob-
tained from such plots. A Scatchard representation was
then used as shown in Figure 7. Our method of calculation
of r and C; will give us a value of r corresponding to the sum
1975 567
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FIGURE 7: Calclulation of the binding parameters for the association
of peptides with poly(A). (Left) Plots of X vs. 1/Pg according toeq 1.
Numbers indicated on the lines correspond to the same relative de-
crease (Ae/Aeg) of the CD amplitude of poly(A) at different concen-
trations. X is the ratio of peptide to poly(A) concentration and Pg is the
concentration of poly(A). (Right) Scatchard analysis for the binding of
the peptides Lys-X-Lys to poly(A): (@) Lys-Trp-Lys; (%) Lys-Tyr-
Lys; (O) Lys-TyrOMe-Lys; (W) Lys-Phe-Lys.

Table II: Binding Parameters for the Association of Pep-
tides to Poly(A).

107K,
Peptide T (°C) (MY a®
Lys-Trp-Lys 2.5 6.6 1.47
19.8 5.0 1.47
Lys-Tyr-Lys 2.5 3.3 1
Lys-Tyr OMe-Lys 2 3.9 1
Lys-Phe-Lys 2.5 2.2 0.73

a g is the slope of the plots of Ae/Aeg vs. r (see eq 2).

of the two complexes A and B. Consequently an apparent
association constant (Kj,p) will be calculated from CD data
which is related to K; and K> by the relationship Kaipp =
Ki(l + K»).

At high values of r, Scatchard plots show a curvature
(see the case of Lys-Trp-Lys in Figure 7). As discussed in
the preceding paper, dealing with fluorescence measure-
ments, this behavior is expected for the binding of a ligand
which covers more than one phosphate group (McGhee and
Von Hippel, 1974). The y-axis intercept corresponds to the
value of the apparent binding constant K,pp, whereas the in-
tercept of the approximately linear initial part of the curve
with the x axis is related to the number n of residues cov-
ered by the peptide by the relationship Finrercept = 1/(2n —
1). This analysis gave us values of n between 3 and 4 for the
different peptides. A peptide bound to poly(A) will thus
cover three to four phosphate groups. It should be noted
that anticooperativity may also contribute to the curvature
of the Scatchard plots, as it can be expected that the bind-
ing constant decreases as binding proceeds due to a de-
crease of the electrostatic potential of the polynucleotide
and to electrostatic repulsion betweén bound peptides.
Values of the apparent binding constants are given in Table
1. These values, as well as the values of n, are in good
agreement with those obtained from fluorescence data
(Brun et al., 1975).

As already observed in the case of aromatic amines (Du-
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FIGURE 8: Relative decrease of the CD amplitude of poly(A) at 262.5
nm (Ae/Aeg) as a function of the degree of saturation (r) of the polynu-
cleotide: (O) S-methoxytryptamine; (%) Lys-TyrOMe-Lys; (O) Lys-
Tyr-Lys; (¥) Lys-Trp-Lys; (@) Lys-Phe-Lys.

rand et al. 1975), the CD amplitude of poly(A) decreases
linearly as a function of r (in the range of r values investi-
gated) according to eq 2 (see Figure 8).

Ae/bdey, = 1 — ar 2)

If several types of complexes are formed and if they give
additive contributions to the conformational changes, eq 2
becomes:

A€
Z_é_o =1 - Zi:airri (3)

The slopes of the straight lines obtained by plotting Ae/
Aeg vs. r are given in Table II. These values can be thought
of as representing the average number of adenine bases
whose contribution to the CD spectrum of poly(A) has been
eliminated per bound peptide. The total effect per bound
Lys-X-Lys peptide decreases in the order Trp > Tyr > Phe.
This order is in agreement with that found with aromatic
amines (Durand et al., 1975).

Discussion and Conclusion

Oligopeptides Lys-X-Lys bind to poly(A) by electrostatic
interactions. This is demonstrated by the effect of the ionic
strength and by pH-titration experiments. As shown by the
comparison between different peptides and by the titration
experiments, the N-terminal lysyl residue is involved and is
probably bound to two adjacent phosphates. This binding
poorly affects the conformation of poly(A) as shown by the
small modification of the CD spectrum induced by the
binding of Lys-Ala-Lys or cadaverine. When X is an aro-
matic residue a second conformational change is superim-
posed due to the stacking of the aromatic amino acid with
adenine bases. Such a stacking does not give rise to a de-
tectable induced CD. Such an induced CD should exist, but
it is difficult to predict its magnitude, which depends on the
orientation and on the magnitude of the different dipole
transition moments. It should be noted that nucleotides cov-
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alently linked to aromatic amino acids (Gromova et al.,
1971) were found to give rise to very small induced optical
activity.

Quantitative analysis of fluorescence data (quantum
yields and lifetimes) has led us to postulate the formation of
two types of complexes in equilibrium. In the first type
(complex A), the peptide Lys-X-Lys is electrostatically
bound to poly(A) but its aromatic ring does not interact
with adenine bases; its fluorescence quantum yield and its
pmr spectrum are identical with that of the free peptide.
This complex should induce only small changes in the CD
spectrum of poly(A). This type of complex is the only one
formed when Lys-Ala-Lys binds to poly(A) and we have
seen above that this binding leads to small conformational
changes. In the second type of complexes (complex B), the
peptide Lys-X-Lys is electrostatically bound to poly(A) and
its aromatic ring interacts with bases. As shown in previous
publications (Montenay-Garestier and Héléne, 1968, 1971;
Héléne et al., 1971b) stacking of aromatic amino acids with
nucleic acid bases leads to a quenching of the amino acid
fluorescence. The pmr spectrum of the amino acid is shifted
toward higher fields (Héléne and Dimicoli, 1972; Dimicoli
and Héléne, 1974a,b). Such a stacking interaction between
adenine and aromatic amino acids should induce a destack-
ing of neighboring adenine bases which leads to a confor-
mational change manifested by a decrease of the CD ampli-
tude of poly(A). This destacking of adenine bases is also ob-
served by pmr measurements (Dimicoli and Héléne,
1974a,b).

There is a good agreement between the values of the
binding parameters obtained by CD (Table II) and by fluo-
rescence measurements (Tables I and II in the preceding
paper). Circular dichroism results reflect the conformation-
al changes of the polynucleotide induced upon peptide bind-
ing whereas fluorescence experiments are related to the be-
havior of the peptide itself. The quantitative agreement be-
tween these two methods which are concerned with two dif-
ferent physical aspects of the same irnteraction problem is a
convincing argument of the validity of the model involving
two types of complexes. The more likely mechanism of pep-
tide binding to poly(A) is composed of two steps. In the first
step the peptide binds to poly(A) to form an electrostatic
complex. In the second step, there is a conversion of this ex-
ternal complex into a “stacked’ complex. Molecular model
building indicates that stacking of the aromatic amino acid
with adenine bases can be done in two ways: an unwinding
of the poly(A) with an increase of the interbase distance or
a bending of the phosphate-sugar backbone. These two hy-
potheses lead to an unstacking of the adenine bases but the
second one seems more likely because bending could affect
more than one nucleotide residue as experimentally ob-
served (Figure 8).

Quantitative analysis of CD data demonstrates that the
apparent binding constant for poly(A) is larger for Lys-
Trp-Lys than for Lys-Tyr-Lys. This clearly demonstrates
that the binding is not exclusively electrostatic, as there is
no difference of charge between these two peptides. Fur-
thermore, the binding of one molecule of Lys-Trp-Lys in-
duces larger perturbation in the CD spectrum of poly(A)
than does Lys-Tyr-Lys (Figure 8). The association constant
K, which represents the ratio of stacked and unstacked
complexes is smaller for Lys-Trp-Lys than for Lys-Tyr-Lys
(Brun et al., 1975). Thus, the effect of bound peptide mole-
cules on the CD spectrum of poly(A) is not related to the
probability of stacking. This effect may be related to the

size of the aromatic ring, the indole ring allowing better
overlap with adenine.

Our CD investigations do not show qualitative differ-
ences in the mode of binding to poly(A) of peptides contain-
ing either tyrosine or tryptophan. It was previously shown in
our laboratory that phenol derivatives could form hydrogen-
bonded complexes with adenine (Sellini ez al., 1973), and
we have suggested that the binding of tyrosine derivatives to
DNA involves hydrogen bond formation (Dimicoli and Hé-
léne, 1974b). Comparison of the CD changes induced in
poly(A) by the binding of Lys-Tyr-Lys and of Lys-Ty-
rOMe-Lys does not show any difference, ruling out the con-
tribution of hydrogen-bonded complexes for Lys-Tyr-Lys.
Thus, a single-stranded polynucleotide does not seem to dif-
ferentiate between phenol and indole derivatives as does
DNA.

The conformational changes of the nucleic acid induced
by the interaction of an aromatic amino acid could be im-
portant in the formation of protein-nucleic acid complexes.
A change in the nucleic acid conformation could be re-
quired for further biological activity of the complex to take
place.

Preliminary experiments have shown that the CD spec-
trum of poly(C) is only slightly affected by the addition of
the different peptides used in this study. Further studies on
the nature of interactions between peptides and polynucleo-
tide with different base composition should help understand
the origin of the specific recognition of nucleic acids by pro-
teins.
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The Formation of Tritiated O-Alkyl Lipid from
Acyldihydroxyacetone Phosphate in the Presence of

Tritiated Water’

Samuel J. Friedberg* and Aaron Heifetz

ABSTRACT: Previous studies from this laboratory on the
mechanism of O-alkyl bond formation using a microsomal
system from Tetrahymena pyriformis have shown that O-
alkyl lipid synthesized from dihydroxyacetone phosphate
has exchanged one hydrogen stereospecifically from the 1-
sn position of the glycerol moiety. Indirect evidence sug-
gested that acyldihydroxyacetone phosphate, an intermedi-
ate in O-alky! lipid synthesis, is probably not the locus of
the exchange. In the present study it was shown that stable
acyldihydroxyacetone phosphate incubated in the presence

The reaction sequence leading to the formation of alkyl
glycerolipids involves the formation of 1-acyldihydroxyace-
tone phosphate and replacement of the fatty acid by a long
chain fatty alcohol with the formation of O-alkyldihydroxy-
acetone phosphate (Hajra, 1970; Wykle et al., 1972). The
keto group is reduced with NADPH followed by acylation.
For further details on the biochemistry of ether lipids, the
reader is referred to a recent extensive review (Snyder,
1972).

We have previously shown that when dihydroxyacetone
phosphate (DHAP!) is used in the enzymatic formation of
O-alkyl lipids, there is a hydrogen exchange from the car-
bon that acquires the O-alkyl moiety (Friedberg et al,
1971; Friedberg and Heifetz, 1973). This exchange is spe-
cific for the same hydrogen labilized in the triosephosphate
isomerase reaction (Friedberg et al., 1972). The exchange
was demonstrated through the loss of one tritium from
[1,.3-*H,]DHAP and by the acquisition of one tritium atom
by O-alkyl lipids formed from DHAP in the presence of tri-
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! Abbreviations used are: DHAP, dihydroxyacetone phosphate;
DHA, dihydroxyacetone; acyl-DHA, acyldihydroxyacetone; acyl-
DHAP, acyldihydroxyacetone phosphate: CAP, Hydroxy-3-chloro-2-
propanone phosphate.
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of tritiated water and Tetrahymena microsomes does not
become tritiated. When hexadecanol is added to the system
O-alkyl lipid is produced which has incorporated one atom
of hydrogen for each mole of hexadecanol at all time peri-
ods examined. Experiments in Ehrlich ascites tumor celis
have shown that the hydrogen exchange also occurs in a
mammalian system. The results indicate that the mecha-
nism of O-alkyl lipid ether bond formation involves a hydro-
gen exchange and that this exchange occurs after the for-
mation of acyldihydroxyacetone phosphate.

tiated water. In the microsomal system from Tetrahymena
pyriformis, a concomitant reaction is the coenzyme A de-
pendent formation of dihydroxyacetone from dihydroxyace-
tone phosphate (Friedberg and Heifetz, 1973). The dihy-
droxyacetone formed also appears to have undergone a hy-
drogen exchange, and the coenzyme A requirement was in-
terpreted to indicate that acyldihydroxyacetone phosphate
(acyl-DHAP) is a precursor of dihydroxyacetone. In our
earlier studies using the Tetrahymena system we were not
able to isolate labeled acyl-DHAP from incubations which
utilized [1,3-3H;]DHAP. We were, however, able to isolate
acyldihydroxyacetone (acyl-DHA) which had not lost tri-
tium. Thus the results suggested that the tritium exchange
occurs after the formation of acyl-DHAP. However, we and
others (Schroepfer and Bloch, 1965; Friedberg and Greene,
1967, Wood et al., 1970) have encountered unexplained rel-
ative tritium enrichment in reactions which utilized
mixtures of a substrate labeled with both 'C and *H. Thus
an actual tritium loss from acyl-DHA could have been
masked by an artifactual enrichment or by a mechanism in-
volving an isotope effect. We also considered that acyl-
DHAP might have undergone a hydrogen exchange via an
independent enzyme reaction similar to an isomerase or al-
dolase reaction. This might have accounted for the produc-
tion of tritiated glyceryl ethers in our previous studies.
Proof that a hydrogen exchange occurs at some point in an
enzymatic reaction between acyl-DHAP and fatty alcohol
is critical in discovering the mechanism of O-alkyl lipid



