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Copolyrpers of L-tyrosine with pL-alaunine, L-aspartic acid or L-lysine were prepared and titrated spectrophotometrically.
The tyrosine hydroxyl dissociation was decreased by tlie negatively charged aspartic acid residues in the copolymer with

aspartic acid; it was increased by the positively chiarged lysine residues in the lysine copolymers.

The spectrum in solution

in the case of .all the copolymers investigated remained unchanged on standing or upon the addition of urea. The spectro-
photometric titrations were found to be reversible in the eutire pH range studied. The data obtained indicate that the tyro-
sine hydroxyls of the copolvmers synthesized are free to ionize.

The dissociation of the phenolic hydroxyl group
of the tyrosine residue in proteins and tyrosyl pep-
tides has been frequently investigated spectropho-
tometrically, because the ultraviolet absorption of
the ionized phenolic group differs widely from that
of the un-ionized group.? The apparent dissocia-
tion of the tyrosine phenolic group in proteins was
found to be dependent on the net charge and on the
shape of the native macromolecules investigated.?—$
In certain proteins it was demonstrated that some
of the tyrosine hydroxyl groups are not free to
ionize, probably because of their involvement in a
hydrogen bond with an appropriate group in an
adjacent part of the macromolecule.?%738

In order to elucidate the influence of the various
charged and uncharged a-amino acid residues on the
ionization of tyrosine in proteins, a number of syn-
thetic tyrosine containing copolymers of «-amino
acids were prepared and investigated spectrophoto-
metrically. Recent progress made in the synthe-
sis of poly-a-amino acids,® ~3 permits the prepara-
tion of such copolymers practically in any composi-
tion and ratio required. Model compounds com-
posed of L-tyrosine and L-aspartic acid, L-lysine
and pL-alanine, respectively, were prepared (see
Table I). As the 8-carboxyl groups of the aspartic
acid residues are fully ionized in the pH range at
which the hydroxyl group of tvrosine ionizes, the
copolymers of aspartic acid and tyrosine were ex-
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pected to illustrate the effect of a constant number
of negative charges on the dissociation of the tyro-
syl hydroxyls. Crammer and Neuberger® have as-
sumed that the phenolic hydroxyls in egg albumin
participate in hydrogen bonds with the carboxylate
ions of acidic amino acids. It seemed of interest
therefore to investigate whether the tyrosyl hy-
droxyl groups in the above copolymers are free to
ionize. As the spectrophotometric titration of
polytyrosine was reported previously,”? the titra-
tion of a polymer of tyrosine and alanine could dem-
onstrate the influence of charge dilution on the
ionization. The copolymers of lysine and tyrosine
were chosen to demonstrate the effect of the posi-
tive charges of the e-ammonium groups on the dis-
sociation of the phenolic group of tyrosine.

TABLE I
Av. degree
Residue of polymeri-
No. Copolymer of molar ratio zation
I L-Tyr; L-Asp 1:1 23
II L-Tyr; L-Asp 1:3 21
III L-Tyr; L-Asp 1:9 18
1% L-Tyr; L-Lysl4 1:3 28
v L-Tyr; L-Lys 1:9 30
VI L-Tyr: pr-Ala 1:9 70

Materials and Methods

Syntheses of Copolymers.—The N-carboxy-a-amino acid
anliydrides of pr-alanine,!®1 B-benzyl-L-aspartate,'? e, N-
carbobenzoxy-L-lysine? and O-carbobenzoxy-L-tyrosine!
were used as starting monomers. The purified niononiers
were dissolved in anhydrous dioxane in the molar ratio re-
quired and the solvent was evaporated in vacuo. The solid
residue obtained was polymerized in bulk for two hours at
120° in wvacuo (107* mm.). The copolymers of O-carbo-
benzoxy-L-tyrosine and B-benzyl-L-aspartate or ¢, N-carbo-
benzoxy-L-lysine, respectively, were dissolved in dimethyl-
formainide and precipitated with water. The carbobenzoxy
or benzyl masking groups of the copolymers were removed by
treatment with anhvdrous hydrogen bromide in glacial ace-
tic acid!¢ for half an hour at room temperature or at 70°,
respectively. The copolymers thereupon separated from
the reaction nixture. Precipitation was completed with
anhydrous ether, and the copolymers obtained were washed
witli anhydrous etlier and dried iz vacuo over phospliorus
pentoxide aud potassium liydroxide. As a result of the
procedure emiployed. the lysine-tyrosine copolymers were
obtained as the hydrobromide salt. The copolyvmer of DL-
alanine and L-tyrosine (9:1) was purified by dialysis (10
hours ).

The amounts of tyrosine, lysine and aspartic acid in the
various copolvmers were estimated by spectrophotometric
analvsis,? from amino nitrogen (Van Slyke) determination,
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and from potentiometric titration.!? The amino acid con-
tent of the various polymers was also determined chromato-
graphically'’ after hydrolysis with boiling 6 N hydrochloric
acid for 16 hours. Good agreement was found between the
analyses of the intact polymers and their hydrolysates. In
all cases the initial ratio of monomers used in the synthesis
of the required copolymers was retained in the final high
molecular weight products. The average molecular weights
of the masked copolymers were obtained from end group
analyses.!?

Spectrophotometric Measurements.—Measurements were
made on a Hilger Uvispek photoelectric spectrophotometer
H 700/303, at approximately 25°, using one centimeter
quartz cells. The tyrosine content of the copolymers was
calculated from the absorption, at pH 13, at 2935 A. where
there is a characteristic peak. A molar extinction coef-
ficient of ¢ = 2330 per tyrosine residue was assumed at this
pH.

As copolymers I, II and III at pH°6 gave an extinction
e = 140 per tyrosine residue at 2935 A., the degree of ioni-
zation, «, of the tyrosine hydroxyl groups of these copoly-
mers at any pH was calculated from the relation o« =
(2935 A - 140)/2190. Similarly in the case of the copoly-
mers IV, V and VI, a was calculated from the relation o =
(eass A. — 70)/2260.

In the range 2500 to 3000 A. no selective absorption is
shown by poly-L-aspartic acid" (» = 20; pH 12.0), by poly-
pr-alanine!® (n = 25; pH 7.0) and by poly-L-lysinell (n =
20; pH 2.0 or 12.0). The molar extinction coefficient per
amino acid residue did not in any of the measurements made
exceed ¢ = 17.

Except when otherwise stated all measurements were car-
ried out at an ionic strength of 0.1 using glycine (pH 8.2
to 10.1), carbonate (pH 10.2 to 11.3) or phosphate (pH
11.0 to 12.0) buffers.®

Turbidimetric measurements were carried out in a Klett~
Summerson photoelectric colorimeter,

Measurements of pH.—Measurements of pH were made
on a model G Beckman pH meter. A standard phosphate
buffer (pH 7.00) was used for calibration. A Beckman
Type E high pH glass electrode, standardized against a bor-
ate buffer (pH 10.00), was used for readings above pH 10.

Results and Discussion

The spectrophotometric titration of the tyrosine
residues in copolymers III, VI and V is given in
Fig. 1 (curves 1, 2 and 3, respectively). The spec-
trophotometric titrations were reversible in all
cases. Nomne of the solutions showed any change
in spectrum on standing, nor did urea have any
effect. Half ionization of the phenolic tyrosine
groups (¢ = 0.3) is achieved in the case of the co-
polymers V, VI and III at pH values of 9.75, 10.35
and 11.00, respectively. The phenolic hydroxyl
groups of copolymer V, containing the positively
charged e-ammonium groups of lysine, obviously
ionize more readily than those of copolymer VI
containing neutral alanine. In copolymer III, on
the other hand, dissociation of the phenolic hy-
droxyls is retarded by the negatively charged (-
carboxylate groups of the aspartic acid residues.

As the dissociation of the tyrosyl hydroxyls oc-
curs in a pH range in which practically all the free
carboxyl groups of copolymer IIT are ionized, it can
be assumed that in this pH range the number of
negative charges on the copolymer molecule equals
m -+ an, where m denotes the average number of
aspartic acid residues, # is the average number of
tyrosine residues per copolymer molecule, and « is
the degree of ionization of the tyrosine hydroxyl
groups. Each molecule of copolymer III contains a
relatively high negative charge at the beginning of
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Fig. 1.—Spectrophotometric titrations, at an ionic

strength of 0.1, of: A, copolvmer III (Tyr-Asp, 1:9
mole/mole); O, copolymer VI (Tyr-Ala, 1:9 mole/mole);
and O, copolymer V (Tyr~Lys, 1:9 mole/mole). The
full points represent back-titrations, i.e., results obtained
after previous exposure of the copolymers to 0.1 N sodium
hydroxide.

the tyrosine dissociation. It may therefore be as-
sumed that the molecule is already stretched at the
beginning of the titration, and that during the ti-
tration of the phenolic hydroxyls no significant
change in its shape is produced. Since the copoly-
mer molecules are relatively small it is reasonable
to apply as a first approximation formula (1), used
by Cannan'® and Scatchard® to describe the titra-
tion of various proteins

pH = pK, — log1 — % 4 0.868w(m + na) (1)

[+

K, is the intrinsic ionization constant of the
phenolic hydroxyl groups and w is the usual elec-
trostatic factor.

Applying the Debye—Hiickel approximation to a
sphere of constant radius, &, with a charge spread
uniformly on its surface one finds

e? 1 P
Y= oDRT Z—1+m) (2)

where D is the dielectric constant of the medium, %
is the Boltzmann constant, T is the absolute tem-
perature, ¢ is the electronic charge, a is the distance
of closest approach, and « has its usual significance
in the Debye theory.

Curve 1 of Fig. 1 which closely fits the experi-
mental data at ionic strength 0.1 was computed
from formula (1) by introducing the numerical val-

(19) R. K. Cannan, A, Kibrick and A. H. Palmer, Ann. N, V. Acad

Sci., 41, 243 (1941); R. K. Cannan, Chem. Revs,, 80, 395 (1942),
(20) G. Scatchard, Aun. N. Y. Acad. Sci., 81, 680 (1949).
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uesm = 16.2,n = 1.8, pKo = 9.5 and w = 0.100.*!
The intrinsic ionization constant, pK, = 9.5, used
closely approaches the value pKy = 9.6 estimated as
the intrinsic constant of the phenolic groups of ty-
rosine.® This value was also used successfully to
describe the spectrophotometric titration of poly-
tyrosine.® From the above value for w the approx-
imate radius of the assumed sphere, b, and the dis-
tance of closest approach a = & + 2 A, were calcu-
lated for copolymer III from equation 2, as & =
15.4 A.anda = 17.4 A, respectively.

The spectrophotometric titrations of copolymers
I and IT at 0.1 ionic strength were best described by
theoretical curves computed from equation 1 with
pKo = 9.5 and in the case of copolymer I the values
m = 11.5,n = 11.5 and w = 0.115 (corresponding
tob = 14.2 A.) and in the case of copolymer II the
values m = 15.75, n = 5.25 and w = 0.093 (& =
15.6 A.). The variation of the degree of ionization
a with ionic strength at a constant pH is given for
copolymer II in Fig. 2. The theoretical curve was
computed from eq. 1, introducing for w the values
evaluated, for various ionic strengths, from the cal-
culated radius with the aid of eq. 2.

1. T T T T
O : Copalymes of L~ tyrasine and L-aspartic acd { 1:3)
I {n average 2{), pH Il 60
0.8F /’_’._._—’—o—-
///
,///
06- a
3 e =
0.4F /e !
s
of
L ! L L ]
0 0.05 0.10 0.15 0.20

Ionic strength.
Fig. 2.—Dependence of the degree of ionization of the
phenolic groups of copolymer III on the ionic strength at
#H 11.60. The full curve was computed from eq. 1.

A comparison of the spectrophotometric titra-
tion of the alanine—tyrosine copolymer VI (curve
2 in Fig. 1) with that obtained previously for poly-
tyrosine!® shows that the curve of the copolymer
is considerably steeper than that of polytyrosine.
Thus in the case of polytyrosine (z average 30) a
variation from e« = 0.2 to 0.9, at 0.2 ionic strength,
was accompanied by a change of 2.8 pH units, while
a similar variation in the alanine-tyrosine copoly-
mer, at 0.1 ionic strength, caused a change of only
1.4 pH units. The relative steepness of the curve
of the copolymer VI shows that the spectrophoto-
metric titration in this case more closely resembles
the spectrophotometric titration of monomeric ty-
rosine than of polytyrosine. This obviously is the
result of the weaker electrostatic field surrounding

(21) It should be remarked that an identical theoretical titration
curve for the tyrosine residues in copolymer III may be obtained by
assuming a constant end-to-end distance, 4, in the formula given by
A. Katchalsky, O. Kiinzle and W, Kuhn (J. Polymer Sci., 8§, 283 (1950))
to describe the potentiometric titration of a polyelectrolyte.
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the ionized copolymer molecules, which contain only
one ionizable group per ten amino acid residues, as
compared with polytyrosine. An attempt to calcu-
late a theoretical curve to fit the experimental data
has shown that when the intrinsic ionization con-
stant pKy = 9.5 was introduced into eq. 1 assuming
m = 0 and n = 7, the value of w varied from w =
0.49 for @« = 0.20 to w = 0.165 for @ = 0.80. The
drop in w with the increase in a seems to indicate
that the apparent radius of the molecule increases
considerably with ionization.

Copolymer V of lysine and tyrosine, whose spec-
trophotometric titration is given in curve 3 of Fig.
1, is a typical polyampholyte?2?? which contains in
each molecule both basic e-amino groups and acidic
phenolic groups. As the intrinsic dissociation con-
stant of the e-ammonium groups (pK, = 9.4-10.6%%)
is similar to that of the intrinsic dissociation con-
stant of the hydroxyl groups of tyrosine (pK, =
9.5), the addition of alkali in this pH range obvi-
ously will increase the number of negative charges
and decrease the numbear of positive charges in the
copolymer molecule. At the isoelectric point the
number of positive e-ammonium groups will equal
the number of phenolate groups, 7.e.

an = B (3)

where ;s is the degree of the ionization of the basic
groups at the isoelectric point and m is the average
number of lysine residues in the copolymer mole-
cule.

Katchalsky and Miller®® have recently carried
out a spectrophotometric study of copolymers of 2-
vinylpyridine and methacrylic acid. All the spec-
trophotometric titration curves showed a jump in
pH at the isoelectric points of the polyampholytes
studied. This jump was explained by the assump-
tion that the polyampholytic molecule is hyper-
coiled at the isoelectric pH, where the number of
positive and negative charges is equal, and ex-
tended considerably above and below this pH. A
similar jump occurs in curve 3 of Fig. 1 around pH
10.60, corresponding to @ = 0.76. If this pH rep-
resents the isoelectric point of copolymer V, the
intrinsic ionization constant pK, of the phenolic
groups of the copolymer may be calculated from
equation 4a, which holds for the isoelectric point.??
1 — ay

pHy = pKy — log (4a)

is

The value obtained, pK, = 10.0, is higher than the
value used to describe the ionization of the phe-
nolic hydroxyls in polytyrosine! and in the copoly-
Bis may be calculated by means
of eq. 3 assuming « = 0.76, = 3 and m = 27.
The intrinsic pK,’ of the e-ammonium groups of co-
polymer V may then be calculated from equation
4b.

613
1 - Bis (4b)

(22) The potentiometric titration of synthetic polyampholytes was
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THIs JoUurRNAL, T4, 436 (1952); T. Alfrey, Jr.. R. M. Fuoss, H, Mora-
wetz and H, Pinner, ibid., T4, 438 (1952); G. Ehrlich and P. Doty,
ibid., 76, 3764 (1954). G. van Paesschen and G, Smets, Bull, soc. chim.
Belg., 64, 173 (1955).

(23) A. Katchalsky and I. R, Miller, J. Polymer Sci., 18, 57 (1954),

(24) E. J. Cohn and J. T. Edsall, * ‘Proteins, Amino Acids and Pep-
tides,'' Reinhold Publ. Corp., New York, N. Y,, 1943, p. 445.

pH;, = pKy' — log
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The value obtained, pK," = 9.8, is in good agree-
ment with the values found for the ionization of the
e-amino groups of polylysine (pK," = 10.04%) and
of proteins.?

The spectrophotometric titration curve, at ionic
strength 0.1, of the lysine—tyrosine copolymer IV
resembles that of copolymer V. No measure-
ments could be performed between pH 9.60 and pH
11.00, where the solutions became turbid. The
maximum turbidity occurred at pH 10.20. Assum-
ing that this pH corresponds to the isoelectric
point, 8;s = 0.286 is obtained from eq. 4b, intro-
ducing pKo" = 9.8. Equation 3 gives 0.86 for as,
from which 9.4 is calculated for pK, from eq. 4a.

The results described above clearly show that
copolymers of a-amino acids with polar side groups
may serve as suitable model compounds for the
study of the influence of different factors such as
over-all electric charge, size and shape of the rela-

(25) A. Katchalsky, N. Shavit and H. Eisenberg, J. Polymer Sci., 18,
69 (1954).
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tively high molecular weight peptides on the disso-
ciation of specific groups in the chain. Such stud-
ies may be of importance in the detailed analysis of
the potentiometric titrations of natural peptides as
well as of proteins. As the spectrophotometric ti-
trations of the tyrosine residues in the copolymers
investigated were found to be reversible, and no
change in spectrum occurred on addition of urea, it
is reasonable to assume that all the tyrosine hy-
droxyl groups of the copolymers synthesized are
free to ionize. In the various tyrosine-containing
copolymers investigated no hydrogen bonds involv-
ing tyrosine seem therefore to be present, at least in
the pH range over which the phenolic hydroxyls
ionize.
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Mixtures of tritium-labeled HCl with toluene showed no isotopic exchange when heated at 140° for 40 hr.
tion of either NO; or SnCl, resulted in exchange even at room temperature,

The addi-
The rates at 25° appeared to be in agreement

with the expression d[TCl]} /d¢ = —k[TCl] [SnCl; or NOg] where & = ca. 4 X 10741, moles~1sec. ! for SnCly, and is somewhat

higher for NO;.
in each case.
impurities always being less than 0.08%, per sec.

The catalyzed exchange proceeded faster at 140°, with an apparent activation energy of 10 == 4 keal./mole
Mixtures of tritium-labeled HCl with mesitylene at 140° gave erratic exchange, the rate in the absence of
Solutions of SnCl in toluene absorb ultraviolet light at higher wave lengths

than either component alone and the spectrum is not altered by the addition of HCI.

Introduction

The isotopic exchange of hydrogen between deu-
terium chloride and benzene has been shown to
occtr in the presence of AlCls,'~% while fragmen-
tary evidence on the reaction in the absence of
catalysts®* suggests that slow exchange may pos-
sibly occur at 50°. Brown and Brady® have in-
vestigated the interaction of HCl with aromatic
hydrocarbons at —78°, interpreting their data in
terms of weak m-complexes which would not lead
to hydrogen exchange, in contrast to the o-com-
plexes proposed for the aromatic~HCI-AICI®
and aromatic-HF-BFy systems, in which the hy-
drogen atom of the hydrogen halide is bonded to
a particular carbon atom. They also proposed
that the formation of o-complexes requires an ap-
preciable activation energy. On the basis of stud-
ies of the exchange of hydrogen between deu-
terated aromatic compounds and aqueous acids
Gold and Satchell*~!® have postulated rapid for-

(1) A Klit and A, Langseth, Z. physik. Chem , A176, 65 (1936).

(2) A. Klit and A. Langseth, Nature, 188, 956 (1935).

(3) J. Kenner, M. Polanyi and P. Szego, ¢bid., 188, 267 (1935),

(4) H. Hart, TH1s JOURNAL, 72, 2900 (1950).

(5) H. C. Brown and J. D. Brady, ibid., T4, 3570 (1952).

(6) H, C. Brown and H, W, Pearsall, ibid., T4, 191 (1952),
(7) D. A. McCaulay and A. P. Lien, ibid., 73, 2013 (1951).
(8) V. Gold and D. P. N. Satchell, Nature, 176, 602 (1955).
v

(9) V. Gold and D. P. N. Satchell, J. Chem. Soc., 3609 (1955).
(10) V. Gold and D, P. N. Satchell, ¢bid., 3619 (1955).

mation of a conjugate acid, (CeH;D)H* (“outer
complex,” ‘‘r-complex’’) between the aromatic
molecule and a proton, followed by a slow intra-
molecular rearrangement to (C¢Hg)D+ with resul-
tant exchange.

In the light of these hypotheses and the available
data®* it seemed possible that the hydrogen from
HCI might be induced to form o-complexes and
give measurable rates of exchange with aromatic
compounds even in the absence. of a catalyst if
sufficiently high temperatures and long times of
reaction were used. If such exchange occurred the
relative activation energies for reaction with hy-
drocarbons of different basicity (e.g., benzene,
toluene, xylene, mesitylene) would be useful in
considering the relative nature of = and o-com-
plexes. The work reported here was initiated to
test these speculations by studying the isotopic ex-
change of tritium between TCI and aromatic com-
pounds. It was extended to obtain information
on the exchange of tritium between TCl and tolu-
ene, with SnCl, present as a catalyst. Stannic
chloride was chosen because it forms single phase
systems with toluene and HCI. This property
made it possible to determine whether exchange
could occur in the absence of a separate, highly
polar, catalyst phase, and to make experiments on
the effect of catalyst concentration on the reaction
rate.



