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1. Intreduction

. The origin of the specificity of interactions between
nucielc acids and proteins is a fundamental problem of

“molecuiat biology. Many studies have been made on the -

electrostatic interactions between basic polypeptides
and nucleic acids [1,2]. More recently, results on the
formation of stacked complexes between aromatic

‘amino acids and polynuclectide bases have been re-
‘ported [3—6]. Another type of force might be of im-
portance in nucleic acid—protein interactions, namely
hydrogen bonding. Study of this type of force, on model
compounds, is very difficult in aqueous sclutions due
to competition of hydrogen bonding to the solvent.
However, nucleic acid derivatives have been recently
shown to form hydrogen bends in concentrated aqueous
solutions {7] . Preliminary investigation on the existence
of such interactions can be made in organic solvents.
This method has been successfully applied to the study
-of specific pairing of nucleic acid bases either by infra-
red (IR) spectroscopy [6—11] orby proton magnetic
‘resonmance (PMR) [12-15]. ;

. We wish to report preliminary results on the inter-
dcuons between derivatives of adenine or uracil, and
Lompounds bearing chemical functions identical to
several amino acid side chains. The experiments are per-
fcrmed in chloroform solutions and hydrogen-bond
‘association is investigated by IR and PMR spectroscopies.
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2. Experimental

9-Ethy!adenine (A) and 1-cyclohexyluracit {U) were
obtained from Cyclochemical Co., Los Angeles, and -
used without further purification. Chloroform was -
distilled after being dried over CaCl,, and then passed
through an alumina gel column 20 ¢m long. p-Cresol,
indole, and imidazole were ptirified by sublimation.
Butyric acid was distilled over CaCl,. Methylguanidine
was preparéd from its hydrochloride by addition of
NaOH in ethar:ol and dried under vacuum with P,05.

“Infra-red spectra were recorded with a Beckman IR

'12 double beam spectrophotometer, using AgCl cells.

Proton magnetic resonance spectra were obtained wﬁh
a Britker HF X 90 MHz specirometer. TMS was used
as an internal reference.

3. Results.

3.1. 9-Ethyladenine and pcrcsol

In the wavenumber range 3200—3650 cm™! the
IR spectrum of A {0.02 M) in chioroform, is composed
of esseﬂtuﬂly two bands at 3526 and 3317 em— !, cor- -

erspondmg to the antisymmetric and symmetdc

stretching vibrations of the free aminc groups [8].
Shoulders at 3490 and 3350 cm— lare assigned to the
vibration of the bound amino groups arising from self
association of A. The band corresponding to the free
hydroxyl vibration of p-cresol is iocated at 3604 cm—
whereas the bonded hydroxyl vibration diie to self
association appears as a broad band around 3400 cm™
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A comparison of the spectrum of the equimolar mixture
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l—xw 1. Infra-red spectra of 9~ethyladenmc (A) i-cy <.lohexylurac1l (U;, p—c:eaol (Cr) and equnmolat mixtures nf Aand Uy wnh Cr
at 277° K in CHCl3. Concentration: 2 X 102 M. In the upper spectra the fu’l lmc is the observed specttum of the m::\'ture and the

broken line is the sum of the spectra of separated componernts. = .

o_f A ancl p-cresol with that of the no'_n interacting com-
pounds leads to the following cbservations (fig. 1): the
intensity of the p-creso! frec hydroxyl group band is
strongly decreased; the intensity at 3490 cm— ! is
markedly increased and a new band appears at’

3390 cm— lon the low enerey side of the _fré'e' NH, -
symmetric stretching band: the absorption in the region
3i90-3390 cm— ! increases due to bound species. The
intensity of the bands at 1631 and 1589 cm~1, charac-
teristic of the NH, scissor vibrations and ring stretchmg
modes of A [8], decreases while there is an incréase of
intensity on the high frequency side of the band at
1631 cm—1, characteristic of NH, bonded groups.

From all thpse results, it can be concluded that the
hydmxyl group of p-cresol, as well as the amino group
of A, are involved in complex formation between A
and p-cresol. No interaction is detected between A and
p-cresol-methyl ester.

- Proton magnetic resonance (PMR) can be used to -
study hydrogen-bond formation because the proton in
hydrogen bending is usually strongly deshielded due to
the electric {ield of the acceptor molecule and its re-
sonance is shifted downfield {16] . The magnetic aniso-
tropy of the acceptor group (or ring) may also contnb-
ute (either downfield or upfield) to the observed shift.
The association process is usually contrciled by diffu-
sion and undess the association constants are unusually -
large (for small organic molecules), the exchange be-
tween bound and free species is fast encugh for only
the weighted average chemical shift to be observed :

q17].
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I the mixtures of 9nelhyladenme and p-cresol the

o cresol OH resonance is strongly shifted downficld
_(fig. 2) and broadened as comparcd to free cresol. The

resonance of the adenine amino protons is also shifted
downfield .ﬂthough to a much lesser extent that the
'OH resonance. These observauons are in quite good
agreemen' with the IR resulis presented above and
indicate that both cresol OH and adenine NH, groups
are involved in complex formation. It must also be
noticed that small shifts (either upfield or downfield)
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Flg 2 Lejt Change in chemlcal shlft of p—cresol Od resonance
in COCl3 at 300 K versus l-cyclohetylumczl or 9-ethyl-

adenine concentration. p-Cresol concentration is kept constant
(O 064 M). Righi: Chemical shift of p-cresol OH resonance in -

: CDC!3 at different tempem;ures in the presence of I-cyclo- i

: hexy!u:acll and i, 3-d:m“thylumc1l-
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sz 3. Left intra-red spectra. of buwnc acid (4 X102 M), 9—ethylddcmns: (4 x 1672 M) and their equxmont mr\mu 4 x W0 M

'cach) at 308°K in CHCL-;- Rtght' infra-red specira of butyric acid (5.9 X 162 M), t-cyclohexyluraci] (5.9 % 102

equimolar nuxmre (59 % 1072
lme is the sum of the individual spectra.

Of the atmnﬁﬁc ring ptoions of both cresol and adenine
ate observed. They can be attributed to the redistribu-
tion of electronic charges in the hydrogen bonded com-
plex. The ef fect of cresol upon the CgH and CoH
resonances of adenine is very similar to that observed
when uracil binds to adenine |14} (downfield shifts
'nfCBH and C, H, the shift of the CgHl resonance being
about twice that of CyH). Also the shifts of the cresol
aromatic protons are consistent with ‘the charge redis-
tribation due to the electrostatic effect upon electrons

‘in the hydrogen bond (ortho protons are shifted down-.

field and ‘meta protons upfield).

“There are three nitrogen atoms on the adetine ring
whose basicities are in the order N; > N > Nj. The
involvement of the adenine NH, group cmnple\{ for-

‘mation suggests that cyclic dimers are formed. At low
concentration of adenine as compared to cresol, the
amount of free cresol measured by IR isless than that
which would be expected if all adenene moléculeshad
‘been mvolve.i in a 1:1 complex. Thus the stmchlom-
etry is pmbably 1 at high (creso}},/(adenme) rzmos

) and their

M each). In the uppn.r parts, the full line is the observed speatrum of the mixture and the broken

This is supported by an IR study using the method of
continuous variation: maximum complex formation
occurs for a ratio close to 2 cresol per adenine. How-
ever the fact that adenine seif-associates does limit the
validity ef the measuremems at h!ah adz,nme concen-
tration.

32.9 Ethyladenme and bua‘vru acid
Fig. 3 shows the IR spectra of butyric acid (B),
9-ethyladenine (A) and of their equimolar mixture.
Drastic changes are observed upon mixing the two

'compmmds There is a decrease in intensity of the

bands due to free NH, and OH groups (35303417
and also 16301590 cm~ 1) and strong bands charac-
teristic of bound species appear at 3490, 3325, 3265,

3180 and 1600 cm— . The method of continuous
_ variations indicates the formation of a 1:1 compliex.

In order to calculate the association constant between
the two compounds (K g) one needs to take into
account the seif association of butyric acid ‘
(Kgg = 58 M~ ) but one can neglect the self association

o
[£9]
—
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of A \&h;c‘: w smai! (KAA\- 23 M- at 306 K {8})

At 308°K we find Kq g = 130230 M~ 1. The emhaipy
of reaction (&‘I} and the entropy change’ (&S} were .
obtamed fron- a Van't Hoff plot using the. vaiucs of-

Ky p determined at d:fferent termperatures:

AH =
value of AH’ seems 16 be too large to be attributed to

a single hydrogen bond and does indicate the ex:stence
of a cyclic dimer betw=2en A and butym: acid. It must
be pointed out that the vaiues we have found for AH
and AS are very close to the values found by Kyogaku
et al. [81 for the formation of cyclic dimers between -

A and U (AH \U‘—f-é._ kcal- mole—‘ and Asw =0
—1 leu). : v

3.3. Cyclohexyl uracil and p-cresol

- The IR spectrum of U'is composed of one band at

3400 cm~ ! characteristic of the free NH group {8].
At 1710 cmi~! there is a band due to the C(2) ;,arbonvi
group vibration and at 1687 cm— 1 4nother band due to
the coupling between C(4) carbonyl stretching and
NH bonding modes. Upon mixing U and p-cresol there is -
a decrease of the intensity of the free hy droxy! band of
;)—Créaﬂi dﬂd anincrease in mtensuy around ?400 z.m ~1
fig. 1) dee to bound hydroxyl groups. :
The binding of l-cyc!ohexyluraui to cresol leads
to a downfield shift and a broadening of the cresol OH
resonance. Using 1,3 dxme:hy turacil mstead of I*cyclo»
hexyluracil, quite similar downfield shifts of the OH -
resoniance are observed, indicating that hy cimgen .
bundmb' probablv involves only the carbony} group(s)
of uracil. As already observed it the presence of a(ie'nne
the | reganzm‘,,e; of protons in the ortho position of the
OH group are slightly shifted downfield in the pre-
“sence of uracil wmle the meia protons are sh:fted up-
field. , :
~The bmadenm« of the OH 'escmaw:e of p-cresoi
upon binding to adenine or uracil derivatives could
possibly be ascribed to hydrogen exchange between
OH ( (cresol) and NH, (ademne) or NH (uracil groups}
This chemical exchange can be easily demonsfrated by
IR studies if one of these groups is deuterated pnor to
mixing with the other non-deuterated compound. ™
(OD exchanges with NH; and NH ) However, the rate
of exchange is too hxgh tobe measufed by the IR
technique. The absence of broadenmg of the cresol OH
group in the presence of 1, 3-dimethyluracil as well as
the narrowing ¢hserved when the temperature of the

i
e AN
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'—«‘}4+Q-okcai mole—l AS = =13, 3+?eu The )

- :mixtures w:th A ot'U is vdecreased €. Acmsxstent w:th
: 'i/ ehemtcai exchange as a‘'source of broadmmg

The caem:cal shzfts of ﬁe OH resonance at s,enstanf

"creqol com:entr:mon ((}.{)? M) have been measureé at’

different temperatums in the presence of various

_ uracil com:enimnons (fig. 2} Self-association of cresol

at 0.02 M is weak; even at 219K (see fig. 2). At low

: [cresol]/[uraml} ratios, it is likely that only S R
o compiexes are formied {u;acd seif»assccmtes 1o i‘orm ,
- cyclic dimers; but each uracil mo!ecule still has a free’

‘carbonyl’ group available for’ hydmwen bomézng} The :

determination of the dSSOLlaUOﬂ constant requires the
knowledge of the chemxcai sfnft ) in the hydmgm-

~ bonded cresol molecule. An estimation of 5 can be
made on the basis of the e\cpemnental results shown

in fig. 2. Usmg this estimated &, value, the’ ﬁSSOClatIOﬁ
constant K can be calculated for every uracil concen-
tration. The value of 8, is then changed unni the values

Cof Kare independent ot uracil concentration. At 2 19K,

lhe best fit is obtained when using A5 =§_ —~8 =33 o

‘(where 5, is the chenmical shift of free cresoi) zmd the
C Kvalue is69 £ 4M~! . The IR frequency shift of the Of

vibration (Aqoﬁ) and the change in chemical shift of
the OH resonance (AS) which bave been observed tpon
binding of phenoi to various hydmwen-bond acceptmrs

‘have been linearly correlated te: the emhalpy of complex

formation f16]. i}ﬂng the relationships reported by
Eyman and Drago {16] and the change in chemical shift

(A8 = 3.3 ppm) corrected for the magnetic anisotropy
of the carbony! group (== 1.1 ppm), one can calculate

Aty = 150 cm—! and AH = —3.0 kcal‘mole ™! The
association ccnstam has been calcuiat sd-at dszer{:nt
temperatures assuming that 5_ is mdependent of
temperature. A plot of log K versus 14T is linear and -

the calculated thesmodynam'c parameters are AH =
—3.4 kcal- moie ' , «

AS i-”——'?Scal mole”‘ K”"‘ o

The AH value obtained from the temi}emmw dep“n'
“dence of the association constant is thus quite similar

to that determined abnve from the cluugf‘ in chemzcal
shift.

At 300° K the assocmtmn canstant for th«, bmdmg :
of cresol to dlmethyiuracﬂ is determined o be K=

6.3+ 0.2 M~ ! with the same value of 5 (3.3 ppm). -
_Thus the associations ef 13 dtmethyimagé and 1-cyclo-

hexylumwl wzth cresol are quite similar (6.3 and 7 4

' M" respet,twe!y, at 300 K).
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3 3. 4. Cyc!o!zexy!waal and but yric acad “ e

" :The' IR spectra of U, butyric acid and fhelr equ1~
molar mucture are shown in fig. 3. These spectra indi-. -
cate. that new bound species appear (vxbmtnon between
3150 and 3350 ¢~ Iy and that the NH group of Uis
mvolved in'the assecxatlon. However nmdlﬁcatmns Gf
-the spectra are. less important than in the case of A.
The association constant is calculated to be K= '
éﬂtz() M-tat 308° K. -

3.5. Oﬂzer compounds : '

.. We could not detect any chan ¢ in the IR Spectra
when A or U were mixed with ethanol, indole, imi-
dazole acetamlde and N-methylacetamide (equimolac
0 02 M mlxtures) In' the cases of N-methyl guanidine
and 5-hydroxyindole interactions have been observed.

N-Methy! guanidine is not soluble enough in chloroform
to record its IR spectrum however its solubility is
atrcngly increased in the presence of U but not in the
presence of A. This indicates that comple‘(es are foumed

‘between methyl guamdme and U. Mixing U and

5- hydroxym(iole does not induce any change in the

‘ IR spes.,trum but mixing A and S-hydroxy mdoie qives.
‘a pteupntate with 1:1 stmchlometry indicating a strong
interaction bctween the:.e two compounds.

4 Cmidusion .

The results which are reported above demonstrate
that hydrogen bonded complexes between bases of
micleic acids and compounds bearing the same chemv
ical functions as side chains of amino acids are formed
in chioroform. Although the overall environment of
the complex in a non polar solvent differs from that in
biologically active systems, the more immediate environ-
‘ment of 2 hydrogen bond may be similar. Using

chioroform does not allow the study of such compounds -

as ionized’ compounds, e.g. anions of carboxylic acids.
“Extension of these IR studies to other solvents than
chloroform should help overcome this difficulty. How-
ever, it must be peinted out that many residues have
qbnormal pK values in proteins, so that the study of
uomple'i formanon between nucleic acid bases and
“unionized. carboxyhc acids or amines could be relevant
1o the problem of pmtem~mxdew acnd mteractxons in
bmloglcai conditions. V
it is smpnsmg that ethanel &oe.. not form hydrogcn
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bonds wnh A zmd U under cur experimental condi-

~ ‘tions (0.02 M, in chloroform). Interactions i mvmvmg
~ OH groups have been demonstrated in ¢rystal com- -

~ plexes of ribonuclease and cytidine 3monophosphate
“between threonine 45, serine 123 and the pyrimidine

ring [18}.As A and U (as well as ethanol) self associate
in chloroform, this might only indicate that complex

formation with ethanol is weaker than self association.
- Aromatic hydroxyl groups are able to form hydrogen

bonds with nucleic acid bases (see results obtained

 with p-cresol). This is probably due to the more acidic

character of cresol as compared to non aromatic

alcohols, but it may also reflect the energy due to -

direct interactions between the aromatic rings them-
selves in the hydrogen bonded complexes. .

We do not observe any interaction between at,etamide
or N—methyi acetamide and A or U despite the fact
that it is possible to build a model with double hydrogen
bond formation in a way similar to base pairing of
nucleic acids. Kyogoku et al. {11] have shown that com-

‘pounds bearing the —CO--NH— group like barbiturates »

could form hydrogen bonds with aderine. but valero-

lactam fails to form such a complex. This was attri-

buted to the very poor proton donating power of

“this compound assaciated to a high pK. A similar ex-

planation could be put forward in the case of acet amid
and NV-methylacetamide. ' -
Our results suggest that among the differznt amino
acid residues, tyrosine and carboxylic acids (aspartic -
and glitamic acids) could participate in the formation
of protein—nucleic acid complexes by hydrogen bonding
to the bases of DNA. Experiments with guanine and
cytidine derivatives are required before any wndusmu
can be drawn about the specificity of hydrogen bond -

interactions between nucleic acid bases and amino acid

residues. Work along this fine is gurmnti; in progress
in our laboratory. :
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