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that the enol-keto ratio for a given pair of tautomers at
equilibrium in solution depends markedly on the polarity
of the solvent, and that this ratio tends to be greatest
in the least polar solvents (Gould, 1959). Thus it is
feasible that an enol-keto shift in the s-RNA or messen-
ger RNA or both may account for a shift in the code for
poly-U from phenylalanine to leucine and isoleucine as
the alcohol concentration is increased.
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The study of copper(1I)-glycylglycine complexes in aqueous solutions by infrared and visible
spectrophotometric methods, as well as by potentiometric pH measurements, provides evidence

for the structures of all the metal complex species present.

The frequency changes of the

infrared-absorption bands of the carboxyl and peptide carbonyl groups that occur in the course
of complex formation gives the first direct proof of the displacement of protons from the peptide

nitrogen atoms by reaction with metal ions in solution.

The molar absorptivities of each

species in the visible spectral region are reported. All the equilibrium constants are calculated

for a medium of 1.0 m KCl at 24.9°,

The copper complexes of polypeptides have been
studied extensively by many workers mainly because
of their biological significance in enzyme reactions.
General features of the reactions occurring in aqueous
copper-peptide solutions had been worked out by
Dobbie and Kermack (1955) from potentiometric and
visible-spectrophotometric measurements. By crystal-
lization of certain species (Manyak et al., 1955), or by
varying the functional groups of the ligands (Datta and
Rabin, 1956), some of the structures of these complexes
were inferred. More recently, Koltun and co-workers
(Koltun and Gurd, 1959; Koltun et al., 1960, 1963)
reported the reactions and species present in solution by
potentiometric, kinetic, ultraviolet, and visible-spectral
methods. Although all these workers agree that copper-
complex formation involves displacement of the pep-
tide hydrogen, there remains disagreement in the num-
ber of species present and their structures.

As has been shown for the infrared spectra of glycyl-
glycine (Kim and Martell, 1963), the frequency changes
of peptide carbonyl groups at various pD values in
aqueous solution suggest that it might be possible to

* This investigation was supported by a research grant
(GM 10834-03) from the U. S. Public Health Service,
National Institute of General Medical Sciences. Ab-
stracted in part from material submitted by M. K. Kim to
the faculty of Illinois Institute of Technology in partial
fulfillment of the requirements for the degree of Doctor of
Philosophy.

find evidence for the binding sites of the corresponding
metal complexes by infrared spectrophotometric meas-
urements, 'The results of such infrared measurements
of complexes in solution are of further interest for com-
parison with the solid-state spectra of the same com-
pounds, the only known example of which was re-
ported by Rosenberg (1957).

Since copper complexes show interesting visible-
color changes depending on the number of peptide
linkages in the ligand, and on the pH of the solution,
the visible-spectra and potentiometric measurements
are studied simultaneously in the same sample of solu-
tion in order to provide further evidence for the identi-
ties of all the species formed in solution.

EXPERIMENTAL

Infrared Spectral Measurements.—The method em-
ployed is the same as the one described previously (Kim
and Martell, 1963) except that exact amounts of metal
ion were added to the sample solutions to make the
metal-to-ligand ratio 1:1 and 1:2. In both cases, the
ligand concentration was —0.20 M. The infrared spec-
trum of a crystalline sample of aquoglycylglycino-Cu-
(IT) prepared by the method previously described
(Manyak et al., 1955) was measured in D,O as a solvent
to check the spectra obtained by the combination of
metal ion and ligand in solution.
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Potentiometric and Visible-Spectral Measurements.—
The potentiometric-titration technique has been de-
scribed in detail (Lenz and Martell, 1964). In order to
measure the visible spectra with the same solution as
the one used for potentiometric measurements, a po-
tentiometric-titration cell was constructed with an
additional inlet and outlet to a specially adapted Beck-
man Pyrex cell (Beckman no. 75152). The experi-
mental solution was circulated through the cell by a
peristaltic pump purchased from the Greiner Scientific
Corp., New York. The cell holder and compartment
fitted to the Pyrex cell was specially designed to main-
tain the same temperature as that of the potentio-
metric-titration cell by circulating water through the
compartments of both the absorption and titration cells
from the same water bath. Spectra were obtained
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where HL.* = dipolar ionic species of glycylglycine,
HA- = L-, the anionic species of glycylglycine.

Mass balance relationships of metal and ligand
species were combined with the appropriate electro-
neutrality relationships to give equations for the calcu-
lation of equilibrium constants. The following terms
are defined: Ty = total concentration of metal species;
T. = total concentration of ligand species; K ¥ and
K.u = first and second dissociation constants of ligand;
a = moles of base added per mole of ligand present;

o = [H*]/KHKH + HY]/K# +1; v = —([H*]?/
KHKH) + 1.
In a region between a = 1 and a = 2 for solutions

containing 1:1 molar ratio of metal to ligand, reactions
(1) and (2) are predominant (curve B, Fig. 1). By
combining only these two reactions, the following
relationship for K, and K,, was derived.

H*)(aZ ~ vTu) {Kiu(2a — v) + [H*)|a = v)}

K,

with a Cary Model 11 recording spectrophotometer.
Rectangular Pyrex cells were used in the reference beam.
Measurements were made at 24.9 ° and an ionic strength
of 1.0 M regulated by the addition of KCl. Metal-ion
concentrations were ~0.020 M and the ratio of metal ion
to ligand concentration was 1:1 and 1:2, respectively.

Potentiometric measurements were employed to
determine deuterium-ion concentrations for the infra-
red studies, and for the determination of hydrogen-ion
concentrations for the combined spectrophotometric-
potentiometric titrations. Hydrogen-ion concentra-
tions were measured as described previously (Lenz and
Martell, 1964). For D,0 solutions, the pH-meter
glass-calomel-electrode system was calibrated for D+
concentration with solutions of DCl, DC,H,0., and
NaOD. The pH-meter response was linear with re-
spect to log [H*] or log [D*] for H,O and D;0 solu-
tions under conditions such that the ionic strength did
not differ significantly from that of the supporting
electrolyte.

Reagents.-—The ligand used was the same as that re-
ported previously (Kim and Martell, 1963). Analyti-
cal grade copper(Il) nitrate and copper(II) chloride
were purchased from J. T. Baker Chemical Co., Phillips-
burg, N.J. The copper(II) chloride employed in infra-
red measurements was recrystallized in D.O twice
in a vacuum deisccator. All metal-salt solutions were
standarized by titration with EDTA in accordance
with the method described by Schwarzenbach (1956).

Calculations.—On the basis of information to be de-
veloped, the following reaction steps were found to take
place:

T K. (Tu @a =) = (@Z = 4Tu)} + H* [Ty (@ = v) — (aZ — vT0)}

1
‘K. 2T, — Z) + H*)(Tv — 2)

where Z = aTy, + [H+] — [OH"].

The values of K, and K, were evaluated graphically
as described by Schwarzenbach et al. (1947). The same
procedure was used to calculate K, and K for reac-
tions (3) and (4), where [Cu?*] and [L.—] were neg-
lected. Calculation of K, was from data taken at very
high pH (>11), with the aid of the previously deter-
mined values of K, and K,. Calculation of K,, was
made for solutions having a 1:2 molar ratio of metal to
ligand by assuming that all reaction steps from (1) to
(5) are represented, and by using the calculated values
of K|, Kia, Kis, and K,. ([Cu?*t] was neglected as
negligibly small since the ligand was present in excess.)

The concentrations of each species obtained with all
these known constants at all pH values were employed
to compute the molar absorptivities of each species
over the full wavelength range of the visible spectrum.
Absorbance A at a certain wavelength and a certain
pH value is expressed as:

A = blecu[Cu?*] + ecur+[Culit] 4 ecua [CuA]
+ écuaon-[CUAOH ~] + ecumon- [CuAyOH ]
+ ecuar-[CuAL "))

where b = cell length and ¢ = molar absorptivity.
In the region where all species except two (or three) are
negligible, the molar absorptivities of those two (or
three) species can be obtained by solving simultaneous
linear algebraic equations with two (or three) unknowns.

[CuL +]

Cu?* + L- = CuL+ K, = (Cu?~][L-] (1)
CuLt=CuA + H* K. = [%‘E%L% (2)

CuA = CuAOH- + H+ K, = E%%[H” 3)

CuA + CuAOH- = Cu,A,OH- Ko = [Cii‘ﬁ‘éﬁ%g_] @)
CuA + L- = CuAL- K = %’EA“?L]—HE:]] 5)

CuAOH - = CuA(OH).>~ + H* K, =

[CuA(OH)»2~}[H *] 6
[CuAOH ©®
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Fi1c. 1.—Potentiometric titration of glycylglycine (GG)
in the absence and in the presence of Cu(II) ion. Curve A,
GG; curve B, Cu(l) 4+ GG; curve C, Cu(Il) 4+ 2 GG. At
a =0, Tcy = 0.02050 M, Tge = 0.02050 m (for curve B);
Tae = 0.04100 M (for curve C).

All the above calculations were computed with the
aid of an IBM 1620 computer at the Computation
Center of Illinois Institute of Technology, and a few
points were selected to be checked by hand calcula-
tions.

REsuULTS

Potentiometric-equilibrium curves for solutions con-
taining 1:1 and 1:2 molar ratios of metal ion to ligand
are given in Figure 1, together with one for ligand in the
absence of metal ion. The 1:1 solution shows a strong
inflection at ¢ = 2 and a weak inflection at pH ~ 9.
On the other hand, an inflection occurs at a = 1 for 1:2
solutions and further weak inflections occur at a = 1.5
anda = 2 (curve C, Fig. 1).

Examples of the visible spectra obtained for 1:1 solu-
tions are shown in Figure 2. The designations on the
spectral curves correspond to the points on the titra-
tion curve. The spectra ‘““a,” obtained before base is
added, mainly come from free metal ion and the first
metal complex, CuL.*. As more base is added to the
solution the absorption maximum shifts to lower wave-
length and finally the absorbance reaches the highest
value at ~650 mu and pH ~8. Above this pH the ab-
sorption maxima do not move to other wavelength re-
gions but absorbance is decreased slightly, which is owing
partly to the volume increase of the solution on the ad-
dition of base, and partly to the slightly lower absorptivi-
ties of the alkaline forms of the metal chelate.! The
spectra obtained for 1:2 solutions were similar except
for the fact that the absorption maxima at high pH val-
uesoccur at ~630 mu.

Infrared spectra of solutions having 1:1 molar ratios
are shown in Figure 3. At relatively high deuterium-
ion concentrations, pD (i.e., —log [D*}) about 3, four
absorption bands are found in the carbonyl region; 1720
cm~1, 1670 cm 7, 1625 cm Y, and 1598 ecm . As pD is
increased, the 1720 cm —! band disappears entirely and
the remaining three bands merge together to give one

! Fig. 2 does not show an isosbestic point because of
volume increase of the solution.
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F1ec. 2.—Visible spectra of Cu(II)-glycylglycine com-
plexes in aqueous solutions: (a) pH = 3.75; (b) pH = 4.07,
(c) pH = 4.52, (d) pH = 4.75, (e) pH = 5.00, (f) pH = 7.76,
(g) pH = 9.83.

TABLE 1
INTERACTION OF Cu(II) wiITH GLYCYLGLYCINE®
Equilibrium Quotient,
Kyt log Kx

- _[CuL*]

K, = [Cur+ (L) 5.42 £+ 0.02
_ [CuA]H"] _

K, = [CuL. ] 4.38 = 0.02
- [CuAOH[H ]

Ky = (CuA] —-9.52 = 0.02
- _[CuA0H"] -

Kp = [CuA][CuAOH ] 2.07 =0.02
- [CuAL"]

Ky = [[8112(]([)1;{_] - 2.92 = 0.02
- CuAOH)27][H T _

K. = [CUAOH -] 12.8 +=0.1

at =249°% u = 1.0 (KCD. *Where HL = H:A,

band at 1610 cm~'. This occurs at pD about 5.5 and
the band persists as pD is further increased. The in-
frared spectra for 1:2 solutions given in Figure 4 show
four bands, 1720 cm —1, 1670 cm ~!, 1625 cm ~!, and 1596
cm~!in the pD range of 4 ~ 5. At pD 5 ~ 6 the first
and one of the last two bands disappear, and two bands
remain, 1670 em ! and ~1600 cm~!. From pD ~7
to ~9, the 1670 cm ! band shifts to lower frequency,
giving rise to a shoulder at 1640 cm~1, adjacent to the
strong band at 1605 cm~1. At very high pD (> ~12)
the shoulder becomes very weak and a broad band with
minimum transmission at 1590 cm ~! appears.

The equilibrium constants calculated as described
in the experimental part are listed in Table I. If the
equilibrium constants reported in Table I are compared
with those of other workers, they are found to corre-
spond most closely to the values given by Koltun et al.
(1963). The differences are not more than what would
be expected on the basis of the differences in ionic
strength. The degree of formation «® is obtained

t o, is defined as oy = [MLy]/Ty.
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Fi1g. 3.—Infrared spectra of Cu(lI)-glycylglycine com-

plexes in aqueous (D,0) solutions (1:1). T¢y = Toc =
0.2333 M, and ionic strength 1.0, adjusted with KCI:

1500

———,pD = 358; ~——-—,pD =424, ——— pD =
5.18; , pD = 10.65.
TaBLE 11
ABSORPTION CHARACTERISTICS OF Cu(II)-GLYCYLGLYCINE
COMPLEXES®
€
Amax (liter mole !
(mpu) cm ~1)b
CulLt ~1780 ~46
CuA 645 90
CuAOH- 640 78
CuA,OH~ 630 175
CuAL- 615 84

s Glycylglycine = HL = H;A. ?® The errors in the molar
absorptivities of all species except Cu:A,OH - are =5, for
CUZAQOH", :tZO,

with the calculated concentration of each species at
each pH. The results are given in Figure 5. Figure
6 shows the molar absorptivities of the metal com-
plexes in the visible-spectral region. The absorption
maxima and their molar absorptivities are given in
Table II. The values given in Table II for CuA,
CuAOH -, and CuAL- are generally in good agree-
ment with the reported values (Dobbie and Kermack,
1955; Koltun et al., 1963). However, the absorption
maximum of CuL.* was found to be higher than the
values 720 my, ¢ = 36, reported by Dobbie and Kermack
(1955), and higher than the values 735 mu, ¢ = 65,
reported by Koltun et al. (1963). The correct maxi-
mum seems to be in the range 775 ~ 800 mu. The ab-
sorption characteristics of Cu,A;OH—- have not been
reported previously.

DiscussioN

For solutions having a 1:1 molar ratio of metal ion
to ligand, a strong inflection occurs at ¢ = 2 for copper
(I1), while inflections occur at ‘“‘a” values of 1 for most
other metal ions. This had already been noticed by
early workers (Dobbie and Kermack, 1955; Manyak
etal., 1955; Datta and Rabin, 1956; Murphy and Mar-
tell, 1957; Koltun and Gurd, 1959; Koltun, et al.,
1960, 1963). Dobbie and Kermack (1955) suggested

Biochemistry
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Fic. 4.—Infrared spectra of Cu(II)-glycylglycine com-
plexes in aqueous (D;0) solutions (1:2). 2T¢, = Tec =
0.2333 M, and ionic strength 1.0, adjusted with KCl: — — —,
pD = 385 ——~—, pD = 535; —:—-— , pD = 9.14;
, pD = 11.82.

1500

two possible explanations: (1) The first complex
formed, CuL*, coordinates with a hydroxyl ion; or
(2) a proton is dissociated from the ligand. They fav-
ored the former interpretation, in accordance with
their visible-spectral data. Later Manyak et al.
(1955) crystallized the compound corresponding to
CuA from aqueous solution and suggested the displace-
ment of proton from the peptide linkage. Datta and
Rabin (1956) supported this explanation since the sec-
ond inflection was not observed when a methyl group
was substituted for the peptide hydrogen of glycyl-
glycine. Recently Koltun and co-workers reached the
same conclusion from their studies of the catalytic
hydrolysis of p-nitrophenyl acetate by this compound.

The aqueous infrared spectra obtained in this study
give the first direct evidence for the displacement of
the proton from the peptide nitrogen atom by the
metal ion. The four absorption bands that appear in
the carbonyl region at low pD values are un-ionized
carboxyl (1720 em~1, weak), peptide carbonyl with an
adjacent positive ammonium group (1670 cm~!),
peptide carbonyl with neutral a-nitrogen atom (1625
em~!), and ionized carboxyl (1598 cm-!). At the
corresponding pD for the free ligand (Kim and Mar-
tell, 1963), however, only the first two bands are ob-
served in the same spectral region. It is seen there-
fore that at this pD some of the peptide has combined
with the metal ion, with displacement of protons from
the terminal amino and carboxyl groups. The follow-
ing structure is therefore suggested for the metal
chelate, Cul.+:

+
/CHz—CO\

HN_ _NH

TSogtt G

AT CO

H,0" g7
I

In solutions of higher pD, the un-ionized carboxyl
band disappears completely and the other three bands
shift to give one new band at 1610 ecm~1. This 1610
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Fic. 5.—Degree of formation of Cu(II)-glycylglycine com-
plexes in 1:1 metal to ligand solution:
y @CuAOH 3 — ',
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cm~! band appears at pD ~ 5.5 and maintains its
frequency at higher pD values. This is consistent
with the potentiometric titration curve, where the
neutralization of two protons is shown to occur as a
single step for a 1:1 molar ratio of ligand to copper (1I)
ion. In view of these observations, the following
resonance structures are suggested for CuA.

0~ 40

_CHr—C SCH=C_

NH: N — NH, /N\
“so e ~CH Tl P CH,
scart o

e \\ C //, \\ -

H.O 2070 H:0 =0

II

Since the bond order of the peptide carbonyl linkage is
reduced by coordination with the metal ion and simul-
taneous displacement of a proton, the infrared peptide
carbonyl band would shift to lower frequency. Rosen-
berg (1957) has observed two bands in this region from
the infrared spectra of the deuterated product of
crystalline CuA (monohydrate). He assigned the
1613 cm ! band to the ionized carboxyl group and the
1541 ¢cm ~! band was considered an amide I band shifted
from its original position of 1678 and 1657 cm ! for the
ligand, as a result of participation of the peptide link-
age in coordination of the metal ion. The aqueous
solution spectra, on the other hand, do not show an
absorption band near 1541 cm !, Also the deuterated
form of crystalline CuA monohydrate prepared in this
investigation does not have an absorption band near
1541 ¢cm ! (measured with the KBr pellet technique).
Since the 1610 cm ! band was observed, it appears that
the 1541 cm ™! band reported by Rosenberg must have
been caused by incomplete deuteration of the crystal-
line chelate.

The titration curve shows another weak inflection at
high pH but aqueous infrared spectra show no further
frequency changes in the absorption maxima at this pH.
Therefore it can be concluded that the binding site of
the metal ion at this pH is not significantly different
from that which is present at pH 6. The displacement
of hydrogen ion from a coordinated water molecule
has been predicted (Dobbie and Kermack, 1955; Datta
and Rabin, 1956; Koltun and Gurd, 1959). No fre-
quency changes are expected as a result of loss of a
proton from the complex CuAMH.0), to give
Cu(OH)A(H:0)~.—:. On the basis of the infrared-
absorption spectrum, the structure of aqueous CuAOH —
can therefore be:
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This evidence for the nature of the second step in the
titration curve also gives further confirmation for the
structure of the metal chelate formed in the first step,
as indicated by structure II.

If one assumes the formation of species I, II, and 111,
the titration curve calculated from the equilibrium
constants obtained do not fit the experimental data.
Datta and Rabin (1956) had similarly found that the
equilibrium constant K, was not constant, and pre-
dicted that additional equilibria probably occur, but
did not suggest a mechanism. Recently Koltun et al.
(1960) postulated the species (CuA),OH~ to obtain a
satisfactory curve fit.

Simple dimerization of CuA or CuAOH was consid-
ered as a possibility for the additional equilibrium step,
but a constant value for the equilibrium constant was
not obtained. On the other hand, good values of K,
and K, are obtained when it is assumed that Cu,A;OH ~
is formed. Since dimeric species of copper(II) com-
plexes in solution with one OH ~ bridge, as suggested by
Koltun et al. (1960), are not generally known, the fol-
lowing structure is offered as having a more probable
arrangement of coordinate bonds:

0
4 -
/CHz_C\ CCHzCOO
NHj NI NH
Sweit o e (e

H.0" “OH" “~1\|:§C—0
CH.CO0O™

v
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At very high pH, the species CuA(OH),?~ is believed to
be formed by combination of a second hydroxyl group
with the metal complex and displacement of the car-
boxyl group from the coordination sphere. This con-
clusion is supported by the observation of a small
shoulder (Fig. 3) at ~1585 cm ! in the aqueous infra-
red spectra, attributable to a free carboxyl group,
which appears when the pD of the solution is increased
to 10.65.

Since several equilibrium steps occur in the reac-
tions between Cu(II) and glycylglycine, it was of inter-
est to determine the distribution of each complex species
as a function of pH. As is seen in Figure 5, at inter-
mediate pH values which are the most important from
the point of view of biochemical interactions, CuA is
found to be the most predominant form.

From curve C in Figure 1 it was assumed that the
following two reactions occur for 1:2 solutions.

CuA + L- = CuAL- )
CuAL- = CuAg- + H+ ™)

and calculation of the corresponding equilibrium con-
stants were attempted. The equilibrium constant
corresponding to reaction (7), however, could not be
obtained from the data. Only the assumption of
reaction (5) gives a constant value of K,, at each ex-
perimental point. Titration curves with inflections
at “‘a” values of 2 can therefore be explained as a com-
bination of reactions (1), (2), (3), (4), and (5). This
conclusion is consistent with the postulate of Koltun
et al. (1960) rather than with the assumption of reac-
tions (5) and (7) by Dobbie and Kermack (1955) and
by Datta and Robin (1956). Infrared spectra of the
aqueous solutions under similar conditions also support
this conclusion, since the peptide carbonyl band (1640
cm ~!) persists to a high pD, ~9. The degree of for-
mation of species present at 2:1 molar ratio of ligand to
metal ion shows that CuA is the main species up to a
pH ~ 6.5, but [CuAL ~] starts to increase at this pH and
finally becomes predominant around pH ~ 9. When
the pH becomes higher than 10, the species present in
highest concentration is CuAOH - and very little
complex containing more than one ligand per metal ion
is present. These conclusions are based on the aqueous
infrared spectra, since the 1670 cm ! and 1600 cm !
bands observed at pD = 5.35 are due to CuA and free
ligand HL=*, while the 1605 cm —! band with 1640 ¢m !
shoulder appears as a result of the presence of CuAL -,
CuA, CuAOH —, and the free anionic form of the ligand,
L-. The final broad infrared band at high pD would
be due to the sum of the absorption bands of CuAL,
CuAOH-, and L-. Since the absorption maximum
of CuAOH is 1610 em ™!, as is seen in Figure 3, and
those of L.~ occur at 1632 cm ! and 1595 cm ! (Kim
and Martell, 1963), the broad band observed is in ac-
cord with this interpretation.

It is also seen that the absorption maximum of the
spectrum at pD = 11.82 for the 2:1 chelate is ~1585
c¢m ~!, compared with that of the spectrum of the 1:1
chelate (Fig. 3) at the corresponding pD (1610 cm )
and that of the ligand only (1595 cm~!). The infra-
red frequencies of the 2:1 chelate indicate that the
carboxyl groups of the ligands in CuAL ~are not closely
coordinated to the metal ion, but merely form two long
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bonds above and below the plane composed of the
metal ion and coordinated nitrogen atoms. Thus the
structure of CuAL ~ can be represented by V:

— - -

1t is not likely that one ligand occupies three coordina-
tion positions of metal ion through its two nitrogen
and one carboxyl oxygen atoms and the second ligand
supplies only the remaining one position with its
amine nitrogen, as suggested by Koltun et al. (1960),
since the copper(II) ion generally has higher affinity
for nitrogen than for oxygen (Martell, 1961). The same
argument can be made in relation to the suggestion of
Rabin (1956) that the peptide oxygen is involved in
coordination instead of the adjacent nitrogen atom.

The significant change in the absorption maximum
of the visible spectra of CuA compared to that of CulL+
is reasonable because in the former a proton is dis-
placed from the peptide nitrogen. On the other hand,
absorption maxima for CuA and CuAOH ~ are not ex-
pected to differ significantly from each other. Since
coordination sites of the metal ion in structure IV for
Cu;A,OH ~ are similar to those of CuAOH —, absorp-
tion maxima of these two are expected to be quite simi-
lar, as observed, while the extinction coefficients of the
former would be roughly twice as large as those of the
latter. Since the two ligands in CuAL ~ form a some-
what stronger field around the metal ion than is true
of the 1:1 complexes, the absorption maximum is seen
to occur at a somewhat lower wavelength.
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