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Physicochemical Basis of the Recognition Process in

Nucleic Acid Interactions. IT1. Proton Magnetic Resonance

Studies on the Interactions of Polyuridylic Acid and Polycytidylic

Acid with Nucleosides, 5’-Nucleotides, and

Nucleoside Triphosphates”

Paul O. P. Ts’o and Martin P, Schweizer{

ABSTRACT: The technique of high-resolution proton mag-
netic resonance spectroscopy was applied to the study
of monomer-polymer interactions of nucleic acids. This
technique was first applied to the study of the adenosine—
polyuridylic acid system which has been characterized
before by other methods. Extensive broadening of the
line widths of the adenosine and polyuridylic acid pro-
tons, especially the base protons, was found when con-
ditions are favorable for the formation of the soluble
complexes. Additional information about this inter-
action, such as specificity, stoichiometry, and dynamic
states, was revealed from these proton magnetic reso-

rI:e rationale and the background of our research
on monomer-polymer interactions in the field of nu-
cleic acids have been described in our previous pub-
lication (Huang and Ts’o, 1966) and in our preceding
paper (Ts’o and Huang, 1968).

Recently, certain successes have been achieved in
using high-resolution proton magnetic resonance for
the study of the binding of small molecules by proteins
(Fischer and Jardetzky, 1965; Jardetzky and Wade-
Jardetzky, 1965; Hollis, 1967), The basis of the method
is that line widths in proton magnetic resonance spectra
are sensitive to the degree and kinds of molecular mo-
tion present in the sample. Increase in line widths can
be correlated with diminished rate of motion of the pro-
tons, particularly rotational motion. This loss of mo-
tional freedom usually takes places when a small mol-
ecule binds to a large one, or when an ordered, rigid
complex is formed. The physical chemical basis for this
phenomenon has been described in a review by Jar-
detzky (1964).

In this paper, the proton magnetic resonance tech-
nique was first applied to the study of the adenosine-(U),,
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work was supported in part by grants from the National Science
Foundation (GB-5483 and GB-767) and by a program project
grant, National Institutes of Health (GM-10802-04, 05).

1 Present address: Department of Experimental Therapeutics,
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nance spectral studies. Then this technique was applied
to the study of interactions of adenine nucleotides with
polyuridylic acid and guanine nucleotides with poly-
cytidylic acid. The spectral data confirm the observa-
tions reported in the preceding paper that soluble com-
plexes cannor be found in the mixtures of mononucleo-
tides and the polynucleotides, though insoluble com-
plexes will form in these same mixtures at temperatures
10-20° lower than those for the spectral measurement.
Apparently, the interaction of the mononucleotides
with the complementary polynucleotides is generally
accompanied by a phase transition,

system which has been characterized before by other
methods (Huang and Ts’o, 1966; Howard er al., 1966).
Extensive broadening of the line widths of adenosine
and (U), protons was found when conditions were fav-
orable for the formation of the soluble complex. Add'-
tional information about this interaction was revealed
from these proton magnetic resonance spectral studies.
Then, this technique was applied to the study of interac-
tions of adenine nucleotides with (U), and guanine nu-
cleotides with (C),. The spectral data confirm the ob-
servations reported in the preceding paper that soluble
complexes cannot be found in the mixtures of mono-
nucleotides and the polynucleotides, though insoluble
complexes will form in these same mixtures at temper-
atures 10-20° lower than those employed for the spectral
measurements. Apparently, the interaction of the mono-
nucleotides with the complementary polynucleotides is
generally accompanied by a phase transition.

Materials and Methods

(U),, and (C),, were purchased from the Miles Lab-
oratories, Elkhart, Ind. Nucleosides and nucleoside mo-
nophosphates or triphosphates were purchased from
Sigma Chemical Co., St. Louis, Mo.

Proton magnetic resonance spectra were recorded
with a Varian Associates HA-100 spectrometer. Probe
temperature was 28-30° or controlled at lower temper-
atures as specified. A Varian C-1024 computer of aver-
age transients was used to enhance the signal intensity
for dilute solutions. Chemical shifts were measured in
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parts per million from an external tetramethylsilane
capillary to an accuracy of #0.01 ppm. Determinations
of apparent pH values in D,O solvent were made with a
Model 22 pH meter from Radiometer, Copenhagen.
Micro calomel and glass electrodes were used on 0.5-ml
volumes. To obtain pD values, the equation pD = meter
-+ 0.4 of Glasoe and Long (1960) was used.

1.7 (A)

1.5(A)
1.4

Results

2.6

2.2
2.7

Binding of Nucleosides, 5'-Nucleotides, and Nucleo-
side Triphosphates to (U),. BINDING OF ADENOSINE TO
(U),.. Previous studies from our laboratory (Huang and
Ts’0, 1966) indicated that in the presence of 0.4 M NaCl
and HMP, 0.015 m (U), and adenosine form a complex
with a stoichiometry of 2U:1A and with a T, of about
24°, In the presence of 0.02 M MgCl, the Ta.
of this 2U:1A complex increases to about 33°.
Owing to the sensitivity requirements of proton mag-
netic resonance measurements and for the convenience
in recording the spectra, the concentrations of (U),,
adenosine, and the salt were approximately doubled. It
is safely assumed that the complex formation should be
comparable at these high concentrations (the T, is likely
to be even higher) to the well-characterized interaction
at the lower concentrations of interactants.

Data in Table I and Figures 1 and 2 describe the fea-
tures of the interaction between adenosine and (U), as
studied by proton magnetic resonance at 28°. The chem-
ical shifts and the line widths of H-8, H-2, H-1’, and H-
5’,5" protons of adenosine (0.028 M) are the same in the
presence or the absence of 0.03 M MgSO, (Table I-1 and
Figure 1a). However, the protons of (U), were broad-
ened by 20-309; when 0.03 M MgSO, was added (Ta-
ble I-2 and comparison between Figure 1b,c). This ob-
servation indicates that even at 28°, addition of Mg?+
causes the secondary structure of (U), to become more
ordered and less flexible.

The spectra of a mixture of 0.028 M (U,) and 0.028
M adenosine without added salt were identical with the
sum of the spectra from the two individual components,
each free of salt (Table I-3). This result agrees with our
previous observation that in the absence of salt, com-
plex formation is undetectable (Huang and Ts’o, 1966).
Upon addition of 0.033 M MgSO; to this mixture, how-
ever, evidence for interaction is clearly demonstrated
(Table I-4 and Figure 2a). Line widths of the adenosine
protons are extensively broadened, while the peaks for
(U),, protons (H-6, H-5, and H-1' at 8.31, 6.35, and 6.38
ppm, respectively) could not be detected even after five-
fold signal enhancement. Solution viscosity is not an
important factor in this line broadening since the HOD
solvent lines are not affected (see Table I, footnote). Two
other observations on the adenosine are noteworthy.
First, the H-8 and H-2 protons are broadened by a fac-
tor of 6-7, while H-1’ by 3.8 and H-5’, H-5"
only by 1.7 (Figures 1a and 2a and Table I-4). This relax-
ation gradient from the base protons (H-8 and H-2) to
the 5’-methylene protons of the adenosine implicates
the base as the binding site to the (U),, an expected re-
sult. Second, while there is extensive broadening of the
line widths, the chemical shifts of the base protons of 2965
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1.5
2.2
1.7

6.54 (A), 6.35 (U)
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8.54
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8.90
8.86
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9.01

with 3-UMP (0.02)

(pD 7.4)
5'-AMP (0.02), (U),

(0.01), and MgCl,
0.04) (pD 7.4)

ATP (0.02) and MgCl,
(0.04), 14° (pD
8.9
(0.01), and MgCl,
(0.04), 14° (pD 8.4)

ATP (0.02),* (U),

5'AMP (0.02), mixed
= 1n these solutions (3, 4, 5, and 14), the line width of HOD was found to be 1.2—1.5 cps. ®* Width of whole pattern. < Lines too broad to discern. 4 H-8 and H-2 protons

merged. < H-8 and H-2 protons of adenosine broadened as in adenosine, (U),, and MgSO, solutions without inosine.
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FIGURE 1: Proton magnetic resonance spectra. (a) 0.028 M
adenosine and 0.03 M MgSO, in D,O; identical spectrum
was obtained in the absence of MgSOy; (b) 0.028 M (U),, am-
monium salt, pD 6.9; (c) 0.028 M (U), with MgSO, added to
0.03M, pD 8.

the adenosine are unchanged in the presence of (U),
(Table I).

When the input concentration of adenosine was in-
creased to 0.057 M in the mixture of 0.028 M of (U), and
0.03 M MgSO,, the maximal amount of the input aden-
osine bound to (U), could be only 259 because of the
stoichiometry of 1A to 2U. Therefore, the broadening
of the line widths of the base protons (3-fold) and
H-1' proton (2.5-fold), as shown in Table I-5, was not
as large as in the case of 1:1 mixture of adenosine and
(U),, 0.028 M each. As expected, the protons of the (U),,
such as the H-6, at 8.30 ppm were undetectable in this
high concentration of adenosine. On the other hand,
when the input concentration of adenosine was reduced
to 0.014 M in a mixture of 0.028 M (U), and 0.03 M
MgSO,, the protons of the (U),, H-5, H-1/, and espe-
cially the H-6 (Figure 2c, Table I-6), became measurable
after tenfold signal enhancement. The line width of H-6
was only 1.5-fold greater over that of the (U), control
in the absence of adenosine. The spectral lines of the H-2
and H-8 protons of adenosine in this case of low input
(0.014 M), however, were much broadened and merged
(Table I-6, Figure 2c). The result indicates while most
of the adenosine is in the bound form under this condi-
tion, there is considerable freedom of movement for the
(U)n.

When monovalent Na* ions were used to replace the
divalent Mg?*, an interesting situation was observed.
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FIGURE 2: Proton magnetic resonance spectra. (a) Mixture of
adenosine and (U),, 0.028 M each, 0.033 m MgSO,, pD 7.6,
25 scans; (b) mixture of 0.028 M (U),, 0.057 M adenosine,
0.033 M MgSO,, pD 8.2, no signal enhancement; (c) 0.028 M
(U)n, 0.014 M adenosine, 0.03 M MgSO,, pD 7.9, 100 scans;
(d) 0.029 M (U),, 0.029 M adenosine, 0.82 M NaCl, pD 7.8, 36
scans.

In a mixture of 0.029 M adenosine, 0.029 M (U),,, and
0.82 M NaCl (Table I-7, Figure 2d), though the line
widths of H-2 and H-8 of the adenosine are broad (8-10
cps) in comparison with that (7-8 cps) in 0.033 M MgSO,
mixture (Table I-4), the H-6 proton of (U), is clearly
detectable (line width 5.6 cps) after sixfold signal en-
hancement, while in the 0.033 M MgSOy solution con-
taining 0.029 M adenosine, the H-6 proton doublet of
(U),, is not visible at all after fivefold signal enhance-
ment. In other words, in the same mixture of adenosine
and (U), and at the same temperature, the amount of
adenosine bound, as indicated by the line-width broad-
ening, appears to be the same (or slightly more) in the
case 0of 0.82 M NaCl as compared with that of the solution
of 0.033 M MgSO, (Figure 2a vs. 2d), yet the resonance
line of (U), is clearly visible in 0.82 M NaCl solution but
not in 0.033 M MgSOy solution. This point will be fur-
ther discussed in a later section.

Interaction of Inosine with (U),. Our previous studies
by equilibrium dialysis and optical rotatory dispersion
(Huang and Ts’o, 1966) clearly indicated that there is
no interaction between inosine and (U), even in 0.4 M
NaCl and near 0°. It is of interest to study by proton
magnetic resonance a mixture of inosine, (U),, and
Mg?*, and this system with adenosine added. These data
not only can reconfirm previous studies, but also can
serve as an additional control for the interacting systems
by assessing the influence of polymer structure and
structural alterations upon resonance line widths of a
monomer species which is not bound to the polymer.

The spectrum of a solution containing 0.03 M (U),,
0.029 M inosine, and 0.04 M MgSO; clearly shows that
there is no interaction between the nucleoside and the
polymer (Figure 3a, Table 1-8,9). The spectrum of the
mixture is the same as the sum total of the two spectra
of each individual component. When adenosine (0.027
M) was added to this mixture of inosine and (U),, (Fig-
ure 3b, Table 1I-10), the proton lines of the (U), totally
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FIGURE 3: Proton magnetic resonance spectra. (a) Mixture of
0.03 M (U),, 0.029 M inosine, and 0.04 M MgSOy; (b) 0.03 m
(U),, 0.029 M inosine, 0.027 M adenosine, and 0.04 M MgSOy,
pD 7.4, 9 scans.

disappeared and the proton lines of adenosine were ex-
tensively broadened, but there was very little change in
either line width or chemical shifts of the inosine pro-
tons in this interacting mixture,

INTERACTION OF 5’-AMP anND 5/-ATP witH (U),,. Our
preceding paper (Ts’o and Huang, 1968) indicated that
no soluble complex between 5'-AMP (0.01 M) and (U,)
(0.01 M) can be detected by the methods of viscosity,
sedimentation, and optical rotation in the presence of
0.02 M Mg?* even around 0°, Insoluble precipitates with
definite stoichiometry were formed, however, when
AMP concentrations were increased. It is important,
therefore, by the use of the proton magnetic resonance
technique to reach a definite conclusion about the ex-
istence of any interaction between AMP and (U), in
the soluble state. As shown in Table I-12, at 28°, a mix~
ture of 0.02 M 5-AMP, 0.01 M (U),, and 0.04 m MgCl,
shows no line broadening of the proton resonances of
monomer or polymer compared with controls. It must
be concluded, therefore, that no interaction occurs in
solution between 5’-AMP and (U), under this condi-
tion.

Because of the lack of success in demonstrating an
interaction between 5/-AMP, (U),, and Mg?* in solu-
tion, we did not investigate the interaction of ATP and
(U),, in Mg?*+ solution by optical rotatory dispersion or
by hydrodynamic methods in our preceding paper (Ts’o
and Huang, 1968). Nevertheless, in a mixture of 0.02
M ATP, 0.01 M (U),, 0.04 M MgClL, (pH 8.4), a precip-
itate with a stoichiometry of 2U:1A was formed in the
region of 2-7° (Table IV of Ts’o and Huang, 1968).
Therefore, it was of interest to study this same mixture
(0.02 M ATP, 0.01 M (U),, and 0.04 M MgCl, in DO,
pD 8.4) at 14°, just above the precipitation temperature

H-5
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FIGURE 4: Proton magnetic resonance spectra. (a) 0.055 M
(C)n, 0.1 M NaCac, pD 7.7, 9 scans: (b) 0.05 M 5'-GMP, 0.1
M NaCac, pD 7.6; (c) 0.01 M 5'-GMP, 0.01 M (C),, 0.02 M
NaCac, pD 7.5, 5°, 16 scans.

for formation of the insoluble complex. Data in Table
I-14 show that there is no interaction of these two com-
ponents detectable by proton magnetic resonance either
in terms of the line width or in terms of the chemical
shifts.

Binding of Nucleosides and Monophosphates to (C)y.
In our preceding paper (Ts’o and Huang, 1968), optical
rotatory dispersion and sedimentation studies failed to
show that a soluble complex forms between 0.01 M 5'-
GMP (or 5'-dGMP) and 0.01 M(C), in 0.4 M NaCl, either
at Qor at 27°,

The line widths of the protons of (C), (0.055 M) in
0.1 M sodium cacodylate pD 7.7 buffer are considerably
greater than those of (U), (comparison between Fig-
ures 1b,c and 4a, as well as between Tables I and II). The
line width of H-6, for instance, is broadened even
further when the temperature is lowered from 28 to 8°,
or when 0.02 M MgCl; is used in place of the 0.1 M Na*
buffer (Table II-3). These observations suggest that the
(©),, has less conformational mobility than (U),, and,
therefore, the (C), should have more ordered secondary
structure than the (U),. This conclusion is in accord
with previous studies (Helmkamp and Ts’o, 1962; Rich-
ards et al., 1963 ; Fasman et al., 1964; Ts’o et al., 1966).

The line widths and chemical shifts of the protons in
the mixture of 0.01 M 5’-GMP and 0.01 M (C),, in 0.02

2967

PMR STUDIES ON NUCLEIC ACID PQLYMER-MONOMER INTERACTIONS



BIOCHEMISTRY

‘purq apis Suurds QOH Aq PaIndsqQ - “(FBDBN PA1BIA3IQQE ‘JjBs WNIPOS ‘PIdk SNOUISIB[AYISWIP) 91R[APOded WnIpos ‘1ayng Yyl jo suojoid [yl o SYIpim aui] wqnoq »

“€-T1 919, ‘MoJ siy) ui papgodal se awes ay) AJ[enuassa s1 {DI W ¢0°0 Ul (W 10°0) “(D) JO win113dg » "pautadsIp 3q 01 proIq 001 (D) JO SIJUBUOSAI dWOS »

'L ad ‘(0" 1) 2eDEN pUE

80 L0 el PI-€1 €1 60 1 (D)60'9 €29 1Z°8 §9'8 868 “Lz0 0) “(O) (€0°0) JNV-S 11
-8 ‘¢ L ad (8 0) oBDEN pue
A vl vl p p $I €1 (v)8¢°9 p r vr'8 £9'8 Lz’ 0) (D) ‘(€0 0) duisoudpy - 0l
D609 ¢ L ad ‘(8 0) oBDEN pue
Al 80 (Ve 1 Ll vl $'1 “VILr'9 €9 AR} 658 L8 “(Lzo"0) *(O) “(£0°0) dutsoudpy 6
©)r Q)r (50°0) 13N
‘D¢ P L1 (98 4 ‘9¢€°9 r 91°8 £€9°8 pue ‘(10" 0) “(Q) -(10°0) JAND~S 8
6'C P 8¢ 8€°9 9'8 (s0°0) “1ID3I Pue (10" 0) JND~S L
0§ ‘67 L ad “(zo 0) oBDEN
I'1 01 (D81 r o€ S'I MO)1g9 P 118 LS'8 pue ‘(10°0) “(O) ‘(10 0) IND~S 9
Q)sv (D609 § L ad ‘(zo 0) srDEN
L1 €1 L1 L1 ‘O)ov'9 £C°9 €2°8 79'8 pue ‘(10°0) “(O) ‘(10 0) dND~S S
9L qd
Al | vl 81 123 09'8 “(1°0) 98D®EN pue (60 0) IND~.S 14
.61 ‘'8 ad
2 P 174 P P 81°8 “(20°0) “IDBIN Pue (10" 0) *(O) £
8L Lad
9 | 2 r &4 7 P €1°8 “(1°0) 9eDEN PUE (§50°0) “(O) r4
Lead
€1 6 (/74 91 90°9 €9 178 ‘(170) 28D®eN Pue (§50°0) “(O) I
<HD dOH J-H »6-H 29-H -H 8-H J-H S-H 9-H ¢H 8-H (W) s1dweg ‘ON

(sdo) syIp1Ap ury Axeqiide) S woyy (wdd) syiys peonuay)

{(pay103dg asImIaylQ) ssaju) .87 SI aImerddwa]) “(D) 01 deydsoyduj pue ‘dreydsoydouopy “oprsodjonN Jo Suipuig uo SIPNIS IDUBUOSIY dNBUSRN U001 ] 1l TTEVL
Pay! ! I Y J pur P H O N d

2968

TS0 AND SCHWEIZER



voL. 7, NO. 8 AUGUST 1968

TABLE 111: Comparison between Conditions of Proton Magnetic Resonance Measurement and Occurrence of Precipita-

tion.e
Temperature (°C)
Proton
Magnetic
Resonance
Concentrations (M) Measurement  Precipitation

5'-AMP (0.02) (U), (0.01) MgCl; (0.04) 280 12-16¢
5'-ATP (0.02) (L), (0.01) MgCl, (0.04) 140 2-73
5'-GMP (0.01) ©), (0.01) MgCl, (0.05) 28 5/

« Concentrations of reactants were the same. The only difference was in temperature. No interaction was detected
in the pmr spectra. ® From Table I-12 and -14. < From Figure 4 in Ts’o and Huang, 1968. ¢ From Table IV in Ts’0 and
Huang, 1968. ¢« From Table II-8. / From Table V in Ts’o and Huang, 1968.

M sodium cacodylate, pD 7.5, at 28 or 5° are very similar
to those of the individual components in separate solu-
tions (Table II-5,6, Figure 4). These data clearly show
that there is no interaction between 5’-GMP and (C),
under these conditions.

From our preceding paper (Ts’o and Huang, 1968,
Table V), it is known that the formation of an insoluble
complex will take place in a solution of 0.01 M 5'-GMP,
0.01 M (C),, and 0.05 M Mg?*+ near 5°. Therefore, this
same mixture was studied by proton magnetic reso-
nance at room temperature in order to search for the sol-
uble complex. As shown in Table II-3,7,8, there is a
small increase (from 2.8 t0 4.5 cps) in the H-8 line width
of 5'-GMP when it is mixed with (C),; however, the
H-6 line width of the (C), is completely unchanged. We
concluded, therefore, that this small increase is likely to
be caused by the viscosity of the (C), in a solution of
0.05 M magnesium. Thus, again, there is no interaction
between 5’-GMP and (C), under this condition.

As control experiments for the interaction studies
between adenosine or 5’-AMP with (U),, described in a
previous section, mixtures of adenosine or 5’-AMP and
(C),, were studied. As shown in Table I1-9-11, there is
little change in line width or chemical shifts of both aden-
osine (0.03 M) and (C),, (0.027 M) in 0.8 M Na™ buffer
either at 28 or 8°, in sharp contrast to the extensive
broadening observed for the resonances in the adeno-
sine—(U),, mixture. There is no interaction detected be-
tween 5'-AMP and (C), either; this interaction, how-
ever, is also undetected between 5’-AMP and (U), as
described above.

Discussion

When the spectral positions and the line widths of the
base protons and H-1’ protons of the mononucleotides
and the polynucleotides are the same in spite of whether
they are dissolved together in a mixture or individually
in separate solutions, it may be concluded safely that
no appreciable interaction exists among these com-
pounds in the mixture under these conditions. In the

present study, there are several cases belonging to this
category, in which the spectrum of the mixture is the
same as the total sum of the separate spectrum of each
individual compound. The most pertinent ones are sum-
marized in Table III. It is clearly demonstrated in this
table, though no interaction could be detected by pro-
ton magnetic resonance spectra in all these cases, pre-
cipitation did occur in these mixtures at temperatures
10-20° lower than those for the proton magnetic reso-
nance measurement. These observations strongly suggest
that prior to precipitation, no interaction takes place in
solution. As soon as interaction proceeds, precipitation
occurs. This all or none situation of the interaction be-
tween the mononucleotides and the corresponding com-
plementary polynucleotides was discussed fully in the
preceding paper and will not be repeated here. This is,
nevertheless, one of the major findings in this paper.
There are other noninteracting mixtures observed,
such as the mixture of adenosine with (C), (Table II-9,
10). These experiments further confirm the previous
findings that the monomer-polymer interaction system
has the same specificity as the polymer-polymer inter-
action (Huang and Ts’o, 1966; Howard et al., 1966).
The only interacting system in solution observed by
proton magnetic resonance is that of adenosine—(U),,
a system previously studied in our laboratory (Huang
and Ts’o, 1966) and by Howard er al. (1966). As antic-
ipated, there is extensive broadening of the resonance
lines. The major source of the line broadening must
come from the anisotropic nuclear dipole-dipole inter-
action of the protons with their environment due to the
loss of their freedom in motion when the binding occurs.
This conclusion is supported by two lines of evidence.
(1) As described in the results, there exists a gradient of
line broadening among various protons of the adeno-
sine starting from the base to the 5’ end of the ribose;
see Table I-4. As compared with free adenosine, the
base protons of adenosine in the interaction system have
the highest degree of broadening, next the H-1’ pro-
ton, and least the H-5'’ protons. This relaxation gradient
suggests that the base protons of adenosine lose more
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freedom of motion in the binding process than the H-1’
protons, and in turn the H-1' protons lose more mo-
tional freedom than the H-5/,H-5’' protons. This is
the predicted result if the binding of adenosine to the
(U),, takes place at the bases. (2) Within the range of
-+0.03 ppm, the chemical shifts of the adenosine pro-
tons are the same in the mixture as in its own individual
solution. This observation is not unexpected in light of
our previous work on the extensive association of aden-
osine in solution (Broom et al., 1967). Thus, adenosine
already partially self-aggregates into stacks, before bind-
ing. The chemical shifts of the H-2 and H-8 protons are
already 0.1 ppm upfield from the values at infinite di-
lution. Furthermore, the hydrogen bonding which takes
place in the complex formation should cause a down-
field shift of the base protons, and, therefore, may com-
pensate the additional shielding due to further stacking
in the complex. A similar situation was found also for
the (U),. Since the chemical shifts of the bound form
and the free form appear to be very close, the broaden-
ing observed cannot be due to an exchange of two forms
having very different chemical shifts. Therefore, we may
conclude that the main cause of the line-width broaden-
ing comes from the dipolar interaction of the protons
with their environment as a result of loss of motional
freedom upon binding.

The line shapes of the resonances further suggest that
there is a rapid exchange between the bound form and
the free form. The line width observed for a proton is
likely to be an average of line widths of various fractions
of this proton in different states in accordance to

AV( 1/::)av = ._EIPiA V( 1/2)!

where Ar(1/5),, is the average line width at half-height
and is proportional to 1/75, p, is the fraction of the pro-
ton in the ith state of motional freedom, therefore hav-
ing a value of Ar(1/y), as its line width. When only two
forms are being considered in the simplest case, i.e., the
free form and the bound form, and » = 2, the observed
line width can be considered as a simple number aver-
age of the two line widths, On the other hand, if there is
no exchange between the free form and the bound form,
then we should have a sharp line (free form) superim-
posed (if having the same chemical shifts, otherwise lo-
cated nearby) on a broad curve (bound form), contrary
to what was observed (Figure 2).

The above understanding provides the necessary basis
for further discussion of the experimental observations.
In the mixture of 0.028 M each of adenosine and (U), to-
gether with 0.03 M Mg?*, the motional freedom of the
adenosine protons are greater than that of the (U), pro-
tons which were too broad to be detected while the base
proton line widths of adenosine were still measurable.
This can be due either to the fact that bound adenosine
has more motional freedom than the bound (U),, or,
much more likely, the fraction of the bound adenosine
in the mixture (maximum 509 of the stoichiometry of
2U:1A)is less than the fraction of the bound (U),. When
the adenosine concentration was increased to 0.057 M,

TS’O AND SCHWEIZER
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the line widths of the adenosine protons became nar-
rower. This is due to the fraction of the bound adenosine
becoming further diminished because of saturation.
When the adenosine concentration was lowered to 0.014
M, the line width of the adenosine protons now became
extensively broadened, while the (U),, proton resonances
sharpened and became measurable. These interesting
data indicate that now the fraction of the bound adeno-
sine became much larger, but the concentration of the
adenosine appeared to be too low to keep all the (U), in
the complex form at 28°. Our previous studies (Huang
and Ts’o, 1966) showed that when the A/U ratio in the
mixture was reduced to 0.4-0.3, the melting profile of the
(U),~adenosine complex became much more broadened
and less cooperative as compared to the sharp transition
observed for the mixture having an A/U ratio of unity.
It was interpreted that as the (U), sites become exces-
sive, the size of the adenosine stacks along the (U), be-
comes more reduced and variable, and the distribution
of the stacks along the (U),, becomes less dense. The pres-
ent proton magnetic resonance study supports this inter-
pretation. With an A/U ratio of 0.5, while most of the
adenosines are bound, however, a substantial fraction
of the protons of (U), under these conditions does have
considerable motional freedom. Again, the line shape
of H-6 proton of (U), indicates rapid exchange (Figure
2¢), and the line width represents an average of the line
widths of the various forms.

Another interesting observation was from the mix-
ture of 0.029 M adenosine, 0.029 M (U),,, and 0.82 M NaCl
(Table I-7, Figure 2d). As stated in the results, though
the line widths of H-2 and H-8 of the adenosine are
broad (8-10 cps) in comparison with that (7-8 cps) in
0.033 M MgSQO,, the H-6 proton of (U), is clearly de-
tectable in the NaCl solution (line widths 5.6 cps), but
nor in the Mg?*+ solution. These data suggest that the
fraction of adenosine bound in 0.8 M NaCl is slightly
larger than that in 0.033 M Mg?*, but the fraction of
(U),, bound in 0.8 M NaCl is substantially less than that
in 0.033 M Mg?*, The only reasonable interpretation
which can be offered at this moment is that there is a
change of stoichiometry of 2U:1A in 0.033 M Mg?* so-
lution to 1U:1A in 0.8 M NaCl. Therefore, for about
equal amounts of adenosine bound, more (U), in the
free form was observed in 0.8 M NaCl than in 0.033 M
MgCl,. Our previous paper (Huang and Ts’o, 1966) did
report a change of stoichiometry from 2U:1A to 1U:1A
based on solubility and hydrodynamic measurements
when the temperature was raised from 5 to 20° for mix-
tures in 0.4 M NaCl. More investigation along this line
appears to be of value.

Finally, the proton magnetic resonance results on the
0.029 M inosine, 0.027 M adenosine, and 0.03 M (U),
mixture in 0.04 M MgSO, provided the most direct dem-
onstration of base-pairing specificity (Table I-10, Fig-
ure 3b). In this mixture, the spectra indicated that ex-
tensive interaction between adenosine and (U), occurs,
while the inosine is left untouched in solution.

Application of the proton magnetic resonance tech-
nique does provide valuable information about the mon-
omer-polymer interactions of nucleic acids not obtain-
able by other methods.
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Role of the Net Electrical Charge of the Complete Antigen in

Determining the Chemical Nature of
Anti-p-azobenzenearsonate Antibodies”

Erwin Riide,T Edna Mozes, and Michael Sela

ABSTRACT:  Poly-e-N-trifluoroacetyl-L-lysyl  ribonu-
clease was prepared from ribonuclease and e-N-tri-
fluoroacetyl-a-N-carboxy-L-lysine anhydride. The free
amino groups of the polypeptidyl protein were trifluoro-
acetylated, and the resulting molecules were conjugated
through their tyrosine and histidine residues with the
diazonium salt derived from arsanilic acid. After re-
moval of the trifluoroacetyl groups, the basic p-azo-
benzenearsonate-poly-L-lysyl ribonuclease was used for
immunization of rabbits. Most of the anti-p-azobenzene-
arsonate antibodies formed were found in the second
fraction upon chromatography on DEAE-Sephadex
under conditions which separate antibodies according

Antibodies from different rabbit antisera distribute
unequally among two immunoglobulin G fractions
obtained upon chromatography on DEAE-Sephadex
(Sela et al., 1963a). From a detailed study of rabbit
antisera to lysozyme, obtained under a variety of
conditions, it was concluded that the distribution of
antibodies among the two chromatographic fractions is

* From the Department of Chemical Immunology, The
Weizmann Institute of Science, Rehovoth, Israel, Received April
8, 1968.

t Visiting scientist from the Max-Planck-Institute for Immuno-
biology, Freiburg, Germany.

to the net electrical charge of the antigens. In contrast,
antibodies of the same specificity induced with the
acidic p-azobenzenearsonate conjugates of rabbit
serum albumin and hexa-L-tyrosine chromatographed
mainly in the first fraction. Thus, the antibodies formed
reflected the over-all net charge of the molecule, rather
than the charge within the limited area around the p-
azobenzenearsonate determinant in the immunogen, an
area similar in its charge properties to similar areas in
other p-azobenzenearsonate conjugates of proteins. It is
concluded that the antigenic control of the antibody type
formed (DEAE-Sephadex chromatography detection)
occurs at the leve] of the complete antigenic molecule.

controlled by the chemical properties of the antigen,
rather than by the course of immunization, the span of
time elapsed between the immunization and the collec-
tion of the antisera, or the genetic makeup of the
animals (Sela and Mozes, 1966; Sela, 1966). The anti-
bodies to lysozyme were found predominantly, or ex-
clusively, in the second chromatographic immunoglobu-
lin G fraction on DEAE-Sephadex, and immunospe-
cifically purified antilysozyme antibodies were found
only under the second peak (Sela, 1967).

The extension of this investigation to antibodies
produced by a variety of natural and synthetic antigens
led to the conclusion that there is an inverse correlation
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