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transfers were performed. Spectrophotometric evaluation
of the progress of the separation showed the presence of two
clearly separated bands located in tubes 85 to 117 (minor)
and tubes 123 to 180 (major), respectively. The tubes
contaitting the slower moving component were evaporated
to dryness, the residue was dissolved in a small volume of
109, acetic acid and the solution was lyophilized to give a
pale yellow powder: yield 82 mg.; single ninhydrin and
methionine negative, Sakaguchi and Ehrlich positive spot,
R; 0.36; biol. activity 1.7 X 10® MSH units per gram.
The chemical nature of this material remains to be eluci-
dated. The tubes containing the faster moving component
were pooled and the solvents were removed. The residue
was dissolved in a small volume of 109, acetic acid and the
solution was lyophilized to give the desired acetyltridecapep-
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tide amide in the form of a colorless fluffy solid; yield 156
mg.; single ninhydrin negative Pauly, Sakaguchi, Ehrlich
and methionine positive spot, R: 0.62; single spot on paper
electrophoresis at pH 4.0, 5.1 and 6.0, respectively, in pyr-
idinium acetate buffers (1200 volts for 2.5 hours); [a]ZD
—43.8° (¢ 0.6 in 109, acetic acid); biol. activity of various
preparations ranged from 0.6 X 101%to 2.2 X 10" MSH units
per gram; distribution coefficient in 1-butanol-10% acetic
acid 0.14; amino acid ratios in acid hydrolysate: a, by
quant. paper chromatography, sersstyriimety oglu; chisy -
phe; pargr.ogly.olysesvalys (try destroyed, pro present but
not determined); b, by the Stein-Moore technique,!?
sery gtyri.omety,ogliy,chis;.opheroargioglyroysiopronevaly.e-
NH,, , (try largely destroyed).
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The Effects of Optical Configuration of Peptides: Dissociation Constants of the Isomeric
Alanylalanines and Leucyltyrosines and Some of their Metal Complexes!
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A determination of the dissociation constants of the diastereoisomeric leucyltyrosines and a re-examination of the dis-

sociation constants of several other dipeptides was made.

The ability to predict relative acidities of the diastereoisomeric

dipeptides on the basis of the folding and unfolding processes which occur as a function of pH is presented, and the differ-
ences in acidity are postulated to increase with the bulk of the residues attached to the asymmetric centers in the dipeptides.
The stability constants of the leucyltyrosine and alanylalanine complexes with Co*+*, Ni** and Zn*+* were determined
and discussed with respect to the effect of optical activity, The possibility of predicting relative rates of hydrolysis of the

diastereoisomeric dipeptides as a function of pH is presented.

Ellenbogen® has recently studied the effects of
optical configuration on the dissociation constants
of the lysyl and alanyl peptides, and showed that
the dissociation constants of these peptides varied
by up to 0.26 pK unit in changing the amino acid
residues on the peptide chain. He determined the
dissociation constants of the four isomeric alanyl-
alanines at a constant ionic strength of 0.100, and
found that the constants for the LL- were identical
to those for the DD-isomer, and those of the LD- were
identical to those of the DL-isomer. Since LL is the
mirror image of DD and since LD is the mirror image
of DL, this is in accordance with theory. However,
those of the LL- differed considerably from those of
the DL-isomer.

We have extended this work to an examination
of the pL- and LL-leucyltyrosines and a re-examina-
tion of the isomeric alanylalanines to confirm the
effect of optical configuration on the dissociation
constants of the peptides and to determine the sta-
bility constants of some of their metal complexes.

Experimental®

L-Alanine, [«]®D +14.4° (2 N HCI, ¢ 1); p-alanine,
[e]®Dp —14.2° (2 N HCI, ¢ 1) were obtained from thie Nu-~
tritional Biochemical Corporation. L-Leucyl-L-tyrosine,
[e]®D +10.4° (H,O, ¢ 1) and p-leucyl-L-tyrosine, [«]2?D
—15.3° (H,0, ¢ 2) were obtained from the Mann Research
Laboratories, New York 6, N. Y. Anal. Caled. for C;;Ho,-
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N0, (204.5): C, 61.2; H, 7.5; N, 9.5. Found for LL:
C,61.3; H,7.4; N, 9.4. Found for oL: C, 61.5; H, 7.4;
N, 9.67. Allreagents were of C.p. grade.

Benzyl Esters of L-Alanine and p-Alanine .—The method of
Erlanger and Hall® was used for the preparation of the benzyl
esters of p-alanine and rL-alanine. After recrystallization
from methanol-ether, the products were obtained in 409,
yield: L-alanine benzyl ester hydrochloride, m.p. 140°,
[a]¥Dp —14.7 (0.1 N HCI, ¢ 1.02); lit. [«]®D —14.3° (¢
2.11, H,0)8; p-alanine henzyl ester hydrochloride, m.p.
140°, [«]%D +14.8° (0.1 NHCl, c1).

Carbobenzoxy-L-alanine Benzyl Ester and Carbobenzoxy-
L-alanyl-p-alanine Benzyl Ester.—Following the method of
Boissonnas,” the carbobenzoxy-L-alanine® was coupled with
the benzyl esters of L-alanine and p-alanine. The carbo-
benzoxy-L-alanyl-L-alanine benzyl ester was recrystallized
from methanol-water and melted at 109°%, [«]%D —1.7°
(chloroform, ¢ 1). Anal. Caled. for CyHyeN:205: C, 65.63;
H, 6.25; N, 7.29. Found: C, 65.51; H, 6.48; N, 7.54.
The carbobenzoxy-L-alanyl-pD-alanine benzyl ester, which
had not been previously reported, melted at 114°, [«]%D
—~2.9° (chloroform, ¢ 1), Anal. Caled. for CyHzNyO;:
C, 65.63; H, 6.25; N, 7.29. Found: C, 65.60; H,
6.06; N, 7.01.

L-Alanyl-L-alanine and L-Alanyl-p-alanine.—The carbo-
benzoxy-L-alanyl-L-alanine benzyl ester and the carbobenz-
oxy-L-alanyl-D-alanine benzyl ester were hydrogenated
using 109, palladium-on-activated charcoal as the catalyst.
The products after recrystallization were obtained in 609,
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indicate the coupled product has the structure assigned.
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vield: L-Alanyl-L-alanine, [a]®D —21.4° (H,O, ¢ 2);
tit. for LL, [@]®D —22.3° % and —21.2° 9 L-Alanyl-D-
alanine, [«]%D +65.0° 0 (H,0, ¢ 1.36); lit. for LD, [a]®D
+71.2°.9

Procedure for the Determination of the Dissociation
Constants.—A solution of 0.1565 N sodium hydroxide was
prepared by dilution of an aliquot of carbonate-free satu-
rated sodium hydroxide withh doubly-distilled, carbonate-
free water and standardization against 99.95%, potassium
acid pglthalate which had been dried for 8 hours in an oven
at110°.

A Beckman model G pH meter with external electrodes
with 30 inch leads was used. The general purpose electrode,
pH 0 to 11, was used in the pH measurements in the range
from 3 to 9 and type E-2 electrode used for the range 7 to
14, All measurements were at an ionic strength of 0.15,
adjusted with potassium nitrate. Ten-ml. aliquots of the
0.01 M peptides were titrated with nitric acid or sodium
hydroxide in a 50-ml. beaker immersed in a constant
temperature bath at 25.0 = 0.1°. Addition of acid or
base was made from a 5.0-ml. buret, graduated in 0.01-
ml. intervals. The tip of the buret was immersed in the
solution to be titrated, and stirring was accomplished by
using a nitrogen bubbler, which also served to prevent ab-
sorption of carbon dioxide by the solution in the titration.

The pK’ values were calculated by the usual relation,
described elsewhere.! Tlie pH meter was standardized
against buffers at known pH’s of 4.00 and 8.00.

Procedure for the Determination of the Stability Con-
stants.—The stability constants, & = (MA;)/(MA;_1)
(A), of the metal complexes with the dipeptides were de-
termined by the method of Bjerrum.!? The conditious of
the titrations were the same as those used for the determina-
tion of the pK’ values of the dipeptides. All solutions were
0.01 M in peptides and 0.001 A in metal ion to ensure com-
pletc;e chelation, and only freshly prepared solutions were
used.

Results and Discussion

Previously, Ellenbogen!! has shown that the pK,’
and pK,’ values for several diastereoisomeric di-
peptides were significantly different. Part of this
difference was attributed to hydrogen—hydrogen
repulsion involving only the hydrogens on the alpha
or asymmetric carbons. Further differences may
be due to the entropy changes when the peptides
change from a linear to a folded form. Molecular
models clearly indicate that the LL (DD) or ‘‘pure”
peptides cannot fold as readily as the LD (DL) or
“mixed” peptides. In this study, the size of the
residues attached to the asymmetric carbon in the
dipeptides seemns to play a major role in the differ-
ences in the dissociation constants of diastereoiso-
meric dipeptides as revealed by comiparison of the
leucyltyrosines. The pK' values for several dias-
tereoisomeric dipeptides are given in Table I for
comparison.

An explanation may be advanced as to the fold-
ing-unfolding properties of the molecules by exam-
ining reactionsaand b. The creation of two charges

+H;NCH(R)CONHCH(R)COOH =

(unfolded)
+H;NCH(R)CONHCH(R)COO~ + H*+ (a)
(folded)
+H;NCH(R)CONHCH(R)COO~ =
(folded)
H,NCH(R)CONHCH(R)COO~ + H* (b)
(unfolded)

on opposite ends of the same molecule in reaction a
niight be expected to cause a folding. The removal

(10) This material may be only about 949 pure using the calculation
(71.2 X 0.94) 4+ (—21.2 X 0.06) = 65.6°,
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N. C. L1, G. W. MILLER, N. SoLoNY AND B. T. GILLIS

Vol 82
TABLE I
i Ky PR PRy
Dipeptides COOH NH;:* X
Alanylalanine {(LL) 3.30° 8.14°%
Alauylalanine (LD) 3.12° 8.30°
Lysylalanine (LL)® 3.22 7.62 10.70
Lysylalanine (LD)? 3.00 7.74 10.63
Leucyltyrosine (LL) 3.46 7.84° 10.09
Leucyltyrosine (pL) 3.12 8.38° 10.35
Lysyllysine (LL)® 3.01 7.33 10.05
Lysyllysine (L) 2.8 7.53 9.92
¢ These values agree with those given in ref, 11. ® These

values are quoted from ref. 11. ¢ The pK,’ values of the
LL- and DL-leucyltyrosines were given as 7.8 and 8.3, re-
spectively, by S. Yanari, quoted in ref. 14.

of the attractive forces between two charges of op-
posite sign on the two ends of the same molecule to
give an anion in reaction b might be expected to
allow the molecule to unfold.'* The peptide bond
can be shown to exist in the frans configuration at
all times and the folding and unfolding process can
then be seen to involve only rotation about the
alkyl C—peptide N bond.

The pL-isomer will lose a proton more readily
than the LL-isomer if the DL- can fold more easily
than the LL-isomer. The DL-isomer can be seen to
fold more easily by examination of molecular mod-
els which show the R groups in a relative trans posi-
tion to each other and this is confirmed by the data
given in Table I. Similarly, the rrL-isomer should
be less stable than the pL-isomer in the folded form
because the R groups are in a relative c¢is position
to each other, and thus would lose its second proton
more readily so that it may attain the unfolded
form. Hence, an examination of molecular mod-
els consistently enables one to arrive at the correct
relative acidity predictions when viewed from the
standpoint of folding and unfolding processes, and
the differences would be expected to be larger in the
diastereoisomers, as the bulk of the R groups in-
crease.

Bovey and Tiers!* have reported proton n.s.r. val-
ues for the diastereoisomeric leucyltyrosines in tri-
fluoroacetic acid. The methylene peak is displaced
by -+0.43 p.p.m. in the DL-isomer indicating the
protons are in the opposing field region of the ben-
zene ring, and thus are markedly closer to the face
of the ring than in the LL-isomer. Thus, the adja-
cent amino group can also approach the phenolic
site closer in the DL- than in the LL-isomer. This
proximity wotuld be expected to cause a greater de-
crease in the acidity of the phenolic hydrogen in the
DL-isomer than the Li-isomer, and is verified by
the pK;’ values for the leucyltyropsines in Table I.
This effect would be reversed for the lysine peptides
because the lysine residues contain an extra pro-
tonated or charged function, whereas the tyrosine
residues are non-protonated or uncharged in ap-
proaching pK;’. Thus, the pKj’ for pL-leucyltyro-
sine is less acidic than that of the LL-isomer and,
conversely, the pK;’ of DL-lysyllysine is more acidic
than that of its LL-isomer.?

(13) This concept of folding—unfolding is supported by the entropy
data gathered by Ellenbogen; see ref. 4.

(14) F. A. Bovey and G. V. D, Tiers, Tuis JournaL, 81, 2870
(1959).

(15) Less acidic corresponds to a higher relative pK’ value, while
more acidic corresponds to a lower relative pK’ value, These proxim-
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The effect of optical activity of the peptides is
again exhibited in the stability constants of the
metal-peptide complexes. Since the metal com-
plex is formed when the protonated amino group
loses its proton, corresponding to pK»" and a linear
form of the peptide, the R groups are cis to the pep-
tide bond in the LD(DL)-isomer and frans in the LL-
(pD)-isomer. The LD(DL)-isomer should then form
a more stable complex than the LL(DD)-isomer, pro-
vided that the R groups are large enough to inhibit
facile complexation with the metal ion. Hence,
there will be a greater difference in the stability
constants of the diastereoisomeric leucyltyrosines
than in the diastereoisomeric alanylalanines com-
plexes with a metal ion. This is borne out by the
results given in Table II.

These considerations of the folding—unfolding
processes of the dipeptides as a function of pH may
be extended to predictions of the relative rates of
acid or basic hydrolysis of diastereoisomers where
attack at the peptide carbonyl is involved. In the
P»H range below pK,’ the dipeptide exists in a linear
form, the R group being frans to the peptide bond
in the rr-isomer and ¢is in the DL-isomer. When
the R groups are trans they flank to some extent
both sides of the peptide bond. This should result
in a decreased rate of hydrolysis by hindering at-
tack at the peptide bond. The pL-isomer, how-
ever, will be faster in this pH range since the R
groups are both ¢is to the peptide bond. This is
exemplified by the hydrolysis of the LL- and pL-
valylvalinre in 6 N hydrochloric acid at 100° in
ity effects are the same as those exhibited by a comparison of the p Ky’

of tyrosine with the K2’ of various aminophenols and the pKi’ of
ethylamine with the pK»’ of ethylenediamine.
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TaBLE II*
Metal ion log k1 log kiks
D-Leucyl-L-tyrosine
Co*+ 2.81 5.07
Nit+ 3.73 6.66
ZntT 3.39 6.24
L-Leucyl-L-tyrosine
Co*+ 2.42 4.48
Nit+ 3.23 5.99
Znt+ 2.98 5.66
L-Alanyl-p-alanine
Cot+ 2.83°
L-Alanyl-L-alanine
Co+* 2.63

¢ Error in log &1 is =£0.03. * Obtained from titration of
equimolar mixtures of peptides and Co(NO;),, 0.01 M.
which the rate of hydrolysis of the DL-isomer was
greater than the LL-isomer.!

In the pH region between pK,’ and pK,’, the
peptides exist in the folded form with the R groups
cis in the LL- and trans in the DL-isomer. Thus, the
LL-isomer would be expected to hydrolyze faster
than the DL in this pH range. In the pH range be-
yond pK,’, the behavior of the dipeptides on hy-
drolysis will be similar to that in the pH range below
pK,’ with respect to relative rates of diastereoiso-
mers.
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The heats of ionization of the purine group of deoxyadenylic acid, deoxyguanylic acid and related compounds and of the

pyrimidine group of deoxyeytidylic acid and related compounds have been determined calorimetrically.

A parallelism,

which extends to bases of other types, between heats of ionization and values of the apparent pK is noted.

The results of a recent calorimetric study? of the
acid denaturation of deoxyribosenucleic acid (DNA)
were interpreted® on the basis of the assumption
that the heats of ionization of the pyrimidine and
purine bases are very nearly zero in both native
and denatured DNA. Titration data for DNA de-
termined over a range of temperatures*—® give con-
flicting evidence as to the magnitudes of the heats
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Foundation (G-2833) and the United States Public Health Service
(RG-4725).

(2) J. M. Sturtevant and E. P. Geiduschek, THis JoUurNaL, 80, 2911
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stons Faraday Soc., 25, 138 (1958).

(4) L. F. Cavalieri and B. H, Rosenberg, THIS JOURNAL, 79, 5352
(1937).

(5) R. A. Coxand A. R. Peacocke, J. Chem. Soc., 4724 (1957).

(6) R. A. Coxand A, R. Peacocke, Discussions Faraday Soc., 28, 211,
213 (19538).

of ionization. It therefore seemed of interest to
determine these quantities for the isolated mononu-
cleotides and related compounds, even though it
cannot be assumed that these heats are the same
as those for the nucleotide units in DNA. The
present paper reports values obtained by direct
calorimetry, a method which gives results of con-
siderably greater accuracy than that obtainable by
application of the van’t Hoff equation.

Experimental Procedures and Materials

The twin calorimetric apparatus and method employed
have been described” previously. In each experiment,
the heat evolved when a solution of the base was mixed with
an equal volume of a solution containing less than one
equivalent of HCl was determined. The amount of HCl
bound by the base was calculated from the amount added

(7) A. Buzzell and J. M. Sturtevant, THIS JOURNAL, T3, 2454
(1931).



