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between nucleic acid bases and butyric acid, the constants 
reported in these studies were the sum of the association con
stants corresponding to the different 1:1 complexes. Sites of 
H-bonding interactions cannot be altogether available during 
the recognition of nucleic acids by proteins and enzymes. It is 
therefore important to know the association constants of the 
different 1:1 complexes. The present paper is concerned with 
an investigation of the interactions of the four nucleic acid 
bases with butyric acid used as a model for the side chain of 
glutamic or aspartic acid. Among the number of techniques 
used to study hydrogen-bond formation, proton magnetic 
resonance and infrared measurements have been the most 
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Abstract: High-resolution proton magnetic resonance (1H NMR) studies on adenine derivatives in chloroform reveal a re
stricted rotation of the amino group in 9-ethyladenine and in 9-methyl-6-methylaminopurine. 1H NMR studies of butyric 
acid-6-ethyladenine mixtures provide evidence for H-bonding interactions and for double proton magnetization transfer be
tween amino and hydroxylic groups. Measurements of equilibrium constants (K) by 1H NMR and absorbance experiments 
in CDCI3 at 303 K for association of nucleic acid bases with butyric acid (used as a model of side chain for glutamic or aspartic 
acid) lead to the following preferential order of associations: 2-dimethylamino-9-methylguanine (K = 660) > 1 -cyclohexylcy-
tosine (K = 270) > 9-ethyladenine (K = 160) > 1-cyclohexyluracil (K = 80). Comparative studies of interactions with meth-
ylamino derivatives of adenine allow the computation of association constants for the two types of 1:1 complexes with two hy
drogen bonds formed between 9-ethyladenine and butyric acid, K\/Ki = 2.8 (1 and 7 refer to the position of the nitrogen atom 
which is bound to the OH group). The results are discussed with respect to the contribution of charge transfer, new repartition 
of electronic density, and new geometry of monomers in the complexed state superimposed on direct Coulombic interactions. 
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Figure 1. 1H NMR spectra of 3.5 X 1O-2 M e9A alone (A) and in the 
presence of 3.5 X 1O-2 M butyric acid (B and C) in CDCl3 at 303 K. A 
shows the resonance line of CHCI3 and the arrow shows the position of 
the OH resonance line for 3.5 X 1O-2 M butyric acid in the absence of e'A. 
The intensities of resonance lines are 16 time expended in spectrum C. 

powerful because they allow the direct observation of the linked 
protons. We have investigated hydrogen-bond formation be
tween adenine, uracil, cytosine, guanine derivatives, and bu
tyric acid by proton magnetic resonance and by UV absorp
tion. 

Experimental Section 

9-Ethyladenine (e9A), 6-methylamino-9-methylpurine (m6A), 
6-dimethylamino-9-ethylpurine (In2

6A), 1-cyclohexyluracil ((chx)'U) 
and 2-dimethylamino-6-hydroxy-9-methylpurine (m2

2G) were pur
chased from Cyclo Chemical. 1-Cyclohexylcytosine ((chx)'C) was 
prepared by thiation of 1-cyclohexyluracil and amination of sulfur 
compound.3 2',2',5'-Triacetylguanosine was purchased from Aldrich. 
Butyric acid was fractionally distilled and after gas chromatography 
analysis only the end of the distilled product was used and kept on 
appropriate molecular sieves. During this work, great care was taken 
to avoid the presence of any water or polar impurities in deuterated 
chloroform (C.E.A.). Chloroform was purified on an alumina column 
and kept on appropriate molecular sieves, NMR spectra were obtained 
with a Bruker WH 90 Fourier transform spectrometer. For all ex
periments the spectrometer magnetic field was locked on an internal 
deuterium reference (deuterated chloroform). The temperature was 
regulated at ±0.5 0C and known at ±3 0C. The positions are given 
in parts per million (ppm) downfield from tetramethylsilane (Me4Si 
= 0.0) at 303 K. For other temperatures, the position of the Me4Si 
resonance line was corrected with respect to its position at 303 K. The 
resonances at H2 and Hs protons of the adenine analogues were as
signed by deuterium replacement of the slightly acidic Hg proton, 
using the method of Chan et al.4 The other NMR spectral assignments 
of nucleic acid bases were previously reported by Ts'o et al.5 

Difference absorption spectra were recorded on a Cary 14 spec
trophotometer. All spectra were obtained in 1-cm path length cells. 
Both reference and sample cells contained the investigated base and 
were thermostated at 303 ± 0.5 K. The difference spectra were re
corded on 0-0.2 scale absorbance after addition of amino acid deriv
atives in the sample cell. The ratio between the added volume and the 
total initial volume was always less than 0.004, so that base dilution 
was neglected. 

Results 

e9A-Butyric Acid Associations. Evidence for Complex 
Formation. Double Proton Transfer. Figure 1 shows the 1H 
NMR spectra of e9A and e9A + butyric acid in CDCI3 at 303 
K. The binding of butyric acid to e9A leads to a downfield shift 
of amino and Hg protons and an upfield shift of the H2 proton 
of e9A. The downfield shift of proton signal resonances is a 

T=215'K 

0 ' 6 (pmm) 5 

Figure 2. 1H NMR spectra of 2 X 10~2 M e9A in the absence (bottom 
spectra) and the presence (top spectrum) of 2 X 10-2 M butyric acid at 
215 K. We can see the two resonance lines of amino protons due to re
stricted rotation. 

general characteristic of protons participating in hydrogen 
bond formation.6 Only one signal resonance of adenine NH2 
protons was observed either in the free or complexed state. 
Generally the slow time scale of NMR spectroscopy prevents 
observation of resonances for both associated and free states 
of two magnetically inequivalent protons. By lowering the 
temperature, however, two distinct peaks of amino protons 
appear below 230 K (Figure 2) and the splitting between these 
two peaks increases until the freezing point of CDCI3 is 
reached, showing a restricted rotation of the amino group. By 
adding butyric acid the two resonance lines of the amino group 
are shifted downfield and their splitting increases (Figure 2). 
This increase of the splitting could be due to a stabilization of 
the restricted rotation of NH2 upon complex formation or to 
a different shift for each proton if two different 1:1 complexes 
are formed. The effect of saturating the spin levels by nar
row-band irradiation of the acid hydroxylic proton leads to a 
vanishing of e9A amino proton resonances. Conversely the ir
radiation of amino proton of e9A decreases the intensity of the 
hydroxylic proton resonance of butyric acid. This experiment 
provides evidence for transfer of magnetization between pro
tons OfNH2 (e9A) and OH (acid). Since these chemical groups 
are not directly linked by an H bond, this must result from a 
double proton transfer. The amino group of e9A can be deu
terated by dissolving e9A in D2O followed by lyophilization. 
1H NMR spectra show 90% effective deuteration. Upon 
adding butyric acid, exchange of protons takes place between 
NH 2 and OH groups. The integral of the 1H NMR spectra 
shows the same loss of proton from acid than gain of proton by 
e9A. This also is evidence for double proton transfer. 

Determination of Association Constants. Binding of e9 A and 
butyric acid could lead to the formation of two 1:1 complexes 
with two hydrogen bonds and one 1:1 complex with only one 
hydrogen bond (Figure 3). The equilibrium: 

leads to 

A + B — (AB), 

[AB],= Ar1-[A][B] ( 1 - 1 , 3 , 7 ) (D 
where Kt represents the association constants of the different 
complexes, the subscript indicating the N atom involved in H 
bonding. Let <V and 6UJ represent the chemical shifts of 
proton j in the free molecule and in complex i, respectively. The 
observed chemical shift will be: 

5 ; = v m + E V [ A B i 
[A0] [A0] 

(2) 
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Figure 3. Geometry of the three types of H-bonded complexes formed 
between e9A and butyric acid. The geometry of e'A was taken from x-ray 
crystallographic data on 9-methyladenine18 and geometry of butyric acid 
was obtained from data reported for formic acid.19 

where [Ao] is the total concentration in molecule A. Equations 
1 and 2 lead to a variation of chemical shift: 

with 

A5 = SJ -8oi=Z (8U
J ~ V ) 

[AB] = E [AB],-

K1 [AB] 
K [A0] 

(3) 

(4) 

A fit of the variation of A<5 vs. concentration in A or B will 
give: 

i A 
(5) 

and the concentration in AB or, in other words, K = 2/AT,-. 
The ratio of changes in chemical shifts of H2, Hs, and NH2 

protons of e9A (1.4 X 1O-2 M) is constant when mixed with 
butyric acid for concentrations in acid less than 3 X 10~2 M, 
showing the existence of only 1:1 complexes. By use of a 
least-squares program, we have computed the association 
constant K = Ki+ K3 + K1 = 160 (Figure 4) taking into ac
count the self-association constant of butyric acid as well as 
that of e9A (which have been computed by a fit of the con
centration dependence of chemical shifts of OH or NH2 proton 
resonances). All results are given in Table I. 

Restricted Rotation of the Amino Group of m6A. Engel and 
Von Hippel7 have demonstrated the restricted rotation of the 
amino group of 6-methylamino-9-methylpurine. By measuring 
the intensities of the two singlet peaks of the methylamino 
group at low temperature, they have computed an equilibrium 

6.5 

( X ) 

6 NH2 
ppm) 

6.0 

5.5 
1 1 . 

e.4 

" H 2 

(ppm) 

8.4 

0.01 0.02 0.03 [acid] 

Figure 4. Concentration dependence of e'A proton resonances (2XlO" 2 

M) in the presence of butyric acid in CDCl3 at 303 K. Experimental shifts 
(error bars for H2) are fitted by a least-squares program (full lines). The 
parameters computed are listed in Table I. The small slope OfS(NH2) for 
small concentrations in acid shows the effect of e'A self-association. 

population ratio of 96:4 (symanti) in CD3OD. By the same 
procedure we have computed an equilibrium population ratio 
of 95:5 in CDCI3 which does not change between 220 and 250 
K. Since the restricted rotation data on m6A (Figure 6) can 
be interpreted in terms of an equilibrium preference for the 
rotamer in position syn, viz. CH3 on the Ni side,7 the deter
mination of the association constant of m6A with, butyric acid 
can allow us to compute the ratio of the association constants 
for the two 1:1 hydrogen-bonded complexes between e9A and 
butyric acid. 

m6A, ni26A, and Butyric Acid. Interaction between m6A and 
butyric acid leads to the formation of two 1:1 complexes, whose 
probability of formation is governed by the ratio KxIK1, and 
the possibility of finding the methylamino group in position 
syn or anti. Adding butyric acid to a solution of m6A in CDCI3 
at 303 K shifts the amino and Hs resonance lines downfield, 
whereas the H2 resonance line is shifted slightly upfield. The 
computed association constant is K = 54 (Table I). 

The value of association constant K3 can be estimated by 
investigating complex formation between rri26A and butyric 
acid. As a matter of fact three complexes with only one H bond 
could exist in this system. The computed association constant 
of the three complexes is K = 15 (Table I). By assuming that 
the probability of formation is equal and by taking into account 
the population ratio of the two rotamers of m6A we computed 
(see Discussion): Kx = 114 ± 20 M"1, K2, = 5 ± 0.5 M - 1 , and 
K1 = 41 ± 7 M-1, i.e. KxIK1 = 2.8 ± 1. 

1-CycIohexyluracil and Butyric Acid. Interaction of butyric 
acid (self-associated for concentrations used in the range 1O-2 

to 9 X 1O-2 M) with (chx)'U leads to an upfield shift of the 
hydroxylic resonance line of acid and the vanishing of the NH 

Table I 0 

e'A 

m6A 

ITl2
6A 

(chx)'U* 
(chx)'C 
0 I 2

2 G ' 

K, M-' 

160 ± 15 
140 ±35 
150 ±50 
55 ± 5 
53 ± 13 
15 ± 2 
80 ± 15 

270 ± 44 
660 ± 60 

A5, ppm 

-2.37 ±0.20 
0.17 ±0.02 

-0.052 ± 0.005 
-4.14 ±0.34 
-0.11 ±0.01 
-0.24 ± 0.02 
Ac288 = 2400 ± 200 
-5.09 ±0.18 
Ae298= 1200 ± 100 

<5o. ppm 

5.344 
8.372 
7.806 
5.514 
7.695 
7.721 

2.176 

K (base 
self-association) 

2.28 
2.28 
2.28 
1.1 
1.1 
0 
0 
0 
0 

Proton used 
for fit 

NH2 

H2 
H8 

NH 
H8 
H8 

OH 

" Equilibrium constants and chemical shifts computed for 1:1 complex formation between nucleic acid bases and butyric acid at 303 K in 
CDCI3. The dimerization constant for butyric acid (K = 80 ± 15 M - 1 ) was computed by a least-squares program using the chemical shift 
of OH proton vs. concentration in acid at 303 K in CDCI3. * K value of 60 ± 20 M - 1 was reported by Sellini et al.' from infrared measurements 
at 308 K . c K was computed from UV absorption measurements in CHCI3. 
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Figure 5. Difference absorption spectra of ni22G (1O-4 M) in the presence 
of butyric acid in CHCI3 at 303 K (/ = 1 cm). (Right): (a) [acid] =6.32 
X 1O-4 M; (b) [acid] = 4.73 X 10~3 M. The broken line shows the ab
sorption spectrum of m2

2G 1O-4 M (scale must be multiplied by 5). (Left): 
Plot of AA/bo vs. AA at 298 and 277 nm. We computed at 298 nm K = 
691 M- ' and At = 1200 and at 277 nm K = 625 M"1 and At = 930. Here 
6o » flo and AAfb is computed by taking into account the self-association 
of butyric acid (Ko = 80). 

resonance line of (chx)'U. The integrated 1H NMR spectra 
show that OH and NH resonance lines are superimposed. By 
taking into account the concentration in OH and NH protons, 
we can show that the OH resonance line is shifted upfield by 
interaction with (chx) 1U. This can be attributed to a downfield 
shift greater for self-associated acid species than for 
(chx)'U-butyric acid complexes, the net result being an upfield 
shift. This superposition of resonance lines as well as the small 
changes of chemical shifts observed for non-H-bonded protons 
of the (chx) 1U aromatic ring did not allow us to compute the 
association constant. Table I gives the value reported by Sellini 
et al.,1 K = 60 ± 20 M - 1 , in CHCl3 at 308 K obtained from 
IR measurements as well as the value computed from UV 
absorbance results, K - 80 ± 15 M"1, in CHCl3 at 303 K 
(Lancelot23; in that paper we reported K= 170 ± 30 M - 1 in 
CHCl3 at 283 K). 

1-Cyclohexylcytosine and Butyric Acid. As for (chx) 1U, the 
broadening of the NH2 resonance, as well as the small changes 
in chemical shifts of H5 and H6 of (chx)'C in the presence of 
butyric acid, did not allow us to compute the association con
stant. We have only fitted the experimental chemical shifts of 
the hydroxylic proton of butyric acid to compute the associa
tion constant K = 270 M - 1 (Table I). 

Interaction between Guanine Derivatives and Butyric Acid. 
Guanine and its derivatives are known to have very low solu
bility in nonpolar solvents. Accumulation of 40 000 1H NMR 
spectra of 2',3',5'-triacetylguanosine (10~4 M) made it possible 
to observe resonance lines of ring and sugar protons but did not 
allow us to detect the most important resonance lines for H-
bonding studies, namely NH and NH2. Moreover, photo
chemical reactions preclude using UV difference spectra in the 
presence of butyric acid. We have investigated the interactions 
between butyric acid and 2-dimethylamino-6-hydroxy-9-
ethylpurine (11122G) which is soluble enough in CDCl3 for 1H 
NMR and absorption studies. 1H NMR spectra of 11122G (7 
X 10 -3 M) in the presence of butyric acid show a broadening 
of the NiH resonance line of iri22G as well as a mixing with 
resonance line of butyric acid protons (OH). We have therefore 
used difference absorbance spectra to compute the association 
constant. The absorption spectrum of m22G (10~4 M) in 
CHCl3 at 303 K is very sensitive to the presence of small 
amounts of butyric acid (Figure 5). The difference spectra 
show a red shift of the first absorption band. This is typical for 
hydrogen-bonding effects on the first xx* absorption band of 

a molecule whose chromophore acts as a proton donor.6 For 
butyric acid concentrations (bo) greater than that of iri22G 
(an), complex concentration can be calculated according to: 

c = a0b0K/(\ + b0K) (6) 

where K refers to the association constant in the equilibri
um: 

A + B - C (7) 

The absorbance measured at a wavelength where B does not 
absorb is: 

A2 = Ka0-c)eA + ctc]l (8) 

where 5A and 5c are the extinction coefficients of A and C, 
respectively, and / is the path length. For b0 = 0, the absorb
ance is: 

Ai=a0tAl (9) 

The absorbance difference measured is: 

AA = A2- Ai=cAtl (10) 

where 

Ae = « c - e a (H) 

One can then write as done in ref 8 and 9: 

AA/bo= -KAA+ Ata0l (12) 

As Person10 has previously noted, by plotting AA/bo vs. AA, 
we are able to obtain good values of both K (slope) and At from 
spectrophotometric measurements if: 

0.1AY-1 <*o^9A:-1 (13) 

Such a linear relation is shown in Figure 5 from which we de
termined K = 660 ± 60 M - 1 . The dimerization of butyric acid 
was taken into account (AY = 80 M - 1) and 60 was taken as 
the concentration in acid monomers. 

Discussion 

Equilibrium constants for the association of butyric acid 
with e9A, m6A, and ITi2

6A are the sum of the association con
stants of several 1:1 complexes. Methylation of the amino 
group of adenine leads to the appearance of two new complexes 
with only one hydrogen bond (ATi' and K1'). Since A"(m2

6A) 
= K\ + K1' + K3 = 15 is small as compared to Af(e9A) and 
A"(m6A), the exact values of AY and Ky' are not very important 
in determining the ratio Kx/Ky as shown by the following cal
culations using different assumptions: (i) if AY = K1 ~ 0—^i 
= 109 ± 20 M-' , A"3 = 15 ± 2 M"1, K1 = 36 ± 6 M"1, KxIK1 
= 3 ± 1; (ii) if AY = K1' = K3-K1 = 114 ± 20 M"1, A"3 = 5 
± 1 M"1, K1 = 41 ± 7 M-1, KxJK1 = 2.8 ± 1; (Hi) if K3 = 0 
and Kx' = KJ-Kx = 116 ± 20 M"1, K3 = O, K1 = 44 ±1 
M-KKxZK1= 2.6 ± 1. 

For each of these assumptions KxJK1 is in the range 2.6-3. 
From the radius of van der Waals and the possibility of rotation 
around the O-H bond (viz. O side to C2 or C8), the steric effect 
of the NCH3 group or H atom on the oxygen atom is not suf
ficiently important to prevent the formation of complexes with 
one hydrogen bond on Ni and N7. Therefore, we conclude that: 
Kx' ^ K1' ^K3 = 5 and KxIK1 = 2.8 ± 1. Linear H bonds are 
stronger than bent H bonds. The geometry of complexes 
(Figure 3) is such that O-H-N and O-H-N are linear for a 
complex of type I and slightly bent for type 7. This could ex
plain that Kx is about three times greater than K1. 

We have been able to measure the equilibrium constant for 
association of m2

2G with butyric acid in CHCl3 at 303 K. 
Methylation of the amino group of guanine prevents the for
mation of a complex with two hydrogen bonds involving NH2 
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Figure 6.1H NMR spectrum of m6A in CDCl3 at 235 K showing the re
stricted rotation of the NHCH3 group. Two resonance lines are observed 
for the NCH3 group (3.56 and 3.18 ppm) corresponding to the two ro-
tamers. The expended spectrum has been multiplied by 8.Of the two NH 
resonances only one could be detected at 7.10 ppm. The peak marked by 
an asterisk is residual CHCl3. 

Table H 0 

C3H7 p. 

Adenine 

Cytosine 
Thymine 

Guanine 

N1, 
N7, 
N1, 
O2, 
O4, 
0, 

-0.30944 
-0.26798 
-0.33509 
-0.40615 
-0.36348 
-0.36836 

NH2, H side to N, 
H side to N7 
NH2, H side to N3 

N3H, H 

N1H1H 

0.32803 
0.37406 
0.33598 
0.36648 

0.35188 

" Net atomic charges on atoms participating in H bonds for nucleic 
acid bases. AU electron SCF-LCAO-MO computations were reported 
by Clementi et al.23 

and N3. The poor solubility of guanine in nonpolar solvents has 
led several investigators to use a polar solvent such as Me2SO 
which gives rise to strong competition for hydrogen bond for
mation. For example, the equilibrium constant for G-C asso
ciation is larger than 104 M"1 in CHCl3,

11 3.7 M - 1 in 
Me2SO,12 and K = 33 M""1 in Me2SO-rf6-benzene-£?6 (1:1)-
It is not possible then to compare equilibrium constants for e9A, 
(chx) 1U, or (chx) 1C in CHCl3 with that of guanine determined 
in Me2SO. On the other hand, comparative studies in Me2SO 
could be strongly perturbed by important errors generally 
encountered in the determination of small association con
stants. Nevertheless, we can estimate an order of magnitude 
of the association constant for interaction of butyric acid with 
guanosine in position N3. The H bonds 0 - H - N 3 and O— 
H-N4 are equivalent in nature with H bonds made with ade
nine or cytosine (K in the range 40-300). Moreover, using the 
geometry given by x-ray crystallographic data we can predict 
that one of these hydrogen bonds will be slightly bent (about 
10°). With this information it is not unreasonable to predict 
that interaction with butyric acid in position N3 gives a smaller 
constant than interaction in position Ni. 

It should be noted that the equilibrium constants for the 
association of butyric acid with nucleic bases decrease in the 
order m2

2G > (chx) 1C > e9A (in position 1) > (chx) 1U > e9A 
(in position 7). There is an eightfold difference between m2

2G 
and U although in both cases the same H bonds are formed 
(O-H—O and N-H-O) and have approximately the same 
geometry (Figures 3 and 6). The association constant for C is 
two- to threefold larger than that for A in position 1 although 
the same H bonds with the same geometry are formed (N-
H-O, O-H—N). The lowest of the association constants is 
obtained for A in position 7, sevenfold smaller than for 
(chx) 1C, but the difference can be partly explained by the 
presence of bent H bonds (see above). Though net atomic 
charges of atoms participating in H bonds are slightly different 
(Table II) in these compounds, this cannot explain the dif
ference in free energy of these complexes. For a small dimer 
such as H2O-H2O Van Duijneveldt-Van de Rijdt and Van 
Duijneveldt13 have computed stabilization energies of —7.2 
kcal mol-1 (electrostatic), —1.0 kcal mol-1 (dispersion), and 
-1.1 kcal mol-1 (derealization), and a destabilization energy 

Figure 7. Geometry of 1:1 complexes with two hydrogen bonds between 
(chx) 1U, (chx)'C, m2

2G, and butyric acid. Hydrogen bonding of butyric 
acid with guanine leads to a new complex involving NH2 and N3. The 
geometry of butyric acid was determined by published data reported on 
formic acid.'9 Geometries of (chx) 1U, (chx)'C, and m2

2G were determined 
by using neutron diffusion crystallographic data on 1-methylthymine20 

or x-rav crystallographic data on cytosine and on guanosine dihy-
drate.21'22 

(exchange) of +5 kcal mol-1. This gives a net stabilization 
energy of —4.3 kcal mol-1, a value comparable with experi
mental data (—5.2 kcal mol-1).14 Due to the complexity of the 
problem even for small molecules, it is not reasonable to argue 
that a difference in total atomic charges will explain energy 
differences in our systems. On the other hand, Del Bene and 
Kochenour15 have recently computed the stabilization energy 
for dimer formation by formic acid assuming either identical 
geometries for formic acid monomer in the free and complexed 
states (constrained dimer) or a dimer geometry optimized to 
obtain the best stabilization energy (fully optimized dimer) 
by STO-3G computations.16 For a variation of about 3% of 
angles and bond lengths (except for O—H bonds, 1.65 and 1.53 
A), they have computed a difference of stabilization energy 
of 2.7 kcal mol-1. For complexes of butyric acid with (chx) 1U 
or m2

2G the lengths of H bonds on simple geometric models 
are in disagreement with experimentally reported average 
values. Assuming the usual length of the N - H - O bond (1.9 
A), the O-H—O bond length is 2.5 A for guanine and 2.25 A 
for uracil, values greater than generally reported: 1.7 A.6 The 
variation of energy due to a fully optimized geometry can be 
of importance in explaining differences in H-bond energy 
formation. Redistribution of charges on different atoms for 
the four bases in interaction with butyric acid could also be of 
great importance. 

The results reported above concern carboxylic acids in their 
un-ionized state. However, it should be pointed out that many 
amino acid side chains have abnormal pK values in proteins.17 

Therefore, un-ionized carboxylic acids might be involved in 
hydrogen bonding interaction under biological conditions. 
Formation of double hydrogen bonds allows an amino acid side 
chain (carboxylic acid) to discriminate between different nu
cleic acid bases. There is a 15-fold difference in association 
constants between guanine (NjH and Og) and adenine (N7 and 
NeH). Although results obtained with the carboxylic group 
(GIu, Asp) cannot be simply extended to amide groups (GIn, 
Asn), both side chains can give rise to the same types of H 
bonds. Moreover, it should be noted that in double-stranded 
nucleic acids many of the H-bonding possibilities described 
here (Figures 3 and 7) are eliminated. Only two sites remain: 
adenine (N7 and NgH) in the large groove and guanine (N3 
and N2H) in the small groove. Double hydrogen bond for
mation might be one of the interactions involved in selective 
recognition of nucleic acid bases by proteins. 
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energy is required for significant deviations from planarity to 
occur. 

A major limitation of previous studies is that the amide unit 
was modeled in vacuo, much unlike the true environment of 
a protein. In the present paper, we examine the effects that 
various hydrogen bonding species (HBS) produce on a model 
peptide unit, particularly the role they play in altering its 
flexibility, and the possible implications on the secondary 
protein structure. The molecule chosen to model the peptide 
unit is ?/ww-iV-methylacetamide (NMA). The trans ar
rangement is chosen because the overwhelming majority of 
peptide units in proteins is found in this configuration. Of more 
than 20 globular proteins whose crystal structures have been 
determined, the cis configuration is observed only rarely and 
is usually associated with the presence of a proline resi
due.29 

Planar Systems 

The primary computational method used in our study is 
partial retention of diatomic differential overlap (PRDDO) 
which has been proven30 to simulate accurately and rapidly 
ab initio minimum Slater basis-set results. Optimization of the 
geometry of NMA (Figure 1) with PRDDO yielded a planar 
molecule with the bond lengths and bond angles shown in Table 
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Abstract: The effects of hydrogen bonding on peptide bonds are studied by quantum mechanical methods. The peptide unit is 
modeled by ?/'tf/u-A'-methylacetamide (NMA) which is allowed to interact with various hydrogen bonding species that are 
similar to those typically found in the environment of a peptide within a protein molecule. These species include waters of hy
dration, other peptide units, and the side chains of amino acid residues. The effects of these species on the flexibility and elec
tronic charge distribution of NMA can be interpreted in terms of resonance structures and atomic orbital overlap. AU species 
are found to have a restricting influence on the conformation of a peptide bond. Nonplanar deformations of the peptide unit 
require more energy in the presence of these species. The effects of partial as well as full hydration of the peptide are consid
ered. It is found that many of the effects of a full hydration shell can be simulated by the interaction with two water molecules. 
A correlation is found between the increased rigidity of the peptide and several parameters of charge redistribution. Interpep-
tide hydrogen bonding is found to have much the same effects as hydration. Interaction of a peptide unit with the electrically 
charged side chains of several residues is also predicted to result in a significantly more rigid peptide. 
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