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Detection of Separated Amino Proton Resonance Signals of Adenine
Derivatives at Low Temperature and Its Application to Estimation of
Population of the Adenine-Uracil Dimers in Solution®

Hideo Iwahashi, Hiromu Sugeta, and Yoshimasa Kyogoku*

ABSTRACT: Splitting of the amino proton signals of 9-ethyl-
adenine derivatives was found in proton nuclear magnetic
resonance spectra at low temperature (ca. —30 °C). One of
the separated signals corresponds to the syn amino proton
relative to the N(1) nitrogen in the adenine ring and the other
to the anti one. The phenomenon is ascribable to slowing down
of the hindered rotation around the N(6)-C(6) bond, which
has partial double bond character. On the addition of 1-
cyclohexyluracil derivatives, one of the separated signals shifts
downfield. From the analysis of the concentration dependence
of the signals we could estimate the population of two kinds
of adenine—uracil (AU) dimers that employ the syn and anti
protons, respectively, i.e., the Watson—Crick-type and the

In the double-stranded structure of deoxyribonucleic and
ribonucleic acids, adenine forms specific hydrogen bonds with
thymine (or uracil) and guanine with cytosine. Many works
have been done to find the origin of the specificity in the
hydrogen-bonded base pairs by the use of the synthetic poly-
and oligonucleotides and purine and pyrimidine base deriva-
tives (Brahms, 1965; Stevens & Felsenfeld, 1964; Blake &
Massaulie, 1967; Gralla & Crothers, 1973; Borer et al., 1974).
Some infrared (Hamlin et al., 1965; Kiichler & Derkosch,
1966; Kyogoku et al., 1966, 1967a,b, 1969; Miller & Sobell,
1967) and proton nuclear magnetic resonance studies (Shoup
et al,, 1966; Katz & Penman, 1966; Katz, 1969; Engle & von
Hippel, 1974; Morishima et al., 1977) clearly showed that even
the base residues at the monomer level interact selectively
through hydrogen bonding in solution. However, little is
known about the structure of the dimer in solution. In poly-
nucleotides it is believed that the Watson—Crick-type base pair
is formed (Watson & Crick, 1953), but at the monomer level
this is not always true. A '*C NMR! study has showed that
uracil and its derivatives interact with adenine in terms of
hydrogen bonding with not only the C(4)-carbonyl group but
also the C(2)-carbonyl group of the uracil derivatives as hy-
drogen-acceptor sites and the population of the two types of
dimer depends on the substituents on the pyrimidine ring
(Iwahashi & Kyogoku, 1977). According to X-ray analyses
of the cocrystals of the adenine—uracil derivatives, the so-called
Hoogsteen-type dimer often appears where N(7) is used as
a proton-acceptor site instead of N(1) in the Watson—Crick-
type dimer (Hoogsteen, 1963) (Figure 1). This means that
the proton-acceptor site on the adenine ring is not fixed. In
fact '"H NMR investigation by observing the H(2) and H(8)
proton signals of the adenine ring has showed that Hoogs-
teen-type and Watson—Crick-type dimers coexist in solution
(Engel & von Hippel, 1974).

It is known that the hindered rotation about the N(4)—C(4)
bond of cytosine allows us to observe the amino proton reso-
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Hoogsteen-type dimers. Independent of the substitution on
the uracil ring, the Hoogsteen type is predominant at 70% and
the Watson—Crick type at 30% (at =56 °C). On the other
hand, with mixtures of several kinds of 9-ethyladenine de-
rivatives with 1-cyclohexyluracil, the substituents on the ad-
enine ring cause the population to deviate to extreme values;
i.e., either the Watson—Crick-type or the Hoogsteen-type dimer
predominates. 2-Chloro-9-ethyladenine and N*-(dimethyl-
amino)-9-ethyladenine take almost completely the Hoogs-
teen-type dimers, while 8-bromo-9-ethyladenine, N2-(meth-
ylamino)-9-ethyladenine, and 2-amino-9-ethylpurine predom-
inate in the Watson—-Crick-type dimers.

nance as separated signals at low temperature (Becker et al.,
1965; Shoup et al., 1966; Raszka & Kaplan, 1972). In the
aqueous solution of a nucleoside monophosphate (GpC), the
separated amino proton signals were observed (Young &
Krugh, 1975), and one of the two signals showed concentration
dependence but the other did not. In the present work similar
separated signals of the adenine amino proton were observed
at much lower temperature and could be respectively assigned
to the syn and anti amino protons relative to the N(1) nitrogen.
The population of the Watson—Crick-type dimer was calcu-
lated at monomer level by the use of the phenomenon. On
the basis of this result, we will discuss the factors that govern
the stability of each type of dimers. The existence of a stable
structure of the base pair other than the normal Watson—Crick
type pertains to the irregular base pair in the tertiary structure
of tRNA and ribosomal RNA.

Experimental Procedures

Materials. 9-Ethyladenine (A), 8-bromo-9-ethyladenine
(BrA), 2-chloro-9-ethyladenine (Cl?A), N2-(methyl-
amino)-9-ethyladenine (Me2A), N?-(dimethylamino)-9-
ethyladenine (DiMe?A), 2-amino-9-ethylpurine (NH3P), 1-
cyclohexyluracil (U), 1-cyclohexylthymine (T), 1-cyclo-
hexyl-5-bromouracil (Br’U), 1-cyclohexyl-5,6-dihydrouracil
(DhU), and 1-cyclohexyl-4-thiouracil (S*U) were purchased
from Cyclo Chemical Co., Los Angeles, CA. 1-Cyclohexyl-
2-thiouracil (S?U) was a gift from Dr. S. Higuchi, Mitsubishi
Kasei Institute of Life Sciences. 9-Ethyladenine was re-
crystallized from a solvent mixture of carbon tetrachloride and
chloroform, and the other compounds were used without
further purification, 'H NMR spectra were measured for their
chloroform-d; (CDCl,) solutions. Chloroform-d; was obtained
from CEA, France.

Methods. 'H NMR spectra were obtained at 100 MHz
with a JEOL FX-100 pulse Fourier-transform NMR system

! Abbreviations: '*C NMR, carbon-13 nuclear magnetic resonance;
'H NMR, proton nuclear magnetic resonance; '*N NMR, nitrogen-15
proto 2!
nuclear magnetic resonance.
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FIGURE 1: Schematic expressions for the AU dimers and AUU trimer.
AU, is the Watson—Crick-type dimer. Its reversed type where the
C(2)-carbonyl group of uracil is used instead of the C(4)-carbonyl
group is possible to be formed. A,U, is the Hoogsteen-type dimer.
Its reversed type is also present.

locked on deuterium. Chemical shifts were measured relative
to the 'H resonance of internal tetramethylsilane. Spectra were
run for solutions in a concentration range from 1 to 200 mM,
at =56 °C and sometimes at —65 °C. The temperature of the
sample tube was controlled by a temperature controller
equipped with the NMR spectrometer, and the value of tem-
perature was corrected by the chemical shift of methanol.

Procedures for Calculating the Population of Each Dimer
Structure Using Chemical Shifts of the Separated Amino
Proton Signals. We consider here the case of the adenine—
uracil mixture. The procedure can also be applied to the
systems of other derivatives. In the mixture solution of 9-
ethyladenine (A) and 1-cyclohexyluracil (U), the following
equilibria exist:

A+A2AA K. = [AA]/[A]? €9)]

U+U g UuU Kyy = [UU]/[U)? 2)
Kau

A+U= AU K, = [AU}/([A][UD (3)

AU+ U K‘=”” AUU  Kuyu = [AUUI/([AU] [UD) 4)

Equations 1 and 2 describe the processes of the self-association
of A and U, respectively. Two types of association of A with
U (1:1 and 1:2) are written in eq 3 and 4. We assume here
that the formation of the other type of association, like AAA
and AAU trimers, can be neglected. The observed chemical
shifts of A and U are weighted averages of the intrinsic
chemical shifts of the species (A, AA, AU, and AUU) for A
and the species (U, UU, AU, and AUU) for U, since the
molecular exchange among these chemical species is faster
than the NMR time scale. The concentration dependence of
the chemical shifts allows us to calculate the limiting shifts
of the chemical species (8,4, 0y, daa, Suus Oaus and d,yy) and
the association constants (K4, Kyu, Kays and Kayy) (Sugeta,
1982). However, several types of structures of the dimers
should be taken into account, because both A and U have two
proton-acceptor sites. Taking all the possibilities into account,
eq 3 can be rewritten as

A+ U= P,AU; + P AU + PrAU; + PrAUg (5)
where subscripts i and j in A;U; indicate the proton-acceptor

sites in A and U, respectively, in the AU dimer (Figure 1);
A,U,, reversed Watson—Crick type; A,U,, reversed Hoogsteen
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type; A,U,, Watson—Crick type; A,U,, Hoogsteen type; P;
represents the mole fraction of the A,U; species (L P; = 1).
The induced chemical shift A,y of the AU dimer, which can
be obtained from observed data, is expressed in terms of the
induced shifts A, y, for the AU, dimers:

Ay = '21:7}’ ijAA,-U,- 6)
i=1,
j=2.4

where the induced shift (A) is the displacement of the chemical
shift due to the dimer formation from the limiting chemical
shift of the monomer species, i.e., the difference of limiting
shift of the dimer dp from the monomer status 6, A = §p ~
6r. The macroassociation constant K 4y, which is obtainable
from experimental data, is expressed in terms of the mi-
croassociation constants K, i , for the A;U; formation:

Kyu = A_Zl:7KA,~U, @)
J=24
KA,U, = [AU]/[A][U] = PKay )]

As will be described in detail under Results and Discussion,
observation of the separated amino proton signals of A gives
information on the proton-acceptor sites in A although no
information is available on the proton-acceptor sites in U in
the present work. Accordingly, taking into account only the
acceptor sites in A, eq 6-8 are rewritten as

Apy = PwlAsu + PuAau 9
Kpu = Kag"™ + Ka® (10)
KyV = PwKay = Kau, + Kapy, (11a)
KoM = PuKau = Kayu, + Kau, (11b)
where
Py = Py + Py (12a)
Py = Py + Py (12b)

AAIU = (PIZAA1U2 + PMAA,U.)/(PM + Py, (13a)
Ap,u = (Prlau, + PraBay,) /(P + Pyg)  (13b)

Here W and H refer to the Watson—Crick- and Hoogsteen-
type associations; that is, the syn amino proton relative to N(1)
and the N(1) atom of A participate in the Watson—Crick-type
dimer, while the anti amino proton and N(7) participate in
the Hoogsteen-type association, A,y and A,y are induced
chemical shifts of the Watson—Crick- and Hoogsteen-type AU
dimers, respectively.

Now consider the induced chemical shifts, A,y®" and
A, for separated amino protons, syn and anti relative to
N(1). In the Watson—Crick-type dimer the syn amino proton
participates in hydrogen bonding while the anti amino proton
is free from hydrogen bonding, vice versa in the Hoogsteen-
type dimer. We assume that the shielding of the one amino
proton participating in hydrogen bonding is different from that
of the free state, while the shielding of the other amino proton
free from hydrogen bonding does not change from that of the
free-state situation. That is, A, ™" > A, 0" ~ 0 and Ay ™
> Ay, "™ ~ 0. Then eq 9 for the separated amino proton
signals becomes

Aau™" = PwlAau™" (14a)
AAUanti ~ PH AA-,Uami (l4b)

In the AUU trimer both syn and anti amino protons participate
in the hydrogen bond (Figure 1), and we assume that the
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FIGURE 2: 'H NMR spectra of the chloroform-d; solution of the 1:1
mixture of 9-ethyladenine (A) and 1-cyclohexyl-5-bromouracil (Br*U)
(50 + 50 mM) at different temperatures. The asterisk denotes the
solvent signal.

induced chemical shifts, Ayyu™™ and A,yy*™®, of the separated
amino protons are the same as those, A, ™" and A, *™,
respectively, of the AU dimer formation:

Apu®™™ = Ap " . (152)

AAUUanti ~ AA,Uami (1 5b)

By use of eq 14 and 15 the populations Py and Py of the
Watson—Crick- and Hoogsteen-type association in the AU
dimer can be obtained from the experimentally available
chemical shifts Asy and Apyy:

Py = Aay™" /A pu™” (16a)
Py = Ap™/ Apy™ (16b)

For the systems where limiting shift in the trimer (Ajyy)
cannot be obtained, the ratio (A, ™"/ AMU‘“‘“) of the amino
groups of all the adenine derivates is assumed to be constant.
By use of the average ratio (A,,y™"/ Ap™™) of A and U
derivatives, A, ™ and A,,*™ of DiMe’A and CI’A are
estimated, and the population of each dimer is obtained from
eq 14. For NH2P, which uses the 2-amino group for the dimer
formation instead of the 6-amino group, this procedure was
not applied.

Results

Mixture Systems of A with Several 1-Cyclohexyluracil
Derivatives. Spectra of the chloroform-d; solution of 9-
ethyladenine (A) and 1-cyclohexyl-5-bromouracil (Br’U) at
different temperatures are given in Figure 2. The amino
proton signal of A splits into two peaks at lower temperature
due to the hindered rotation around the C(6)-N(6) bond. The
concentration dependence of the chemical shifts of the sepa-
rated amino protons is presented for mixtures of A and U and
of A and S*U (Figure 3). For all other uracil derivatives, T,
DhU, Br®U, and S2U, similar curves were observed in the plots
of chemical shift vs. concentration. At the lower concentration
of the uracil derivatives, one of the two peaks shifts downfield
with the increase of concentration of the uracil derivatives,
and the other peak shifts upfield to some extent rather than
downfield. At these concentrations the lower field peak of the
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-FIGURE 3: Chemical shifts of the separated amino proton signals of

9-ethyladenine (A) (20 mM) against the concentration of (a) 1-
cyclohexyluracil (U) and (b) 1-cyclohexyl-4-thiouracil (S*U) at -56
°C. The solid lines represent values calculated by the curve-fitting
method.

separated amino proton signals is due to the proton that
participates in the A~U hydrogen bonds, and the other higher
field one arises from the amino proton free from hydrogen
bonds. On addition of an excess amount of uracil derivatives,
the higher field peak also begins to shift downfield, while the
lower field one reaches the limit of the shift faster than the
former. Therefore, the lower field proton is considered to be
used in hydrogen bonds in the AU dimer, and the shift of the
higher field peak on the addition of an excess amount of U
is due to the formation of the AUU trimer where both anti
and syn NH, protons are used in the hydrogen bonds.

By comparison of the concentration dependences of the
chemical shifts of the H(2) and H(8) protons of A with those
of the two amino protons, the lower field amino proton has
a good correlation with that of the H(8) proton and the higher
field amino proton with that of the H(2) proton. When the
location of the H(2) and H(8) protons in the two types of the
base pairing is taken into account, the lower field amino proton
can be assigned to the anti NH, proton and the higher field
one to the syn NH, proton. Since the syn NH, proton is used
in the Watson—Crick-type dimer and the anti NH, proton in
the Hoogsteen-type dimer, it seems that the Hoogsteen-type
dimer is formed first, and the Watson—Crick-type bonding
follows it.

Mixture Systems of Several 9-Ethyladenine Derivatives
with U. Between U and several 9-ethyladenine derivatives,
Br2A, CI2A, DiMe?A, Me?A, and NH2P, concentration de-
pendences of the separated amino protons were also measured.
The syn NH, and anti NH, protons of all the 9-ethyladenine
derivatives were assigned in similar ways as those of A. The
anti NH, protons of CI2A and DiMe?A shift downfield on
addition of U (Figure 4). On the other hand, the syn NH,
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Table I: Limiting Shifts (6 5) of Free States and Difference (A) in Those between Free and Bound States in Some Typical Mixture Systems

of 9-Ethyladenine and1-Cyclohexyluracil Derivatives (ppm)

compound signals SF Ayy Aap Apy Aayu
A+ U imino H 8.062 (42)° 3.728 (33) 6.498 (74) 7.793 (272)
syn NH, 5.516 (30) 3.685 (85) 1.113 (68) 3.020 (131)
anti NH, 5.884 (26) 2.401 (61) 1.928 (46) 2.265 (66)
H(2) 8.422 (16) —0.025 (28) 0.033 (23) 0.271 (38)
H(8) 7.933 (16) 0.017 (28) 0.197 (23) 0.335(38)
A + BrfU¢ imino H 8.089 (28) 3.708 (31) 7.337 (81) 7.299 (66)
syn NH, 5.516 (30) 3.685 (85) 0.835(67) 2.369 (40)
anti NH, 5.884 (26) 2.401 (61) 1.912 (66) 2.070 (30)
H(2) 8.422 (16) —0.025 (28) 0.000 (26) 0.229 (30)
H(8) 7.933 (16) , 0.017 (28) 0.244 (26) 0.309 (22)
A + S0 imino H 9.418 (6) 3.042 (10) 5.968 (89) 6.084 (73)
syn NH, 5.516 (30) 3.685 (85) 0.856 (63) 2.618 (46)
anti NH, 5.884 (26) 2.401 (61) 2.228 (84) 2.225 (34)
H(2) 8.422(16) —0.025 (28) 0.106 (32) 0.578 (24)
H(8) 7.933 (16) 0.017 (28) 0.621 (32) 0.647 (24)
Me?aA + U? imino H 8.598 (97) 3.299(67) 5.639 (67) 5.786 (90)
syn NH, 5.269 (20) 3.725 (70) 3.236 (64) 2.709 (26)
anti NH, 5.751 (19) 2.788 (62) 0.058 (53) 1.996 (39)
NHMe 4.881 (16) 1.836 (46) 2.976 (62) 2.569 (24)
H(8) 7.463(11) -0.051 (21) -0.020 (13) 0.247 (10)
DiMe?A + UP imino H 8.598 (97) 3.299(67) 6.468 (70)
syn NH, 5.133(9) 2.609 (48) 0.277 (12)
anti NH, 5.614 (9) 2.516 (47) 2.219 (16)
H(8) 7.620(12) 0.077 (30) 0.282 (10)
NH?2P + Ub imino H 8.598 (97) 3.299(67) 6.149 (302)
syn NH, 5.062(57) 2.010(253) 2.578 (99)
anti NH, 5.272(52) 1.616 (212) 0.373 (54)
H(6) 8.776 (10) ~0.006 (38) 0.236 (11)
H(8) 7.915(10) —0.040 (38) 0.003 (11)

a4 At-56°C. P At—65°C. °Figuresin parentheses indicate standard deviation to the last digits in preceding figures.

Table II: Association Constants for Self-Association and Association between 9-Ethyladenine and 1-Cyclohexyluracil Derivatives (M%)

compounds Kuu Kana Kay Kavu terup (°C)
A+U 91+6 13+1 1400 £ 370 47 £ 13 ~56
A+T 38+2 940 + 230 64+ 16 -56
A + DhU 34 1] 440 + 70 306 -56
A + Br’U 40+ 2 1800 + 740 380+ 140 -56
A+ S°U 1904 1000 + 420 180 = 61 -56
A +SU 380+ 20 940 £ 230 130+ 30 -56
BréA + U 91+ 6 18+ 4 480 + 30 6.1+ 3.1 -56
CI’A + U 22+ 27 1600 = 200 0 -56
Me?A + U 160+ 20 15+ 1 4300+ 1200 520+ 180 -65
DiMe?A + U 43+03 1800 + 220 0 ~65
NH?P + U 43+0.5 510+ 130 0 -65

proton shows rather little change in its chemical shift even on
addition of an excess amount of U. This indicates predominant
formation of the Hoogsteen-type dimer and difficulty of AUU
trimer formation. In the case of BriA, Me?A, and NHZP, the
syn NH, proton signals shift downfield, and the anti NH,
proton signal of Me?A also shifts downfield on addition of an
excess amount of U. The Watson—Crick-type base pair is
stable for these derivatives, and the results agree quite well
with the crystal structures of BrA and NH2P with U complex
obtained by X-ray analyses (Tavale et al., 1969; Mazza &
Sobell, 1969).

Self-Association of 9-Ethyladenine Derivatives. The con-
centration dependences of the two amino protons in the self-
association of A and its derivatives were measured. Although
the H(2) and H(8) proton signals did not show any shift, syn
and anti NH, protons could be assigned in comparison with
the resonance positions in the A—U mixture system. In contrast
to the AU association, the two amino protons show almost the
same induced chemical shifts except for the case of CI’A
(Figure 5). Thus, both of the two amino protons are almost
equivalently used for hydrogen bonds in the self-associated
dimers.

Quantitative Treatment of Association Constants and
Limiting Chemical Shifts. The association constants-and the
limiting chemical shifts of each state of the self- and heter-
oassociation of A and U derivatives were calculated from the
data of concentration dependences of chemical shifts by ap-
plying curve-fitting methods (Sugeta, 1982). Although a slight
amount of water (~10 mM) is present in the solutions, the
association of water with adenine and uracil derivatives was
not taken into account in the calculations. It is known that
the association constant between water and the base derivatives
is 10-100 times smaller than those between the derivatives
(Kyogoku et al., 1969). The obtained limiting shifts of some
typical adenine and uracil derivatives are given in Table I and
association constants are in Table II.

For the assignment of the syn NH; and anti NH, protons
of 9-ethyladenine and its derivatives, we employed the behavior
of the induced chemical shifts of the H(2) and H(8) protons
as mentioned previously. The obtained induced chemical shifts
of the AU mixture system show a good correlation between
the limiting shift of the the syn NH, proton (1.113 ppm) and
that of H(2) (0.033 ppm) and between the anti NH, proton
(1.928 ppm) and H(8) (0.197 ppm). Similar correlation in
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FIGURE 4: Chemical shifts of the separated amino proton signals of 9-ethyladenine derivatives (CI?A, Br®A, DiMe?A, Me?A, and NH3P) against
the concentration of 1-cyclohexyluracil (U) at —56 °C (CI2A and BrA) and at —65 °C (DiMe?A, Me?A, and NH3P). The solid lines represent

values calculated by the curve-fitting method.

the induced chemical shifts between the amino protons and
the H(2) or H(8) proton also holds for the other A derivatives.

The induced chemical shifts of the H(2) and H(8) protons
of A in the AUU trimer where the proton-acceptor sites near
the corresponding CH protons are completely occupied by
hydrogen bonds depend on counterpart uracil derivatives. One
of the two carbonyl groups of the uracil derivatives, which is
not used in the hydrogen bond, locates more closely to the H(2)
proton than to H(8) in the Watson—Crick-type dimer, while
it locates more closely to the H(8) proton than to H(2) in the
Hoogsteen-type dimer (Figure 1). The large downfield shifts
of the H(2) and H(8) protons in the mixture with S?U and
S*U (~0.6 ppm) may be due to more effective deshielding
by the thiocarbonyl group than the carbonyl group (0.2-0.3
ppm). It is reasonable, therefore, that the H(2) and H(8)
proton signals do not show any shift in the self-association of
adenine derivatives (Figure 5) where no large chemical group
that produces shielding or deshiclding comes close to the
position of H(2) or H(8).

By use of the association constants, the populations of the
monomer (A), dimer (AA and AU), and trimer (AUU) were
calculated. The concentration dependence of the fraction of

each species is plotted in Figure 6. The AA dimer exists to
some extent when U is not presented, and on addition of U
to the solution, the fraction of the AA dimer decreases. The
syn NH; proton is used in the hydrogen bond of the AA dimer
in a considerable amount (Figure 5) but is not used very much
in the AU dimer (Figure 3). The increase of the AU dimer
in place of the AA dimer makes the syn NH, proton free from
the hydrogen bond and results in a shift relatively upfield as
shown in the low concentration range of U in Figures 3 and
4. Similar explanations can be done for all the other AU
mixture systems. In the case of the NH3P + U mixture
(Figure 4), however, the deviations of the calculated shift
values of the amino proton resonances from the observed ones
are fairly large. They arise mainly from inaccurate reading
of the resonance position due to the broadness of separated
amino proton signals caused by residual rotation of the amino
group of NH2P at —65 °C.

The obtained association constants of the trimer (K,yy)
formation are almost zero for CI2A, DiMe?A, and NH3P as
expected from the concentration dependences shown in Figure
4, For BrPA, K,y is smaller than that of A but is not zero.
The bromine atom at C(8) seems to partly disturb the trimer
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FIGURE 6: Population of each species (A, AA, AU, and AUU) plotted
against the concentration of 1-cyclohexyluracil (U) (0~100 mM),
keeping the concentration of 9-ethyladenine (A) at 20 mM.

formation. The association constant of the dimer formation
between Me?A and U is fairly large compared with those of
other mixtures. The stabilization of the Watson—Crick-type
dimer by three hydrogen bonds may be responsible for the
strong association (Figure 7).

Discussion

When the method described under Experimental Procedures
is followed, the populations of the Watson—Crick-type and the
Hoogsteen-type dimers were calculated (Table III). If the
assumptions in the procedure (eq 14-16) are held, the sum
of Py and Py, both of which are independently calculated from
the induced chemical shift of the syn NH, and anti NH,
protons, should be 100. However, the sum (Pyw + Py) exceeds
100 for all derivatives. There are several reasons conceivable,
for example, neglection of the A, *™ or' A,,™" term in the
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FIGURE 7: Structure of predominant dimers (a) between N*-(me-
thylamino)-9-ethyladenine (Me2A) and 1-cyclohexyluracil (U) and

(b) between N*-(dimethylamino)-9-ethyladenine (DiMe?A) and 1-
cyclohexyluracil (U).

Table III: Estimation of Population of Watson~Crick-Type
Base Pairs and Hoogsteen-Type Base Pairs in Mixtures of
9-Ethyladenine and 1-Cyclohexyluracil Derivatives (%)

compounds Py Py PWN" PI.PI b
A+U 37 85 30 70
A + DhU 43 93 32 68
A+T 36 97 27 73
A + Br®U 32 92 26 74
A+ S'U 33 100 25 75
A +S%U 31 93 25 75
Br*A + U 129 9 93 7
CI’A + U€ 7 93
Me?A + U 119 3 98 2
DiMe?A + U€ 9 91

¢ PwN=Pyw/(Py + Py). © PyN=Py/(Py + Py). © See
Experimental Procedures.

derivation of eq 14, the assumptions A, ™" = A,y™" and
Ap,ut™ = Appy®™i, or an experimental effect such as con-
taminated water on the induced chemical shifts. If the for-
mation of a hydrogen bond to one of the amino protons gives
an effect to the chemical shift of the other amino proton which
is free from hydrogen bonding, for example, by the change
in charge distribution and/or lone pair electron shielding, the
Aa,u™™ and A,,™" terms cannot be neglected. However, we
do not know such values, and, thus, we use the normalized PN

and PyN that were obtained by dividing the apparent Py and
Py, by the sum. The calculated populations of the Watson—
Crick-type dimer are almost constant (25-30%) for the mix-
ture systems of the several uracil derivatives with A. On the
other hand, in the mixture systems of U with several A de-
rivatives the population of the Watson~Crick-type or the
Hoosteen-type dimer depends on the structure of A, predom-
inant formation of the Watson—Crick type dimer for BréA,
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Table IV: Estimation of Intrinsic Association Constants for Each
Proton-Acceptor Site of Complexes between 1-Cyclohexyluracil
and 9-Ethyladenine Derivatives (M™")

compounds KoV KypH  temp (°C)
A+U 420 980 ~56
Br*A + U 450 30 ~56
CPA + U 110 1500 ~56
Me?*A + U 4200 96 ~65
DiMe?A + U 160 1600 ~65

Me?A, and NH2?P while predominant formation of the
Hoogsteen-type dimer for CI?A and DiMe?A. In addition to
them, both types of dimer are almost equally produced in the
self-association of all the A derivatives. We can consider two
factors that induce this difference in the population of the two
types of dimer, the intrinsic strength of a hydrogen bond and
steric hindrance. In the cases of CI2A, BrfA, and DiMe?A,
steric hindrance of substituted groups, chlorine and bromine
atoms and the dimethylamino group, predominantly deter-
mines the structure of the AU dimer. The steric hindrance
between the carbonyl group of the uracil derivatives and the
atoms or groups at C(2) of A seems to disturb the Watson—
Crick-type dimer formation. Since the van der Waals radius
of the sulfur atom (1.85 A) is larger than the oxygen atom
(1.40 A), the steric hindrance of thiouracil is more critical.
Indeed, the population of the Hoogsteen-type dimer increases
in the dimers of the S?U and S*U with A. The steric hindrance
of Br8A seems to be more critical than that of CI2A, since the
bromine atom (1.95 A) has a larger van der Waals radius than
the chlorine atom (1.80 A). However, Br8A uses the
Hoogsteen site in the hydrogen bond for the formation of AUU
trimer while there is no AUU trimer in the mixture of CIPA
and U. The steric hindrance between the free carbonyl group
of U and the atom or the group at the C(2) position of A is
critical for the stability of the AU dimer, but the hindrance
between the carbonyl group of U and the group at the C(8)
position of A seems not so serious.

The association constant of the AU dimer is the sum of those
of the Hoogsteen-type and Watson—Crick-type dimers. The
microassociation constants calculated by eq 10 are given in
Table IV. The value of K,V is almost the same (ca. 500
M) for A and Br®A where the steric hindrance in the
Watson—Crick site does not exist. The results seem to show
that the Watson—Crick site has an intrinsic affinity for dimer
formation, and it is hardly influenced by substituents that do
not produce direct steric hindrance. A similar tendency is seen
for the K,M of A and CI?A. It is found that the intrinsic
association constant of the Hoogsteen-type base pair is about
twice that of the Watson—Crick type at =56 °C.

Now we will estimate all the populations of the four possible
structures of the AU dimers in solution. If each proton-ac-
ceptor site in A and U has affinity for hydrogen-bond for-
mation independent of the donor group, each population of
the four structures can be estimated by multiplying the intrinsic
affinity of each proton-acceptor site. There is evidence that
supports the above assumption in the following experimental
results obtained previously. The C(4)-carbonyl group of U
is used with almost the same frequency for both of the mixture
systems with A (58%) (Iwahashi & Kyogoku, 1977) and
NH3P (present data) that form predominantly the Hoogs-
teen-type dimer and that Watson—Crick one, respectively. Also
on the proton-acceptor sites of A, a similar tendency was seen,
i.e., the Hoogsteen site of A is employed in the hydrogen-bond
formation to almost the same extent (70%) with any uracil
derivatives, U, T, Br*U, DhU, S*U, and S?U. Although the
experiments were done at a low temperature (—36 °C), a N
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NMR experiment at room temperature agrees with the above
result (Watanabe et al., 1981). Therefore, combination of the
two results allows us to calculate the populations of the four
AU dimer structures: Watson—Crick type, 17%; Hoogsteen
type, 41%; reversed Watson—Crick type, 13%; reversed
Hoogsteen type, 29%.

In spite of the predominant formation of the Hoogsteen-type
dimer at monomer level, the Watson—Crick-type hydrogen
bond is formed at polymer level, i.e., in double-stranded de-
oxyribonucleic acid and ribonucleic acid. Factors other than
the intrinsic affinity between the bases may influence the
structure of base pairs. The stable backbone conformation
in polynucleotide chains may be an important factor. However,
it is also known that the Hoogsteen-type base pair is realized
in the tertiary structure of transfer RNAP (Kim et al., 1974;
Robertus et al., 1974). Also the Hoogsteen-type proton-ac-
ceptor sites may be important in other biological processes,
for example, the recognition of operators by repressors, the
binding of RNA polymerase at promoters, and the distin-
guishing of DNA base sequences by restriction endonucleases.
The present results will give us some information on the factors
for stabilizing the Hoogsteen-type base pair in real biological
systems.
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Primary Structure of Monkey Osteocalcin’

Peter V. Hauschka,* Steven A. Carr,} and K. Biemann

ABSTRACT: The complete 49-residue amino acid sequence of
osteocalcin from the old world monkey Macaca fascicularis
has been determined by efficient combination of gas chro-
matography—mass spectrometry and Edman techniques. This
vitamin K dependent protein of bone matrix contains three

Osteomlcin1 is an abundant Ca?*-binding protein indigenous
to the organic matrix of bone, dentin, and possibly other
mineralized tissues (Hauschka et al., 1975; Hauschka &
Gallop, 1977; Gallop et al., 1980). This protein contains 47-51
amino acid residues (M, 5200-5900) depending on the species
(Price et al., 1979; Poser et al., 1980; Linde et al., 1980; Carr
et al., 1981b). Osteocalcin is distinguished by its content of
three y-carboxyglutamic acid (Gla)? residues. Gla appears
in the protein as a result of posttranslational, vitamin K de-
pendent carboxylation (Lian & Friedman, 1978) of specific
glutamic acid residues at sequence positions 17, 21, and 24
(Price et al., 1979; Poser et al., 1980; Carr et al., 1981b).
Biosynthesis and vitamin K dependent carboxylation of os-
teocalcin occur in bone tissue in organ culture (Lian &
Heroux, 1979) and in isolated bone cells in tissue culture
(Nishimoto & Price, 1980). Osteocalcin appears coincident
with the onset of calcium phosphate mineral deposition in
developing embryonic bone and is probably a specific product
of cells differentiated with respect to bone formation
(Hauschka & Reid, 1978; Hauschka, 1979b). While the
function of osteocalcin is not known, this protein exhibits
several interesting properties: (1) specific Gla-dependent
binding of Ca?* ions (Hauschka & Gallop, 1977; Poser &
Price, 1979); (2) Ca?*-induced transition to the a-helical
conformation (Hauschka, 1981); (3) tight association with
hydroxylapatite and inhibition of brushite — hydroxylapatite
metamorphosis in vitro (Hauschka et al., 1975; Hauschka &
Gallop, 1977); (4) low-level circulation in blood plasma (Price
& Nishimoto, 1980); (5) 1,25-(OH),-vitamin D, stimulation
of its biosynthesis (Price & Baukol, 1981); and (6) derivation
from higher molecular weight precursor proteins (Lian &
Heroux, 1979; Hauschka, 1979b; Nishimoto & Price, 1980).
Among osteocalcins of different species, the homology of the
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v-carboxyglutamic acid residues at positions 17, 21, and 24,
as well as a disulfide-bonded loop (23-29). Features of the
sequence which apparently are required for the binding of Ca?*
have been strongly conserved throughout evolution.

Gla positions and the disulfide-bonded loop argues for the
functional importance of these conserved regions of the protein.
However, numerous structural questions remain, as well as
delineation of the calcium binding sites, the role of hydroxy-
proline in position 9, and the apparent lack of requirement for
Gla,; in human osteocalcin (Poser et al., 1980).

The protein sequencing technique of gas chromatography-
mass spectrometry (GC-MS), recently reviewed by Biemann
(1980), has proved advantageous for Gla-containing proteins.
Decarboxylation of the intact protein in DCI-D,0O readily
converts Gla to «,y-dideuterioglutamic acid (Carr, 1980;
Hauschka, 1979a; Carr & Biemann, 1980; Carr et al., 1981b),
a chemically stable and mass spectrometrically unique de-
rivative of Gla. Following partial enzymatic or acidic hy-
drolysis and derivatization, the complex mixtures are analyzed
(without isolation of individual peptides) by GC-MS (Biem-
ann, 1980; Carr et al., 1981a). Peptide fragments in which
Gla residues were present show sequence ions in their mass
spectra corresponding to those of glutamic acid, but shifted
upward by 2 mass units per Gla (Carr, 1980; Carr & Biemann,
1980; Carr et al., 1981b). Incomplete posttranslational car-
boxylation at Gla positions may also be determined precisely
from the relative abundance of characteristic sequence ions.
Chicken bone osteocalcin was the first Gla-containing protein
to be sequenced by this technique (Carr, 1980; Carr et al.,
1981b), while cow, swordfish, and human osteocalcins have
been elucidated by standard Edman methods (Price et al.,
1979; Poser et al., 1980). Sequential Edman degradation is
complementary to GC-MS because the former provides in-
formation on long-range order, amide assignments, His pos-
itions, and differentiation of Ile from Leu. This paper presents
the complete structure of monkey osteocalcin as determined
by GC-MS and Edman methodology.

Materials and Methods

Sacrifice of young adult male cynomolgus monkeys (Macaca
fascicularis) by sodium pentothal injection was followed by

! Osteocalcin has also been referred to as “bone Gla protein” or
“BGP” in the literature (Nishimoto & Price, 1980).

2 Abbreviations: Gla, y-carboxyglutamic acid; CmCys, S-carboxy-
methylcysteine; Hyp, 4-hydroxyproline; PTH, phenylthiohydantoin; GC-
MS, gas chromatography-mass spectrometry; HPLC, high-performance
liquid chromatography; xLeu, Leu or Ile from GC-MS data.
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