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lin-Benzoadenine Nucleotides. Inter- and Intramolecular
Interactions in Aqueous Solutions as Observed by Proton
Magnetic Resonance
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Abstract: The inter- and intramolecular interactions of /in-benzoadenine nucleotides have been examined by proton magnetic
resonance. When the base is unprotonated, /in-benzoadenine nucleotides strongly stack in aqueous solution, with association
constants of at least one order of magnitude greater than those of the corresponding adenine nucleotides. Some head-to-tail
orientations of stacked lin-benzoadenine nucleotides were indicated by the deuterium substitution effect on relaxation times
(DESERT). The relative positions of the heteroaromatic proton chemical shifts at infinite dilution (pD 8.5) and under acidic
conditions (pD ~4.0) indicated the conformations of the nucleotides (anti and syn, respectively) and the site of ring protona-

tion (the pyrimidine ring).

We have previously reported the interaction of /in-ben-
zoadenine nucleotides (1) with enzymes and their sensitivity
to the environment.!-® In order to understand more fully the
observed properties of these adenine analogues, we have ex-

0002-7863/79/1501-1564$01.00/0

amined their inter- and intramolecular interactions by proton
magnetic resonance. The accumulated data provide detailed
information concerning the self-association of these compounds
in aqueous solution. In addition, the relative positions of the
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chemical shifts at infinite dilution (pD 8.5) and under acidic
conditions (pD ~4.0) are indicative of the conformations of

the nucleotides and the site of ring protonation.

NH,
O
0

R OH
OH
1a, R=H
b, R = MP
¢, R=DP
d, R=TP

e, R = ¢cMP (involving the 3'-OH)

Experimental Section

Materials and Methods. /in-Benzoadenosine and its 5-mono-, 5-di-,
5'-tri-, and 3’,5’-monophosphate, as well as P!,P2-di-/in-benzoade-
nosine 5-pyrophosphate, were synthesized as previously reported.?-*6
A Chelex 100 column (Bio-Rad) equilibrated with 50 mM K,HPO4
and washed with water for 24 h was used to eliminate traces of para-
magnetic impurities from the compounds. For T studies a final
concentration of 5 mM EDTA was found optimal!® under the con-
ditions used to ensure against metal ion interference. All samples were
prepared in 2 mM potassium phosphate buffer (pD 8.5) in deuterium
oxide (99.99%) supplied by Aldrich Chemical Co.

Proton chemical shifts, as well as spin-lattice relaxation times, were
measured at 28 & 1 °C (acetone, 2.17 ppm downfield from TSP, in-
ternal reference) using a Varian HA-220 NMR spectrometer inter-
faced with a NIC 80/Nicholet TT220 Fourier transform system. In
the pH studies the deuterium ion concentration was varied by the
addition of small amounts of DCl in 99.99% DO; the sample volumes
were not significantly changed during these experiments. The spin-
lattice relaxation times (7) were measured using the (w-7-w/2)
two-pulse sequence.

Determination of Association Constants. The association constants
were determined using the following equation:!!

Ad1/2 2K (12
(&) - () “eowe- 20 W

where Crt is the total concentration of /in-benzoadenine nucleotide,
Ad = 8y = Oobsd, ASMD = 6M — Op, and 8m, Op, and Sobeq are the
chemical shifts of the examined proton in the monomer, dimer, and
the experimental chemical shift determined at various concentrations
of nucleotide, respectively. A plot of (A8/Ct)!/2 vs. Ad will yield a
straight line whose slope and X intercept are (2K/Admp)!/? and
Aémp, respectively. This method as well as other iterative methods!2-14
assumes that there is a single minimum for the fitting of the data in
the binding equation, at least in the range of values chemically pos-
sible. That this is true in our case can be demonstrated by convergence
to similar values of dv when either an extremely high value or the
highest dopsq is used for ars (initial én). The experimental data
(Figure 1) were fitted using the association constants in Table I. Al-
though the monomer-dimer model adequately explains the data,
trimers are probably formed at the highest concentration used, but
calculations indicate that the association constant of the dimer (K)
would not be substantially affected.

7-Amino-6-nitro-4-quinazolone-8-d (2, Ry = D). A solution of 7-
amino-6-nitro-4-quinazolone (2)! (200 mg, 0.97 mmol) in methanol-d
(99+% D, 20 mL) was heated at reflux for 10 min and the solvent was
removed in vacuo. The solid residue, dissolved in sulfuric acid-d»
(99.5+% D, 98%, 4 g), was heated at 110-115 °C under a positive
pressure of argon for 48 h. The solution was poured onto ice (25 g) and
the resulting precipitate was filtered, washed with water (10 mL), and
dried in vacuo to yield 199 mg (99%) of 2 (R} = D): NMR [(CD3)»-
S0]68.66 (s, 1, ArH),8.33 (s, 1, ArH), 7.50 (br s, 3, NH, and NH),
7.03 (s, 0.01, 8-ArH); MS m/e 207 (M for CsHsDN403).

The material thus obtained was used without further purifica-
tion.

6,7-Diamino-4-quinazolone-8-d (3, R; = D; Rz = H). 7-Amino-
6-nitro-4-quinazolone-8-d (2, R| = D) (199 mg, 0.97 mmol) was
reduced according to the procedure of Leonard et al.! to give 160 mg
(93%) of a “mixture” of 3 (R} = D; R, = Hor D): NMR [(CD3),SO]
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67.65(s,1,ArH), 7.10(s, 1, ArH), 6.65 (s,0.4,8-ArH), 6.0-4.0 (br
s, 1,NH), 5.5 (brs, 2, NH3), 5.0 (brs, 2, NH,); MS m/e 176 and 177
(M).

6,7-Diamino-4-quinazolone-5,8-d; (3, Ry, R2 = D). To a solution
of 6,7-diamino-4-quinazolone (3, R| = Ry = H) (4.40 g, 25 mmol)
in dimethylformamide (50 mL)! was added deuterium oxide (99.5+%
D, 25 mL), and the resulting mixture was reduced to dryness in vacuo.
The solid residue was dissolved in sulfuric acid-d> (99.5+% D, 98%,
100 g) and the solution was heated at 110-115 °C under a positive
pressure of argon for 20 h, The solution was poured onto ice (1 kg) and
neutralized with concentrated ammonium hydroxide, and the pre-
cipitate was collected by filtration to give 4.0 g (91%) of a “mixture”
of 3(R) = D; Ry = Hor D): NMR [(CD3),S0] 6 7.13 (s, 0.38, 5-
ArH), 7.64 (s, 1, 2-ArH); MS m/e 177 and 178 (M}, isotope ratio
322:0.1, dz.'dl.'do.

The material thus obtained was used without further purifica-
tion.

lin-Benzoadenosine-8-d and -5,8-d; 5'-monophosphates were
prepared from 3 by the method of Leonard et al.!-#

Results and Discussion

Assignment of Aromatic Proton Resonances. It was neces-
sary to assign unequivocally the proton nuclear magnetic
resonarices of the heteroaromatic nucleus before any conclu-
sions could be made about intra- and intermolecular interac-
tions or about the site of protonation of the various /in-ben-
zoadenine nucleotides (1). It was observed that the 2-hydrogen
in the series was partially exchanged for deuterium on standing
at —10 °C for 3 months in buffered deuterium oxide; this
transformation (and the reverse reaction) could also be ac-
complished by heating the nucleotides (1) in D>O (H,0) for
several hours, in accord with the behavior of most benzimid-
azoles.*!> This exchange provided unequivocal assignment of
the two-proton resonance. On heating 3 (R; = Ry = H)
(Scheme I), an early intermediate, in sulfuric acid-d,, one
hydrogen was exchanged very rapidly and a second was ex-
changed much more slowly on prolonged heating. To assign
the two protons exchanged, compound 2 (R; = H), the im-
mediate precursor to 3, was heated in sulfuric acid-d> and one
deuterium was incorporated. The wide separation of reso-
nances in the 'H NMR of 2 and the failure of a variety of other
quinazolones to undergo deuterium exchange at position 2
under similar conditions!® directed the assignment of the site
of deuterium incorporation as position 8 in 2 (to become C-4
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Figure 1. Chemical shifts of the base protons, 2-, 4-, 9-, and 6-H, and anomeric proton, 1’-H, as a function of the logarithm of the molar concentration
of: (X) lin-benzo-cAMP (le); (O) lin-benzo-AMP (1b); () lin-benzo-ADP (1c¢); (v) lin-benzo-ATP (1d); (a) bis-5,5-(lin-benzo-AMP-2-4)

(1f).

in 1). By reduction of 2-8-4 (R; = D) to a “mixture” of 3 (R,
= H or D; R, = H), it was shown that the position of rapid
deuterium incorporationin 3 (R, = R, = H) was in fact C-8,
as was predicted from the electronic character of substituents
about the benzenoid portion of the molecule. This observation,
in combination with the failure of similar quinazolones to
undergo deuteration at C-216 under the conditions employed,
defined the site of partial exchange as position 5 (to become
C-91in 1). Deuterium was incorporated fully into position 8 and
to an extent of 60% at position 5 by heating 3 (R, = R; = H)
in sulfuric acid-d, at 110-115 °C for 20 h. The half-life of
deuterium incorporation at C-8 under these conditions was
approximately 10 min.

The deuterated “mixture” of 3 was carried through synthetic
sequences described earlier!~* to a “mixture” of /in-benzo-
adenosine-4-d and -4,9-d, (1a) and thence to a “mixture” of
5’-monophosphates (1b), as shown by 'H NMR. No exchange
of deuterium was observed throughout the sequence, within
the error of NMR detection.

By the incorporation of ca. 30% deuterium into position 2
of the “mixture” of 1b (R} = D; Ry = H or D) (by controlled
heating in D,O) it was possible to monitor the effects of dilu-
tion and changing pH on /in-benzo-AMP (1b) or related de-
rivatives (1¢-f) by NMR with a single sample, greatly reducing
the number of experiments and variables involved in those
determinations.

NH,
N B
N
(¢
e
0
o} OH
Ho-p=0 OM
6— NH,
N =N
1 4
H0—17=0(D)<N N
9 o
OH
OH
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Self-Association of /in-Benzoadenine Nucleotides. Vertical
intermolecular stacking interactions in bases, nucleosides, and

mono- and polynucleotides have been studied using vapor phase
osmometry, 'H NMR, 13C NMR, sedimentation equilibrium
experiments, and ultraviolet hypochromism measure-
ments.! 718 Instructive results have come from the '"H NMR
studies which provided elaborate information concerning the
extent and mode of association.!®-2° /in-Benzoadenine nu-
cleotides are expected to self-associate extensively in aqueous
solution in their nonprotonated forms. With the deuterium-
labeling results available, we determined the nature and extent
of the molecular aggregations by means of the 'H NMR
spectra. Plots of chemical shifts vs. concentration showed that
the shifts of the aromatic protons and the anomeric proton,
1’-H, changed appreciably with concentration while those of
the pentose protons, especially the 5’-H’s, which are farthest
away from the base moiety, were not appreciably concentration
dependent. The effect is similar to that observed for the
chemical shifts of purine nucleosides and nucleotides,!” where,
however, a limit of either one or two base protons may be ob-
served and where solutions have not been studied to the limiting
low concentrations that we have examined here. The chemical
shifts of the four aromatic protons and the 1’-H of the /in-
benzoadenine nucleotides are plotted vs. the log of the molar

~ concentration, over the range 2 X 107% to 5 X 1072 M, in

Figure 1.

The solid curves represent the computer fit to the data based
on a monomer-dimer model. All of these protons show upfield
shifts with increasing concentration, with the 4-H and 9-H
showing the greatest changes. This observation indicates the
association of these nucleotides by means of vertical stacking.!?
It was previously demonstrated for purine nucleosides and
nucleotides that hydrogen bonding does not play an important
role in the mechanism of association.?! Iteration of the data
provided the chemical shifts at infinite dilution, as shown in
Table I.8

Association Constants. A comparison of the association
constants with the corresponding values for adenine nucleo-
tides':30:31 shows that the stacking interaction is approxi-
mately one order of magnitude stronger for the corresponding
lin-benzoadenine nucleotides (Table I).32 This is due in large
part to the strengthening of the stacking or  interactions by
the additional (central) ring in the /in-benzoadenine nucleo-
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Table 1. /in-Benzoadenine Nucleotides: Chemical Shifts at Infinite
Dilution and Association Constants

K’

compound 2-H 4-H 6-H 9-H 1-H M-!
lin-benzo-cAMP 8.56 7.93 8.37 850 6.12 250
lin-benzo-AMP 8.83 7.94 8.36 8.46 6.05 42
lin-benzo-ADP 882 791 8.37 848 599 36
lin-benzo-ATP 891 8.03 8.44 8.61 6.03 28
bis-5’,5’-[lin-benzo- 7.42 8.10 7.74 571 100

AMP-2-d]

Table II. Typical Differential Relaxation Rates (DRR) of 4-H, 6-H,
9-H, and 1’-H between /in-Benzo-5-AMP and
2-Deuterium-Substituted /in-Benzo-5'-AMP

compound 2-H 4-H 6-H 9-H [1’-H
lin-benzo-AMP (1/T),s™1) 0.92 1.06 0.28 0.38 1.38
lin-benzo-AMP-2-d (1/T),s™") 1.06 0.23 0.38 0.86
DRR,s~! 0.00 0.05 0.00 0.52

tides. As with the adenine nucleotides,!° the charge repulsions
of the phosphate chains inhibit dimer formation. Thus, the
strongest association constant is found with /in-benzo-cAMP
(1e), the singly charged phosphate of which is geometrically
restricted from intramolecular interaction with the base.®

The strong stacking interaction of the /in-benzoadenine
moiety is also indicated by the chemical shift at infinite dilution
(6m) of a “dimer” of /in-benzo-AMP, namely P! ,P2-di-lin-
benzoadenosine-2-d 5-pyrophosphate (1f) (Table I). The
anomeric and base protons are at higher field than those of the
related monomer 1b. The strong intramolecular stacking is also
reflected in the spectroscopic properties of this dimer. We have
previously reported# that the hypochromism of the dimer is
23% as compared with 9% for the corresponding dimer of
AMP. Similarly, the fluorescence of the /in-benzoadenine
moiety in the dimer 1f is quenched dramatically (®F = 0.005).
That the breaking of intramolecular stacking leads to a large
increase in fluorescence intensity is shown by its quantum yield
in ethanol (&F = 0.25), a denaturing solvent which is known
to break stacking interactions. The quantum yields of /in-
benzo-AMP (1b) are identical in water and ethanol (& =
0.44).33

Stacking Orientations. It may be assumed that the greater
changes in chemical shift with concentration for 4-H and 9-H
over 2-H and 6-H (Table I) reflect a greater influence of the
magnetic anisotropy of an associated heteroaromatic ring on
the central protons. This, in turn, is considered indicative of
the preferred average orientation of the nucleotide bases in the
dimeric stacks (Figure 2). The change in chemical shift with
concentration for the anomeric 1’-H appears to be slightly
greater than for 2-H. Similar results were observed in the ad-
enine nucleotides for 1’-H and 8-H.2! In addition, the change
for the 6-H in the pyrimidine ring is greater than for 2-H, the
proton on the imidazole ring. A similar situation occurs for
cAMP, AMP, and ATP,? indicating that the pyrimidine rings
are more involved in stacking than the imidazole rings in the
adenine nucleotide series.

Further information concerning the preferred stacking or-
ientation of the nucleotides in dimeric association can be ob-
tained using the deuterium substitution effect on relaxation
times (DESERT).?* In this method the differential relaxation
rate (DRR) of a nucleus i is observed before and after specific
deuterium substitution of a proton &, and DRR is related to
the distance between the two nuclei/ and k. Ata 1.8 X 1072
M concentration of /in-benzo-AMP (1b) in solution, in which
significant proportions of monomer and dimer exist, mea-
surement of the T relaxation times of the 4-H, 6-H, and 9-H
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Figure 2. Possible intermolecular stacking orientations for /in-ben-
zoadenine nucleotides. Extent of overlap is not implied.

before and after deuteration of the 2-H shows that the DRRs
of 4-H and 9-H are zero, while that of 6-H is 0.05 (Table II).3%
That is, the fraction of the differential relaxation rate to the
total relaxation rate of the 6-H is about 18%. (For 8-deuterated
5’-AMP, the corresponding fraction for the 2-H in that mol-
ecule is “>10%”.34) Because in the monomer 6-H is the far-
thest of all the aromatic protons from 2-H, such an effect can
only result from at least partial head-to-tail stacking (straight
or alternate stack) (Figure 2), in which 2-H and 8-H are in
close proximity.

From a study of the intermolecular interactions of AMP,
Evans and Sarma3% concluded that the preferred self-associ-
ation of two nucleotide molecules occurs with the bases aligned
head-to-head and face-to-back in straight vertical stacks in-
volving almost 100% base overlap. In these stacks, the ribose
groups are close but the phosphate groups are well separated,
presumably in order to eliminate steric hindrance and reduce
electrostatic repulsion. The conclusion that the preferred
self-association involves the formation of head-to-head, face-
to-face (alternate stack) dimers was reached by Ts’o et al.3”
and by Berger and Eichhorn.38

Sugar-Base Torsion Angle, xcn. The comparison of du’s
of lin-benzo-AMP (1b), lin-benzo-ADP (1¢), /in-benzo-ATP
(1d), and lin-benzo-cAMP (1e) in water (pH 8.5, 28 °C) in-
dicates that 2-H is deshielded by about 0.26-0.35 ppm in 1b-d
relative to le. The deshielding results directly from the effect
of the ionization of the secondary phosphate on the 2-H2? and
is indicative of the anti conformation for the /in-benzoadenine
5’-nucleotides.??4 The specific interaction of the 5'-phosphate
group with the 2-H, which occurs when the nucleotide is in an
anti conformation, is abolished in the 3’,5’-monophosphate
(1e). This conclusion is further substantiated by the observa-
tion that 4-H, 6-H, and 9-H in 1b-e have similar dp’s, which
can be rationalized on the basis that these protons reside in an
environment far away from the ribofuranose phosphate(s), as
is true in anti conformations. The similarities in the 1’-H
chemical shifts for the series also agree with this finding.
Specific influences of the phosphate(s) on the 8-H in the 'H
NMR spectra of purine nucleotides have been recognized,*®
and the mechanism of the deshielding effect has been thor-
oughly investigated in that series.22 Smaller deshielding effects
(~0.1 ppm) were noted for the adenine nucleotides. The
quantitative differences between the lin-benzoadenine and the
adenine nucleotides are in part a reflection of the different
acidities of the imidazole protons.!3#0 Work on purine 5'-
nucleotides does provide some reliable evidence that this de-
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Figure 3. Chemical shifts of the base protons of /in-benzoadenosine
3".5-monophosphate (1e) as a function of pD in 3 X 102 M aqueous so-
lution (D;0).

shielding effect of the phosphate is reduced when the acidity
of the sensitive protons is decreased.??

Base Protonation. The effects of pH (pD) on the chemical
shifts of /in-benzoadenosine 3’,5’-monophosphate (1e) in 3 X
1073 M aqueous solution (D0) are shown in Figure 3.
Analogous effects were observed for 1b-d. N-Protonation of
the /in-benzoadenine moiety caused the downfield shift of the
base C-H's by the intrinsic deshielding due to the positive
charge and by the decrease in the intermolecular association
of the bases.22#! From the differential chemical shifts (dm,p g s
— 6pb 4.0) for the lin-benzoadenine nucleotides, as shown in
Table 111, several correlations can be adduced, mainly due to
the discriminative effects of the phosphates on the base protons.
6-H has similar chemical shifts for all four nucleotides (1b-e)
at pH 8.5 (Table I). Similar downfield shifts were observed in
all four cases upon protonation of the base. The absence of
downfield shift for 2-H upon protonation provides additional
evidence that at pD 4.0 the base is protonated on the pyrimi-
dine ring. The different pK, values observed for the series 1a-e
(la=5.6;1e=5.6,1b=7.6;1c = 7.3;and 1d = 7.1)3* provide
evidence for the unique response to the conformation around
the N3-C,’ bond and proximity of the phosphate side chain.
If the 8-NH> group were to bind the proton, this would destroy
the CT interaction between the amino group and the ring, and
a blue shift in the fluorescence emission spectra would be ex-
pected upon protonation.*? However, there is actually an in-
crease in CT character upon acidification, and involvement
of the free amino group in the resonance-stabilized cation
seems important, consistent with protonation at N-5 or N-7
rather than at N-1 or 8-NH,.

At pD 8.5, the influence of the secondary phosphate ion-
ization on the chemical shifts of 2-H was observed for 1b-d
compared with 1e (Table I). At pD 4.0, this influence was re-
moved, and the chemical shifts of 2-H were similar for the
whole series 1b~e, centered at 8.60 ppm (cf. Tables I and III).
Acid did not change the chemical shifts of 4-H in the 3’,5’-
monophosphate le appreciably, whereas it produced a sub-
stantial deshielding of 4-H in 1b-d. It is interesting that in
lin-benzo-AMP (1b) (pK, = 7.6), the 4-H first experiences
a dramatic downfield shift, ~0.85 ppm at 3 X 1073 M, upon
changing the pD from 8.5 to the range 6.5-6.0. The two neg-
ative charges on the a-phosphate at pD 6.5-6.0 produce a
deshielding effect on 4-H that is not observed in 1¢ and 1d at
similar pD. Upon lowering the pD to 4.0, protonation of the
secondary phosphate occurs and an upfield shift (0.25 ppm)
is observed. The net downfield shift for the 4-H of lin-benzo-
AMP in going from pD 8.5 t0 4.0 is 0.60 ppm at 3 X 1073 M.
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Table II1. Differential Chemical Shifts (6Mpp 8.5 — OpD 4.0) in
lin-Benzoadenine Nucleotides?

compound 2-H 4-H 6-H 9-H’ 1-H
lin-benzo-cAMP (1e) 0.00 +0.05 -=0.25 -=0.05 -0.15
lin-benzo-AMP (1b)  +0.20 -0.60 =0.15 +0.10 0.00
lin-benzo-ADP (1¢) +0.25 -0.60 -=0.15 +0.15 0.00
lin-benzo-ATP (1d) +030 =045 -=0.15 +0.20 0.00

“ Values are within a precision of +0.03 ppm. ¢ See ref 41.

These effects can be explained if in the N-protonated form the
syn conformation is preferred in comparison with the anti
conformation in the neutral form. In the N-protonated syn
conformation, a better stabilization of the positive charge on
the base results from the intramolecular coulombic interaction
between first ionized phosphate and protonated base at low pH.
In the /in-benzoadenine nucleotide series, this conformational
assignment can be made because 4-H is present and is sensitive
to the proximity of the phosphate. In the adenine nucleotide
series, by contrast, the spatial relationship of the a-phosphate
relative to 2-H is such that phosphate monoanion/N-proton-
ated pyrimidine ring interaction leading to the presence of any
syn conformation cannot be detected by the same method.

lin-Benzoadenosine 3’,5-monophosphate (le) probably
retains the anti conformation in acid, as indicated by the
constant chemical shift of 2-H and the downfield shift of 1’-H
(Table I11) in going from pH 8.5 to 4.0. The protonated base
would have an effect on the chemical shift of 1’-H only in an
anti conformation. This conformation might still be preferred
in acid because intramolecular phosphate stabilization of the
positive charge of the base is sterically impossible; this is also
reflected in the pK, value of le, which is the same as that of
lin-benzoadenosine.®

Conclusions

When the base is unprotonated, the /in-benzoadenine nu-
cleotides strongly stack in aqueous solution, with association
constants of at least one order of magnitude higher than those
of the corresponding adenine nucleotides. The presence of
phosphates in the 5’ side chain slightly decreases this stacking
interaction. The anti conformation is preferred at pD 8.5, but
at least for 1b-d, the syn conformation induced by intramo-
lecular charge stabilization is predominant in acidic pH, i.e.,
below the pK, of the base. The 6-H is a “monitor” of charge
(protonation takes place in the pyrimidine ring), 4-H is sen-
sitive to phosphate ionization and thus is indicative particularly
of the syn conformation, and 2-H is responsive to the anti
conformation.
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Abstract; Proton and '3C magnetic resonance spectra are reported for Ac-Arg-Glu-NHEt, Boc-Arg-Glu-NHEt, and protected
Arg and Glu peptides. An intramolecular complex with two hydrogen bonds is found between side chains of arginine and glu-
tamicacid. In all protected peptides containing a carboxylate group, a hydrogen bond is found between COO~ and the peptidic
NH (Glu). Replacing the carboxylate group (COO™) by the acid function (COOH) leads to the vanishing of the intramolecu-
lar hydrogen bond. NMR investigation of the interaction of the dipeptide with nucleic acid bases has shown that only guanine
forms a strong intermolecular complex. Guanine forms a complex with two hydrogen bonds with carboxylate groups and dis-
rupts the intramolecular Arg-Glu complex. No strong interaction was seen between bases and arginine.

The specific recognition between nucleic acids and pro-
teins is one of the fundamental molecular processes involved
at every step of genetic expression. The most striking examples
include the recognition of operators by repressors, of promoters
by RNA polymerase, and of DNA base sequences by restric-
tion endonucleases. It may be asked whether there are general
rules which govern this recognition process.

Several authors have attempted to solve the problem of
protein-nucleic acid recognition in terms of models based on
structural complementarity between double-stranded DNA
or RNA and the antiparallel 8 structure in proteins.!-4

The present work is based on the idea that besides an overall
structural complementarity the interacting regions of the two
macromolecules involved in a protein-nucleic acid complex
must establish point interactions between the available
chemical groups of both components. There are several ways
by which peptides can interact specifically with other mole-
cules. These include electrostatic interactions, which are very
common but would not lead to highly specific binding, stacking
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interactions involving aromatic amino acids and bases,>-? and
hydrogen-bonding interactions.!0-14

It has been suggested by Seeman et al.!% that a single hy-
drogen bond is unable to discriminate with any great precision
a particular base pair in a nucleic acid double helix. However,
two hydrogen bonds in the same functional group provide a
mechanism for fixing the position of the two bonds relative to
each other with a much higher degree of precision. An inter-
esting analogy has been made by Davies,'> who found many
highly specific polynucleotide interactions, all of which utilize
hydrogen bond pairs as the basis of specificity in the interac-
tion. These analogies enabled Seeman et al.!® and Héléne!!
to propose several types of complementary pairs involving
nucleic acid bases or base pairs and some amino acid side
chains. Among these side chains, two are expected to play a
particularly important role. These are the carboxylate anions
of glutamic and aspartic acids and the guanidinium cation of
arginine. The former could form a highly specific hydrogen-
bonded complex with guanine and experimental evidence is
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