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YIELD RATIO HT/DT FROM CD4:CzHg MIXTURE
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Figure 1. Variation of HT/DT ratio from recoil tritium reaction

with equimolar CD,-C:H; mixture, as a function of moderation.

energies. In fact, by considering these magnitudes, it
becomes evident that the mean energy of abstraction
changes in the sequence CH,, C:H,, C;H; and also
CD,, CD¢, and C3Ds.  This is also the order of de-
creasing bond energies.

These findings are consistent with our result that
abstraction by recoil tritium occurs, on the average, at
higher energies than does displacement.®?

T+RH—>RT +H

They indicate further that the mean energy of abstrac-
tion increases with decreasing bond strengths. High-
energy stripping reactions of neutral hot atoms were
first postulated to account for the effect of bond
strengths on hydrogen yields.> Confirmation of the
consequent prediction® that abstraction can occur at
high mean energies, and that it is this high-energy mode
that seems to be enhanced when the hydrogen bond in
the reactant is weakened,® provides strong support for
the existence and importance of such a high-energy
stripping mechanism.

Acknowledgment. Preliminary studies on related
systems by M. Silbert proved most useful in developing
experimental techniques. Stimulating discussions with
F. S. Rowland are gratefully acknowledged.

R. T. K. Baker

Department of Chemistry, Yale University
New Haven, Connecticut

Richard Wolfgang

Department of Chemistry, University of Colorado
Boulder, Colorado

Received February 10, 1968

The Synthesis and Characterization of
Poly d(I-C)-Poly d(I-C)*
Sir:

High molecular weight deoxyribopolynucleotides
containing repeating base sequences are of interest as
model compounds for a variety of chemical and bio-

(1) The authors wish to express their appreciation to the National
Science Foundation, the Life Insurance Medical Research Foundation,

and the Wisconsin Alumni Research Foundation for their generous
support of this investigation.
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Figure 1. Polymer synthesis by the Micrococcus lysodeikticus
DNA polymerase in the presence of dITP and dCTP. The
reaction mixtures were prepared as described in the text. The
development of hypochromicity at 250 mu was used to follow poly-
mer formation; @ indicates unprimed reaction in Tris-HCI buffer
(pH 8.0), A indicates poly dI.poly dC primed reaction in Tris—
HCI buffer (pH 8.0), and m indicates poly dI.poly dC primed
reaction in phosphate buffer (pH 7.3). Other details are described
in the text.

logical studies. A series of such polymers has been
recently synthesized by a combination of chemical and
enzymatic techniques.? The copolymer which contains
repeating adenylic and thymidylic acid units has been
well characterized® and has been the subject of con-
siderable investigation;* however, the polymer which
contains repeating deoxyriboinosinic and deoxyri-
bocytidylic acid units, poly d(I-C) -poly d(I-C),® has
eluded preparation to date. Similarly, the synthesis of
poly d(G-C)- poly d(G-C) has not been reported.

We wish to report the synthesis of poly d(I-C)-poly
d(I-C), a high molecular weight, helical deoxyribo-
polynucleotide containing strictly alternating deoxy-
ribocytidylic acid and deoxyriboinosinic acid units.
The polymer has been characterized by the following
techniques: nearest neighbor frequency analyses,
sedimentation velocity studies in both neutral and
alkaline salt solutions, cesium chloride and cesium sul-
fate equilibrium buoyant density studies in both neutral
and alkaline solutions, ultraviolet spectral data, and
ultraviolet absorbance-temperature profiles. The physi-
cal properties of poly d(I-C)-poly d(I-C) are markedly
different from the physical properties of poly dI-poly
dC.s

Poly d(I-C)-poly d(I-C) was synthesized as a de
novo product by the Micrococcus lysodeikticus DNA
polymerase in the presence of dITP and dCTP (Figure
1). After a lag period of many hours the reaction
exhibited exponential kinetics and was .complete in
34.5 hr; the extent of hypochromicity developed at
250 mu was 16 97, which corresponded to the incorpora-

(2) (a) A. Kornberg, L. L. Bertsch, J. F. Jackson, and H. G. Khorana,
Proc. Natl, Acad. Sci. U. S., 51, 315 (1964); (b) C. Byrd, E. Ohtsuka,
M. W. Moon, and H. G. Khorana, ibid., 53, 79 (1965); (c) R. D. Wells,
E. Ohtsuka, and H. G. Khorana, J. Mol. Biol., 14,221 (1965); (d) R. D.
Wells, T. M. Jacob, S. A. Narang, and H. G. Khorana, ibid., 27, 237
(1967); (&) R. D. Wells, H. Biichi, H. K&ssel, E. Ohtsuka, and H. G.
Khorana, ibid., 27, 265 (1967).

(3) H. K. Schachman, J. Adler, C. M. Radding, I. R. Lehman, and
A. Kornberg, J. Biol. Chem., 235, 3242 (1960).

(4) H. Ch. Spatz and R. L. Baldwin, J. Mol. Biol, 11, 213 (1965),
and previous papers in this series.

(5) The abbreviations used herein have been explained in ref 2d.

(6) (2) R. B. Inman and R, L. Baldwin, J. Mol. Biol., 8, 452 (1964);

(b) R. B. Inman, ibid., 10, 137 (1964); (c) M. J. Chamberlin and D. L.
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tion of approximately 509 of the radioactive tri-
phosphates into acid-insoluble product. Poly d(I-C)-
poly d(I-C) was synthesized as the major product in an
anomalous reaction which was primed by poly dI-poly
dC (Figure 1). This primed reaction was complete in
8.5 hr; 169 hypochromicity was developed, corre-
sponding to the incorporation of 53 % of the radioactive
triphosphates. These syntheses of poly d(I-C)-poly
d(I-C) were performed in Tris—-HCI buffer at pH 8.0.
However, when an identical poly dI-poly dC primed
reaction was performed, except that phosphate buffer
(pH 7.3) was substituted for the Tris-HCI buffer (pH
8.0), the product was pure poly dI-poly dC (see below
for analyses of these reaction products). The faithful
replication of poly dI-poly dC (Figure 1) in phosphate
buffer (pH 7.3) proceeded quite rapidly under the
standard reaction conditions; the reaction was com-
plete in 5 hr, developing 27 %, hypochromicity which
corresponded to 829 incorporation of the substrates.

The standard reaction mixture for the syntheses
shown in Figure 1 was as follows: either Tris-HCl
buffer (pH 8.0) or potassium phosphate buffer (pH
7.3) (0.05 M), magnesium chloride (0.005 M), mer-
captoethanol (0.001 Af), dITP®® and dCTP (each 0.1
mM including the appropriate radioactive deoxyribo-
nucleoside triphosphate), poly dI-poly dC where in-
dicated (buoyant density 1.598 g/ecm?® in Cs.SO, (pH
7.3)) (0.025 mM total nucleotide), and Micrococcus
lysodeikticus DNA polymerase’ (specific activity 3370
units/mg; poly d(A-T)-poly d(A-T) assay) (50 units/
ml). A second addition of enzyme (another 50 units/
ml) was added to the unprimed reaction mixture after
24 hr of incubation. Reactions were performed at
37° in glass-stoppered quartz cuvettes (0.l1-cm light
path) in a thermostated Gilford spectrophotometer.
For polymer isolation, the enzyme was heat denatured
and the polymer was extensively dialyzed as previously
described.?d

The reaction products were analyzed by nearest
neighbor frequency analyses.! The product of an un-
primed reaction which was prepared with «-3?P-
labeled dCTP showed greater than 98 97 of the isotope
was transferred to dIp. No radioactivity was observed
in the region of dCp in two different chromatography
systems.  Nearest neighbor frequency analyses of
polymers synthesized in the presence of poly dI.poly
dC in Tris—HCI buffer (pH 8.0) showed, from prepara-
tion to preparation, variable amounts of contamina-
tion (from 1 to 259) of poly d(I-C)-poly d(I-C) with
poly dI-poly dC. As the primer contained no radio-
activity these results indicate that both polymers were
synthesized under these conditions. Hence, the prod-
uct mixture was purified by preparative alkaline cesium
chloride density gradient centrifugation.® A nearest
neighbor frequency analysis on the purified product,
which was prepared with «-%?P-labeled dCTP, showed
greater than 999 of the isotope was transferred to
dIp. No radioactivity was observed in the region of
dCp; the dIp region (in two different chromatography
systems) contained approximately 6000 counts/min.
Hence poly d(I-C)-poly d(I-C) was not covalently
joined by a phosphodiester linkage to the newly syn-

(7) B. XK. Zimmerman, J. Biol. Chem., 241, 2035 (1966).

(8) J. Josse, A. D. Kaiser, and A. Kornberg, ibid., 236 846 (1961);

see ref 2d for the details of the procedure used,
(9) R. D. Wells and J. E. Blair, J. Mol. Biol., 27, 273 (1967).
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thesized poly dI-poly dC since the two polymers were
quantitatively separated by density gradient centrifuga-
tion.

This novel synthesis of poly d(I-C):-poly d(I-C) by
the Micrococcus lysodeikticus DNA polymerase is not
a general feature of the enzyme since it readily repli-
cates poly dI-poly dC to provide more poly dI-poly dC
in a phosphate-buffered (pH 7.3) reaction mixture
(Figure 1). A nearest neighbor frequency analysis
on this product, prepared with «-?2P-labeled dCTP
in the reaction mixture, showed that greater than 99.5%;
of the isotope was transferred to dCp. Likewise, this
enzyme has been used for the faithful replication of
other DNA’s by Zimmerman’ (as well as unpublished
work from our laboratory). Hence the role of poly dI-
poly dC in the synthesis of poly d(I-C)-poly d(I-C) in
Tris—-HCI] buffer (pH 8.0) may only be to provide a free
hydroxyl growing point. Therefore, this enzyme, like
the Escherichia coli DNA polymerase, seems very
sluggishly (if at all) to initiate a new polynucleotide
chain. Further studies of this anomalous behavior of
the enzyme will be the subject of a later communication.

Pure poly d(I-C)-poly d(I-C) was efficiently and
faithfully replicated under the reaction conditions
detailed above (except that the triphosphate concentra-
tion was increased 5-fold and that poly d(I-C)-poly
d(I-C) replaced poly dI-poly dC). An average of
13-fold synthesis was observed for two experiments.
Nearest neighbor frequency analyses on preparations
using either [a-22P]JdCTP or [a-%?P]dITP as the labeled
triphosphate showed the quantitative transfer of the
isotope to dIp and dCp, respectively. Thus, this reac-
tion product can only be a polymer containing deoxy-
riboinosinic acid and deoxyribocytidylic acid units in
strictly alternating sequence.

Poly d(I-C):-poly d(I-C) gave a single symmetrical
band in analytical buoyant density gradient centrifuga-
tion experiments;® the density in cesium chloride solu-
tion (pH 7.3) was 1.735 g/em? (marker DNA was poly
d(A-T)-poly d(A-T), density 1.672 g/cm?) and the
density in cesium sulfate solution (pH 7.3) was 1.453
g/em? (marker DNA was either T, bacteriophage DNA,
density 1.444 g/em? or poly d(A-T)-poly d(A-T),
densty 1.424 g/cm?®). On raising the pH of the density
gradient experiments to approximately 13.0 still only
one symmetrical band was observed, a condition de-
manded for the structure poly d(I-C)-poly d(I-C)
because of the identical base sequence of the two strands
of the native polymer. The apparent buoyant densities
of poly d(I-C)-poly d(I-C) in alkaline solutions were
as follows: cesium chloride solution, 1.766 g/cm?, and
cesium sulfate solution, 1.436 g/em?® 'Poly d(A-T)-
poly d(A-T) was the marker DNA in both salt solu-
tions and had the following densities: 1.722 g/cm3°®
and 1.416 g/em?, respectively, The s3 , values of two
different preparations of the polymer in 1 M NaCl
solution were 199 and 15.8 S, indicating molecular
weights of 6.4 X 10° and 3.3 X 10° daltons, respectively.
The same two preparations had s3, ., values in 0.1 M
NaOH-0.9 M NaCl solution of 19.5 (2.7 X 10¢ daltons)
and 17.3 S (1.9 X 10¢ daltons), respectively.’® These
data suggest that poly d(I-C)-poly d(I-C) was double
helicalin 1 M NaCl solution since the alkaline molecular

(10) F. W. Studier, ibid., 11, 373 (1965).
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weight value was approximately half (within =8 %) the
value found in neutral salt solution.

That the polymer possesses an ordered helical struc-
ture was indicated by ultraviolet absorbance-tempera-
ture transition studies; poly d(I-C)-poly d(I-C) had
a melting value (T,) of 43° in 0.02 M sodium chloride
solution (pH 7.2) and 54° in 0.1 M sodium chloride
solution (pH 7.2). Ninety-five per cent of the absorb-
ance transition occurred over a 3-5° range at both
salt concentrations. For these studies the polymer was
extracted with phenol and exhaustively dialyzed as
previously described.*® Hence poly d(I-C)- poly d(I-C)
has a considerably more stable structure than does poly
dI-poly dC.® The molar extinction coefficient of poly
d(I-C) - poly d(I-C) was 6.9 X 102 at the wavelength
maximum (251 mp) in 0.01 M NaCl-l X 104 M
EDTA (pH 7.0).

It is significant to note that the polyribonucleotide
with alternating inosinic acid and cytidylic acid units
is synthesized de novo by the Azotobacter vinelandii
RNA polymerase!! whereas poly dI-poly dC is syn-
thesized de novo by the Escherichia coli DNA polym-
erase.’® Further properties of poly d(I-C)-poly
d(I-C) as well as the formation of poly d(G-C)-poly
d(G-C) are currently being studied.
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Catalytic Decomposition of Hydrogen Peroxide by
Copper Chelates and Mixed Ligand Complexes

of Histamine in the Presence of Phosphate Buffer
in the Neutral pH Region!

Sir:

The catalytic decomposition of H.O. to oxygen and
water, i.e., catalatic reactions, by metal salts and com-
plexes has been extensively studied.? Catalatic ac-
tivity is usually associated with catalase,® a hemopro-
tein, and iron compounds and chelates.24~% The non-
heme, oxygen-carrying copper protein, hemocyanin,
also exhibits catalatic activity™® as do copper salts and
chelates.*—'* Many copper and iron complexes are
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Research Grant RH 00434, National Center for Radiological Health,
and by AEC Contract AT(30-1)-3641 from the Division of Biology and
Medicine.

(2) 1. H. Baxendale, Advan. Catalysis, 4, 31 (1952).
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Boyer, H. Lardy, and K. Myrback, Ed., Academic Press Inc., New
York, N. Y., 1963, Chapter 6.

(4) P. George, Biochem. J., 43, 287 (1948).

(5) (@) J. H. Wang, J. Am. Chem. Soc., 77, 4715 (1955); (b) R. C.
Jarnagin and J. H. Wang, ibid., 80, 786 (1938); (¢) R. C. Jarnagin and
J. H. Wang, ibid., 80, 6477 (1958).

(6) (a) M. L. Kremer and G. Stein, Trans. Faraday Soc., 55, 959
(1959); (b) M. L. Kremer, ibid., 58, 702 (1962).

(7) F. Ghiretti, Arch. Biochem. Biophys., 63, 165 (1956),

(8) G. Felsenfeld and M. P, Printz, J. Am. Chem. Soc., 81, 6259
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(9) J. Schubert, E. R. White, and L. F. Becker, Jr., in “Proceedings of
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Chemistry Series No. 81, American Chemical Society, Washington,
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also peroxidatic; 1i.e., they promote the oxidation of
hydrogen donors such as alcohols, phenols, and
amines, %414  Thus, the complex compounds of cop-
per and iron provide relatively simple model structures
for investigating the mechanisms of action of vitally
important types of enzymes. However, for several
reasons, no significant quantitative studies on catalatic
reactions of copper complexes exist from which reaction
mechanisms can be deduced. For example, previous
investigations included various simplifying assumptions
regarding the species of copper complexes present such
as in 1:1 mixtures of Cu?+ and ligand, L, where it was
arbitrarily assumed that no Cul, existed. Nor were
the known!s formations of hydrolyzed species taken
into account, e.g., LCuOH and L,Cux(OH).. Experi-
mentally, little or no attempt was made to maintain con-
stant pH. In view of these oversimplifications, we are
investigating catalatic systems involving copper and
amino acids and related compounds in the pH region of
~6-9 in sodium dihydrogen phosphate buffer. We
have taken into account the formation of simple, mixed,
and hydrolyzed complex species. In this report, em-
ploying histamine as the ligand, our data conform best
to a combination of a free-radical and molecular mecha-
nisms involving the 1:1 chelate of copper-histamine.

The rates of decomposition of H.O, were determined
from manometric measurements of O, by the use of a
differential syringe manometer.!® The reproducibility
of our readings was =59, and the absolute accuracy
as determined by measurement of known volumes of O
released from spectrophotometrically standardized solu-
tions of H»O. by crystalline catalase was =49, The
rates of O, evolution were determined by presetting the
micrometer syringe corresponding to a desired volume,
generally from 3 to 20 ul, and the time required for the
manometric fluid to reach the reference mark in a hori-
zontal capillary was recorded. At this point the mi-
crometer was reset for the next reading, etc., until the
run was complete. The apparatus was maintained on a
single station of a Warburg bath and the reaction refer-
ence flasks were completely immersed in the constant-
temperature water bath. The rates of O, evolution
were independent of shaking speeds above 80 cycles/
min: a speed of 115 cycles/min was used throughout.
Under the experimental conditions employed, only
those solutions containing H.O., copper, and histamine
possessed significant catalatic activity.

In a series of experiments run at 25° and pH 7.0, we
found that the over-all reaction rate, k.psq, varied as the
first power of the total molar concentration of copper
ion, [Cu?t]; and [H2O.}r. In order to identify the cata-
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