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The maximum at 311 mu for the more highly iodinated
samples is due to the presence of diiodotyrosyl residues.
The molar extinction coefficient of 3,5-diiodotyrosine at
311 mu was found to be equal to 5815. Using this value
and the absorption at 311 mu for the various samples (Table
I), the diiodotyrosyl content of the samples can then be
calculated. Assuming a value of 12.39, tyrosine content
in untreated insulin, we calculate values for the diiodotyro-
sine content of samples F-K which are lower by as much as
14% of that calculated stoichiometrically (Table I). Ap-
parently the ultraviolet absorptivity of the 3,5-diiodotyrosyl
group is slightly depressed when it is part of the protein
molecule.

TABLE 1
Optical
density at Opti-
A312mufor Caled, % fully mum
0.77 mg./ml. iodinated tyrosine pH for
Todine, initial from crys-
Insulin, ml., insulin from stochio- talliza-
Sample mg. 0.140 N at pH 9.7¢4 spectra  metry tion
A .. 0.086 .. 0 6.24
B 151.9 0.30 .320 .. 10 6.21
C 159.1 .62 .598 20.0 6.36
D 151.1 .91 .787 30.0 6.72
E 147 .4 1.14 1.12 .. 40.0 6.92
F 154.5 1.29 1.12 41 43.1 6.94
G 150.8 1.46 1.39 46 50.0 6.87
H 148.0 1.65 1.64 54 57.5 7.40
I 161.5 2.02 1.72 57 64.5 7.49
J 151.1 2.10 1.98 65 71.7 7.581
K 151.0 2.94 2.65 87 100.0 7.58

Crystallization.—All the iodinated samples were crystal-
lized by a modification of the method of Scott!s as used to
crystallize pure insulin. About 100 mg. of the dried di-
alyzed iodinated insulin was suspended in 5.0 ml. of distilled
water. To this was added 135 ml. of a phosphate buffer
(8.38 g. of Na;HPO,-12H,0 and 1.38 g. of KH,PO, in 500
ml. of water) which had been adjusted to pH 2.82 with 1 N
HCI to give a clear solution. Next 1.30 ml. of a 0.5%, zinc
chloride solution was added, followed by the addition of 13.0
ml. of acetone. The pH of the clear solution was in the
neighborhood of pH 2.5. The pH was raised with ammonia
to the appropriate value given in Table I. The optimal pH
for crystallization of a given iodinated sample was deter-
mined by trial and error. The beaker containing the solu-
tion was scratched with a glass rod, left for 15 minutes at
room temperature and then refrigerated for five days.

Crystals which fell to the bottom of the vessel were ex-
amined in the polarizing microscope. Samples which had
been iodinated to 309, or less (samples A-D) had an ap-
pearance similar to that of ordinary zinc insulin, that is.
they were of the trigonal system. More highly iodinated
samples, on the other hand, crystallized in the form of flat
plates, the edges of the plates being unequal in length and
all mutually perpendicular. The crystals exhibited a
feeble birefringence and appeared to belong to the orthorhom-
hic system.

(15) A. D, Scott, Biochem. J., 28, 1592 (1034).
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Complexes of Alkaline Earth Cations Including
Radium with Amino Acids and Related Compounds

By JACK SCHUBERT
RECEIVED MARcH 10, 1954

As a supplement to some previously reported
studies!—2 measurements have been made of the in-
teraction of alkaline earths with additional amino

(1) J. Schubert, E. R. Russell and L. 8. Myers, Jr.. J. Biol. Chem.,
185, 387 (1950).

(2) J. Schubert, J. Phys. Chem., 86, 113 (1952),
(3) J. Schubert and A. Lindenbaum, THrIs JournaL. T4, 3529 (1952).
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acids and related compounds. Most of the work
reported here has been done under approximately
physiological conditions, <.e., ionic strength of 0.16
and pH 7.2-7.3. A few measurements at higher
pH’s and lower ionic strengths are included.

Experimentally, the ion-exchange technique? has
been employed. The mass action formation quo-
tient, K, for the 1:1 complexes, refers to the reac-
tion

M+ AZTZMA m

where M represents the total stoichiometric con-
centration of the metal uncorrected for ionization,
hydrolysis, binding by other ligands except the
specific ligand A, etc., and MA the resulting com-
plex. In many cases, such as for citric and tar-
taric acids, the parent acid, H,A, of the ligand
A is practically completely ionized at pH 7.2.
However, for amino acids such as glutamic acid,
H;A, where one of the amino hydrogens is con-
sidered acidic, the predominant jon in solution at
pH 7.2 is HA~ but as the pH is raised to 10 and
above the ijon A= becomes predominant (pki-
(COOH) = 2.3, pk(COOH) = 4.4, pky(NH;*) =
9.7).¢ The over-all molar concentration of A as a
basis for calculation of Ky was deliberately chosen
because of its direct applicability to physiological
problems. In many cases, it is very difficult, of
course, to calculate true or intrinsic values of X be-
cause the degree and nature of the hydrolytic and
other reactions involving the metal ions and ligands
are not known.

The formation quotient, K, is calculated from
the relation!—3
_ (Ki/Ka) — 1

(A

where K§ and K4 are the distribution coeflicients of
M between the resin and solution phases in the
absence and presence of the ligand A, respectively.
The distribution coefficient for M is

%M in resin
4 = ;
%M in soln.

From plots of 1/K4 vs. A it was found that all of
the complexes were of the 1:1 type, 7., n = 1.
This assumes, as Toribara and Feldman have
pointed out,? that the dissociated metal ion in solu-
tion is not polymerized. The results of the present
study are summarized in Table I together with cor-
responding values of Ky reported in the literature
for similar ionic strengths.5—*

Several points of interest present themselves.
The values of K; for the complexes of Ba and Ra
are probably the most accurate available since pre-
viously reported values were preliminary ones. A
good example is that of barium citrate where the
literature except for reference 5 indicated a value of
Kt nearly identical with that of strontium citrate
an unlikely situation.

Values of log K; for the calcitin complexes of
adenosine triphosphate and adenosine diphosphate
(4) R.F.Lumb and A. E, Martell, J. Phys. Chem., 5T, 690 (1953).

(5) J. Schubert and J. W, Richter, THIS JourNaL, T0, 4259 (1948).

(6) J. Muus and H. Lebel, K. Danske Vidensk. Selsk. Math. .fys.
Medd., 18, No. 19 (1936).

(7) N. R. Joseph, J. Biol. Chem., 164, 529 (1946).
(8) R. K. Cannan and A. Kibrick., THIS JoURNAL, 60, 2374 (1938).

K; (2)

vol. of soln. (ml)
mass of resin (mg.)

K (3)
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TABLE I

INTERACTION OF ALKRALINE EARTH CATIONS WITH AMINO ACIDS AND RELATED COMPOUNDS
Unless otherwise specified, measurements were made in solutions 100 ml. in volume containing 25 ml. of veronal buffer,

carrier-free concentrations of one or more of the radioisotopes of the alkaline earth cations. 0
The solutions were equilibrated with 25-100 mg. of the sodium form
Average values of K§ based on dehydrated weight of resin were:

tion was 0.16 M. pH 7.2-7.3, and temperature of 25°.
of a nuclear sulfonic acid cation-exchange resin (Dowex-50).
Ca, 1.52; Sr, 2.74; Ba, 11.3; Ra, 12.6.

Complexing agent Cat+
Adenylic acid (3’-phosphate)
Asparagine
Catecholdisulfonic acid
Choline

Citric acid

Citric acid (¢ = 0.078) .
Creatine 0
Creatinine 0
Cytidylic acid (3’-phosphate)
Glutamic acid (pH 7.1)
Glutamic acid (pH 8.1)
Glutamic acid (pH 9.1)
Glutamic acid (pH 10.4)
Glutamine

Glutathione 0
Hydroxyproline
Imidazole

Malic acid

Malic acid (u = 0.078) ..
Methionine —0.66
Salicylic acid

Serine

Succinic acid

Tartaric acid

Tartaric acid (z = 0.078)

1.4
—0.43

O = O
o

<0.8

o

~3

[o.2]
HHOOROO.
= O 00 3D -
NG OO

0.04

~0.4

have been found® to be 3.94 and 2.26, respectively,
at an ionic strength of 0.1, pH 7.4 and 37°. The K¢
values of 1.4 and 1.6 for the Sr complexes of adenylic
and cytidylic acids given in Table I lead to the con-
clusion that the stability of the alkaline earth com-
plexes of these biologically important compounds
increases with an increase in the number of terminal
phosphoric acid groups.  Similar findings have been
reported! in the case of complexes formed between
calcium and Na;PO,; Na,P,0O; and Na;P:Oy, the
respective pKy's at p = 0.15, pH 7.4 and 37° being
1.79, 3.47 and 4.32.

In the physiological pH region it is apparent
that none of the amino acids studied bind appreci-
able fractions of the alkaline earths. Similar con-
clusions have been reported among others by
Heinz.!' As the pH is raised the extent of binding
would be expected to increase because of the re-
moval of a proton from the positively charged am-
ino group.

At pH 10.4 log K; for the strontium glutamate
complex is 1.12. This value is sufficiently close to
that of the succinate complex? (log K¢ = 0.9)
measured under neutral conditions to suggest that
in both compounds complex formation involves
predominately the two carboxyl groups. This con-
clusion differs from that of Lumb and Martell* who
rule out participation of the second carboxyl group

(9) V. Di Stefano and W. F. Neuman, J. Biol, Chem., 200, 759
(1953).
(10) R. E. Gosselin and E. R. Coghlin, Arch. Biochem. Biophys., 48,

801 (1953).
(11) E. Heinz, Bsochem. 2., 831, 314 (1951).

Formation quotient, log Kf
Sr ++ Ba ++

The over-all Na* concentra-

Rat++ Log Kt as reported in lit. for similar u

2.36 Ba. 2.35 2.69,% 2.98,7 Ra, 2.0

Sr, 1.37¢4at u = 0.1

1.86 0.95
1.48

Ba, 1.30%

Ca, 0.147
1.21 ..
1.67 1.24
1.76

Ba, 0.97,7 1.038
Ba, 1.62,6 1.95," Ra, 1.2¢

in favor of a model in which the metal ion is bound
as a chelate through the carboxyl group alpha to the
amino nitrogen and the nitrogen of the amino group.
Such a conclusion seems questionable. For exam-
ple, in support of their view they state that the sta-
bility constants of the alkaline earths with the di-
carboxylic amino acids were reasonably close to
those listed for glycinate ion in which only one car-
boxyl group is present. However, in their com-
parison the values of log K; cited for the glycine
complexes were for 4 = 0 while those for glutamic
and aspartic acids were at g4 = 0.1 and succinate at
p = 0.16. Actually, at u = 0.16 the affinity of the
alkaline earths for glycine is very close to that of
acetic acid.? In addition, when the beta carboxyl
group of glutamic acid is converted to the amide the
binding for alkaline earths drops drastically (Table
I). It seems unlikely that inductive effects would
account for this result. It must be recognized,
however, that unequivocal conclusions concerning
the relative number of carboxyl groups and other
groups involved in the chelate cannot be deduced by
analogy but is best obtained by measuring the
equivalents of hydrogen released per equivalent of
bound cation. However, for the very weak chel-
ates discussed here it is difficult to obtain reliable
data.

In actuality, there is no one form of a complex or
chelate but a mixture in which the relative propor-
tions of the different forms are a function of the re-
spective stability constants. It is obvious, when
relative Ky values are examined, that in glutamic
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acid, for example, the predominant form involves
combination of the alkaline earth cations with both
carboxyl groups. In an equilibrium mixture, how-
ever, small fractions must be present in which M ++
is combined with only one carboxyl group; with
a carboxyl group and amino group; and with an
amino group only. With cations of many of the
transition elements, however, chelate formation in-
volving nitrogen predominates.

The ion-exchange data are of interest in them-
selves and in relation to chromatographic separa-
tions. Consider the following exchange reaction of
the alkaline earth cations, M **, with the sodium
form of the exchanger

M** 4 2Na+ T2 M++ + 2Na* (4)

where the bar over the symbol represents the resin
phase. The dependence of K4(M) on concentra-
tion changes can be deduced from Donnan mem-
brane or mass action considerations as was done
previously.? TUnder the experimental conditions in
which [Na*]>> [M*+]and [Nat] >> [M*+] the
variation of Kq4(M) with ionic strength of the aque-
ous phase should, neglecting activity coefficients,
in both the external solution and resin phases, vary
inversely as the square of the Na* concentration.
In the range ¢ = 0.16-0.078 this is the case. Thus
at ¢ = 0.16, K4(Ba) is 9.9 while at x = 0.078, K4-
(Ba) is found to be 43.6 while the calculated value
is (0.16/0.078)% X 9.9 = 41.5.

The chromatographic separation of Ra++, Ba++
and Sr** by elution with ammonium citrate from
columns of Dowex-50 has been reported by Tomp-
kins.!? From the plate theory!® the peaks of the
published elution curves can be shown to be di-
rectly related to the distribution coefficients, K4, of
the elements involved. Thus, by definition, the
separation factor, ¢, is given by the relation!*

o = Ko(M;) | Ki(My) (3)
Ka(Ma) 7 Ke(My)
From the data given in Table I, the separation fac-

tor for Ra—Ba is, where M; = Ra*t and M, =
Ba++

12.6 _ 350 _ -
= e X 520 = Ll X 1328 = 17 (g
From the ratio of the peaks of the elution curve
shown in reference 12 the separation factor found
is 2.3. This approximate agreement between the
calculated and observed values is actually better
when activity coefficient corrections are made since
the solutions employed in the column experiments
were 0.5 M ammonium citrate (u = 3.0).

Under the experimental conditions the separation
factor a’, corrected for activity coefficients in the
external solution phase only, is

’_ Tus VM1 Ydaa Yy ) ? YMoa -
@ =aX Ya: Vs Yaa X ('V—Mz> EZm @

o

It is easily shown that the calculated value of a’

made at ¢ = 0.16 is too low when approximate ac-

tivity coefficient corrections are made. Similar cal-

culations have been made for Ba-Sr, and Ra-Sr

separations. The corrections are all in the proper
(12) E. R. Tompkins, THIS JoUrNaL, 70, 8520 (1948).

(13) S. W. Mayer and E. R. Tompkins, ibid., 69, 2866 (1947).
(14) B. H. Ketelle atd G, B. Boyd, ¢bid., 69, 2800 (1947).
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direction and order of magnitude since!® g ++ >
YrRa++ and presumably Yma++ > VYra++ While M;A
and M,A, e.g., (SrCit) ~ can be considered? to behave
as the monovalent ion, (HCit) —.

The author wishes to acknowledge the technical
assistance of Mr. Roman V. Lesko. The adenylic
and cytidylic acids were kindly furnished by Dr.
Waldo E. Cohn.

(15) R. H. Stokes, Trans. Faraday Soc.. 44, 295 (1948).
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Ion Exchange as a Separations Method. VIIIL.
Relative Elution Positions of Lanthanide and
Actinide Elements with Lactic Acid Eluant at 87°

By Leoxn WisH, Epwarp C. FREILING AND LELAND R,
BUNNEY

REeCEIVED FEBRUARY 27, 1954

Because lactic acid has been shown to be a more
selective eluant than citric acid for the ion-exchange
separation of lanthanides,! its selectivity for the tri-
valent actinide elements appeared to merit investi-
gation. Consequently, a number of column stud-
ies have been made of the elution of Am, Cm, Cf and
element 99 from Dowex-50 cation-exchange resin
with pH 3 lactate solutions at a temperature of 87°.

Since $-emitting isotopes of the lanthanides and
a-emitting isotopes of Am, Cm, Cf and 99 were
available, it was possible to obtain data on any de-
sired combination of elements from a single rum.
Thus, the position of any given actinide peak could
be readily determined, even though it were superim-
posed upon a background of lanthanide activities.

Finally, a simple correlation between the relative
elution positions of homologs in the lanthanide and
actinide series has been determined.

Experimental

Radioactive tracers were used to determine the relative
elution positions of all elements except Dy, which was ob-
tained from Dy,0; of >989%, purity.? All other apparatus
and materials have been previously described.* The pro-
cedure used to make these separations and to determine the
distribution of B-emitting isotopes was essentially the same
as that of Freiling and Bunney.? However, advantage was
taken of the insensitivity of C ratios obtained with lactic
acid! in order to adjust the eluting conditions to obtain
either more accurate data or more rapid elutions. The a-
activity in each actinide fraction was most conveniently and
rapidly determined by collecting small samples of eluate on
Pt discs, drying on a hot plate, destroying the organic
residue with successive additions and evaporations of
fuming HNO;, and counting in an alpha scintillation
counter. By this technique the appearance of microgram
amounts of Dy in the eluate could also be detected.

Results and Discussion

A quantitative summary of the results is made
in Table I by listing, for each element studied, the
C ratiol* to Eu. As in the case of 0.25 M citric

(1) S. W. Mayer and E. C. Freiling, TArs JournaL, T8, 5647 (1953).

(2)- Purchased from-the-Johnson; Mathey and-Co:, Ltd.

(3) B. C. Freiling and' L. R, Bunney. THIsS JourwarL, T6, 1021
(1954).

(4) S. W. Mayer and E. R. Tompkins, ibid., 69, 2866 (1947). The
C value of a solute is equal to the number of free column volumes of
eluting agent which have passed through the resin bed when the
concentration of the solute in the eluate is a maximuo).



