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I INTRODUCTION

1 Statement of Problem

This thesis is concerned with the determination of the structure
of the Cu(Il)-peptide complexes in solution.

While the nature and disposition of four ligand atoms about iron
in heme proteins is known, the groups which bind copper to copper pro-
teins are unidentified; none of the possible two to six ligand atoms
binding copper has been determined in any copper protein (72).

The identification of the atoms binding the iron atom in the heme
proteins is facilitated by the stability of the hematin system, but
no such stable structure exists in copper proteins. For this reason,
the characterization of active sites containing copper has proved both
difficult and exceptionally challenging.

Structural studies on biochemical systems explain biochemical func=-
tion and mechanism of action. Structure can be defined operationally;
certain measurable properties of a specific system are associated with
specific structural features. The systems to be discussed in this thesis
are Cu(IIl)-peptides énd the measurable properties are characteristics
of their ESR absorption spectra. The structural features that can be
drawn from the ESR absorption spectra will be considered in the Dis-
cussion.

In general, the problem of structure determination could be solved
by either a direct or an indirect method. The direct method would be

the determination of the structure of the protein by x-ray analysis.



Several indirect approaches are possible, most involving chemical charace
teristics of the binding groups and éelective chemical modification of
these groups. In the present study, an‘attempt has been made to ap-
proach the pfoblem by characterizing simple model chelates of Cu(II)

and peptides of increasing complexity, using a technique which is high-
ly sensitive to ligand-copper interaction, namely, electron spin re-
sonance. This experimental approach to the determination of the copper-
protein structure is based on the assumption that the ESR characteris-
tics of the model complexes, identified in copper prdteins, may estab-
lish the structure of the latter.

The direct determination of structure, x-ray analysis, givesthe
three dimensional arrangement of the atoms making up a system, with a
resolutidn of about 2 X. However, determination of the spacial ar-
rangements of the atoms in this manner is not sufficient to estab-
lish a biochemical structure-function relationship because the struc-
tural equivalence of the crystalline and dissoved states is uncertain.
In addition, the determination of the spacial arrangement of the atoms
about the Cu(II) atom may not provide a significant structure-func-
tion relationship. The fact that the iron atom is bound at the center
of the porphyrin ring in the heme proteins has given little indication
of why the heme protein is better suited for rapid electroﬁ transport
than uncomplexed iron atoms. A calculation of electronic energy levels
in heme by quantum mechanical methods (91) has given a significant struc-
ture-function correlation in that the binding of the iron by the porphy-

rin ring alters the energy levels of the iron atom in such a way that it



is better suited for rapid electron transport than is the uncomplexed
iron atom. The calculation gave resﬁlts which show that the highest
lying orbital of ferroporphyrin has an eﬁergy generally associated only
with excited states. ‘Thus the energy needed to remove an electron will
be less than for the uncomplexed iron atom and ferroporphyrin will pos-
sess strong electron donor properties. The disposition of the energy
levels in the ferriporphyrin molecule is such that the compound possesses
pronounced electron acceptof properties. It is on such a basis that de-
termination of electron distributions and energy levels increases the
possibility of making structure-function correlations. While it is pos=
sible, in principle, to calculate electron probability distributions and
energy levels from the spacial arrangements of the atoms, the approxi-
mations nécessary to make such a calculation make its value doubtful.
Orgel has emphasized this point in discussing Ingraham's calculations
for oxyhemoglobin (47).

As will be shown, however, ESR gives experimental data from which
electron probability distributions can be calculated under certain con-
ditions.

The use of model compounds for the study of structure and mechan-
ism of action in biological systems is a commonly used technique. The
shortcoming of such a study is that the relationship between the biolo~-
gical system and the model may be poor. However, the éodel systems are
relativelyvsimple and- straightforward. The crucial experiment then be-
comes the establishment of the relationship of the model system to the

biological system.



As most results dealt with in the review are obtained from ESR
measurements, a review of ESR theory‘will first be given. A review
of structural studies on Cu(Il) peptide complexes, model Cu(IIl) pro-

teins, and the naturally occurring copper proteins, with emphasis

being given ESR studies, will complete the Introduction.



2. ESR Theory*

A. General Considerations

In 1885 Balmer showed that the specﬁral series for atomic hy-
drogen from 6562 X to ~3500 K could be expressed by a simple formula.
However, even pefore 1916 it was apparent that this formula could
not account for the further splitting of many of these spectral lines;
the fine structure of the spectra (89). Of the early explanations
offered to expl;in this phenomenon, all contained contradictions.
However, the proﬁosal of Uhlenbeck and Goudsmit (107), made in 1926,
resolved the previous difficulties byattributing to the electron the
properties of angular momentum and magnetic moment. These are pro-
perties that would be associated with a charged body spinning about
an axis péssing through it. Thus their postulate is often described
as a postulate of electron spin.

As required by experimental data, only two values of the spin
angular momentum are allowed, 1/2(h/2%)and -1/2(h/2%) (89). The spin
angular momentum must be multiplied by the factor 2(e/2myc) to obtain
the spin magnetic moment. The orbital angular momentum is multiplied
by the factor e/2mgec to obtain the orbital magnetic moment; this is the
result expected from classical electromagnetic theory. The extra factor
2 in the expression for the spin magnetic moment is called the Lande g
factor.

* The articles of Androes and Calvin (3), Wertz (113),

Carrington (21), Sogo and Tolbert (101), or Beinert
and Palmer (8) should be consulted for a thorough

review of ESR and its applications to biological
systems.



Using méthods of relativistic quantum mechanics, Dirac derived
equations in which the spin and anomalous g factor 2 of the electron
‘are automatically given; no separate postﬁlate of spin was needed.

If the spin magnetic and angular moments are not affected by any
external fields, the two orientations of the electron, corresponding
to the magnetic moments*2eh/8m,cT, will be degenerate; thaﬁ is, they
will be qf equal energy. If the system is then placed in a magnetic
field H, the interaction energy between the magnetic dipole and the
magnetic field is given by (2eh/8mgem)H and-(2eh/8myem)H (49). The
negative sign is associated with a magnetic moment anti-parallel to
the field H and will be the high energy state. Thus the application
of a field H removes the spin degeneracy and transitions between the
two energyAlevels are possible. This energy difference is 2(eh/4mgcm)H
where the factor eh/4myc is called the Bohr magneton and is denoted
by g. Using the relationship E=hV, the transition between the lower
and the upper energy level will occur when hv = ggH, where ggH is
separation of the two energy levels. (The Lande g factor 2 has been
replaced by the more'general term g.) Thus, for the simple system
described, the absorption of energy (the absorption curve) will con-
sist of a single line occurring where the value of Yand H satisfy .the
resonance condition given above. At aV¥of 9,000 Mc/sec resonance will
occur at H = 3,200 gauss for g=2.

In the model discussed above, electron spin resonance would pro-
-vide little information since the resonance absorption would consist

of a single line occurring at the same position regardless of the sample



used. In practice, the above description of ESR is, fortunately, in-
adequate. For one thing, the Lande g factor is not confined to the
value 2 and deviations from this value pfovide information about the
environment of the unpaired electron. Secondly, the field H "felt"
by the electron is modified by the system in which the electron re-
sides; interpretation of these ESR spectral modifications provides
further‘informa;ion about the environment of the unpaired electron.

The methods of qnantum mechanics must be used in describing the
effects of the field and the deviation of the g values from 2 as seen
in ESR absorption spectra. While it is beyond the scope of this thesis
(and the author) to provide a rigorous discussion of the quantum mechani-
cal methods involved, certain aspects of the theory must be given for an
understanding of the experimental results obtained.

0f fundamental importance in the development of the theory is the
approximation method of perturbation theory. In brief, since the wave
equation for only the most simple molecular systems can be solved ex-
actly, a method of approximation must be used. Certain factors con-
tained in the total Hamiltonian* of the system under consideration are
disregarded so that an equation simple enough to be solved is obtained.
The factors which were disregarded are then considered as perturbations

of the simple system. The wave functions and energy levels of the simple

* The Hamiltonian is the classical mechanical expression
for the total energy of a system and is the kinetic
plus the potential energy. For use in quantum mechani-
cal caleculations it is converted to operator form (63).



‘system are altered (corrected) by these~perturbatiqns and perturba-

tion theory quantitates these effect;. Pauling and Wilson (89) give

a detailed development of the theory. If is an essential part of the
theory that the perturbation effect be small; that is, the energy values
and wave functions for the perturbed system will be only slightly al-
tered over those of the unperturbed system. The energy for the per-

Le2t..... @%EL, E%, ...

turbed system can then be expressed as E=E°4+E
where E° is the energy of the unperturbed system and El, Ez, etc. are

the perturbation energies. For a system of non-degenerate levels these

perturbation energies are given by (63)

W & =Y pydT

where the T{Dare the solutions to the unperturbed Schrddinger equation
and},o‘. is the Hamiltonian of the perturbation.

The interaction between the magnetic ﬁoment of an electron and a
magnetic field H can be regarded as perturbing the ele;tronic energy
levels obtained in the absence of a field. Classically, this energy
of interaction is given by /T[ﬁ in which]f represents the magnetic mo-
ment of the electron and H represents the external magnetic field (63).
In quantum mechanical notation the Hamiltonian for this perturbation
is the operator ?{= 2] 3‘:7{* (63). Taking—ﬁ‘ to be along the z-axis,
H=HX-:'L.+Hyj‘+ HZTQ where HX=Hy =0, givesjf =483 S,C'Hz.

The spin only portion of the wave function for an unpaired electron
can be eitherx, corresponding to mg = 1/2 or 3, corresponding to
T

mg = -1/2. Substitution into (1) then gives E«, :/o< (3651/_/1!)0“;

&= Vzgﬁﬂejcxzarr: /) QBHZ and EB T/ﬁ{ﬁﬁsenz)/garr:"&%@”z



Thus the energy level E° will be split into two levels EO t 1/2ggHy by
the interaction between the electronic magnetic moment and the external
magnetic field Hy. If an excited energ? level exists it will also be
split into two levels. Transitions between these two levels will then
result in two absorption lines rather than just a single line. Electron
spin resonance could be studied in this way. However, the situation
can be simplified; energy sufficient to induce transitions only between
the energy levels E_ and Eg can be used eliminating the complication of
higher eneégy transitions. This then describes the technique of elec~
tron spin resonance; energy hY is used such that only transitions be-
tween the o and g states are observed.

For a system of two electrons occupying the same electronic orbital
(i.e. forApaired electrons) the spin state is given by o¢,8, -8, (49).
The other three possible spin states result in unpairing of the electron
spins and give triplet states. These are, however, not allowed by con-
sideration of the Pauli exclusion principle. The spin magnetic moment-
magnetic field interaction Hamiltonian for a system of two electrons is
%%ngﬁsqFt where the summation is over electrons. Thus the interaction
energy is (ignoring the constants g,8, and H;), for the allowed state,

& 2/(“’@." °<1/"v)[52, ks Szz] (N"gz"“z ("') AT‘M; =
/(o"ﬁz"ocllglj(}/zd'ﬂz""/Q"‘zB. T ‘/Z“'Bz —‘/rozﬁ‘) dfd/’; = O .
This gives the quantum mechanical basis for the statement that ESR de-
tects only unpaired electrons, for any pairing of electrons will result
in no interaction between the electronic magnetic moments and the exter-

nal magnetic field.
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The wave function(s) associated with these energy levels will

also be altered over those for the unperturbed system. The new wave

functions are given by

]
(the term in the summation for j = k is neglected). This is the equa-~
tion for a non-degenerate level and, strictly speaking, is not correct
since the spin functions 8 and Lare degenerate. The results are, how-
ever, the same as those obtained by first order perturbation theory
for a degenerate level and are the same for the same reason; the quan-
- 0wyt - S,847 4
tltyfzg ﬂfqui, corresponding to jO‘ ;8 , is zero and the wave func-
tions for the perturbed enérgy levels are just the functionsdand 3;
corresponding to the ground state and g to the excited state. However,
. . o0 dT
if the quantlty/@? zfﬁgd was not zero then the perturbed wave func-
’ ] [

tionz% would be made up of the functionszg as well aszg.; a small

] o . » . . o 3
amount of the functlonsvg are said to "mix" with the functlon@%. This
"mixing'' becomes important when the unpaired electron is placed in a
crystal field. This effect will be discussed later.

While the above discussion provides the basis for the following
theoretical development it is oversimplified. As given by Bleaney and
Stevens (12) the following interactions, in addition to the spin mag-
netic moment-external magnetic field interaction, will affect the energy
levels of an unpaired electron and consequently will alter the observed
ESR absorption spectrum: 1. the magnetic interactions between electron
spins (spin magnetic moment) and orbits (orbital magnetic moments) .

2. interaction with an external magnetic field (not only with the spin
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magnetic moment as discussed above but with the orbital magnetic moment
as well). 3. the interaction between the magnetic moment of the nucleus
and the magnetic field set up by the orbital and spin moments of the
electrons. 4. the electrostatic interaction between the electrons and
the nuclear quadrupole. 5. the interaction between the nuclear mag-
netic moment and the external field., 6. the electrostatic crystal

field eﬁfects of the surrounding (ligand) atoms on the unpaired electron.
7. the effect of covalent bonding between the atom on which the un-
paired electron was initially present and ligand atoms. 8. exchange
effects between adjacent unpaired electrons.

These effects coﬁplicate the situation not only because of the
form of the Hamiltonians describing the interactions but because the
relative interaction energy of each must be determined. The energies
of interaction must then be ranked in order of decreasing energy and
applied successively, beginning with the largest, as perturbations on
the corrected wave functions (corrected for perturbations of higher
energy). Each successive perturbation cannot be applied just to the
unperturbed basis wave functions alone. However, it is the existence -
of the interactions described above which lead to the large amount of
information which can bebobtained from ESR absorption spectra.

The effects produced by the interactions described in 4. and 5.
will not be considered in this thesis. These energies of interaction

-l “hereas the others are usually >-lcrﬂ"1

are of the order of 10-4cm
(12); thus, 4. and 5. will not appreciably effect the following dis-

cussion or the results,
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Before considering the effects of these eight interactions on
the ESR absorption curves the followiﬁg general comments should be
made. The greatest portion of the experimental and theoretical develop-
ment of ESR has been made for single crystals. The results given in
this thesis are for aqueous and frozen solutions. Generalizations
from the single crystal to the aqueous and frozen solutions can be
made., However, a certain amount of information is normally lost in
this transformation.

Only factors effecting the overall curve shape will be considered
in detail. Those factors affecting the intensity of the signal (the
integrated area of the absorption curve) will not be considered in de=-
tail. The article of Beinert and Palmer (8) discusses these effecté.
A discussién of the factors effecting the line width is given by
Bleaney and Stevens (12).

In general, the eight interactions given above will split the
energy levels of higher energy states in the same way that the spin
magnetic moment-magnetic field interaction splits the electronic
energy levels. The spectra will then consist of more lines, corres-
‘ponding to transitions between these multiple energy levels, than seen
for the unpaired electron-magnetic field interaction only. These lines
can then be broadened (or narrowed) by additional interactions 12y,

The g value is shifted from its free electron value of 2 by inter-
actions between the spin magnetic moment and the orbital magnetic mo=
ment. (g actually has the value 2.0023; this deviation from 2 is due

to relativistic effects.) Free radicals have orbital angular momentum
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very nearly equal to zero. Thus the electron spin resonance occurs at
a g close to 2. This is not the case'for the transition metals. The
orbital angular momentum is not zero and‘deviations of g from 2 are
almost alwayé seen. In addition, when the environment about the un-
paired electron is less than spherically symmetrical, coupling between
the electronband orbital magnetic moments can occur, and, generélly,
this coupling will depend on the orientation of the environment about
the unpaired electron with respect to the magnetic field. That is,
the Lande g factor will have different values for different orienta=~
tions of the crystal field. Strictly speaking the g value dependence
on angle is a continuous function of the angle. Usually, however,
axes can be chosen so that a maximum of three principle g values are
obtained, gx, gy, and g,. This results in three transitions for the
interaction ggH; gxgH, gy@H, and 8zgH. The single line ggH is split
into three separate lines--this is shown in Fig. 1 in which the curves
for spherical (gx=gy=gz), axial (gx=gyag”#gz=g ) and orthorhombic
(gx%gyﬁgz¥gx) symmetry are given.

A further interaction giving rise to a splitting of the resonance
lines is the so called hyperfine interaction. This is the coupling
between the spin magnetic moment and nuclear magnetic moment. The
nuclear magnetic moment is characterized by a nuclear quantum number
I (or I,). The nuclear magnetic moment is quantized in a magnetic
field H, and 2I + 1 different orientations, corresponding to different
energy levels, are allowed. Thus, the energy levels of the unpaired

electron will be split into 2I + 1 different energy levels if there is
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FIG. 1

ESR ABSORPTION CURVES FOR A PARAMAGNETIC SUBSTANCE
IN A SPHERICALLY, AXIALLY, AND ORTHORHOMBICALLY
SYMMETRIC ENVIRONMENT

(a) Plot of intensity of ESR absorption (ordinate) typi-
cal of free radicals (gx=gy=gz) at constant frequency as function
of d.c. magnetic field (abscissa), both in arbitrary units. Upper
curve: absorption curve. Lower curve: first derivative of absorp~
tion curve, as generally used for representation of ESR spectra. (b)
First derivative curve of paramagnetic substance in axially sym-
metric environment; gz(g”)>gx=gy(gl). (c) Same as B for orthorhombic

environment; gz>gy>gx.

According to Beinert and Palmer (8)
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an interaction between the spin magnetic moment and the nuclear mag-
netic moment. For a singlé g value and I = 3/2 four energy levels are
obtained resulting in an absorptilon 1ine‘with four equal components
(Fig. 2).

Again, the situation has been oversimplified. As shown by per~
turbation tﬁeory, two quantities are needed to calculate the effect of
a given interaction; the Hamiltonian describing the interaction and the
wave functions of the system before the application of the perturbation.
The Hamiltonians are obtained by considering the interactions as classi=-
cal electro-magnetic interactions (12) and then converting these Hamil~-
tonians to operator form (63). This leads to a "spin" Hamiltonian
which will be used in discussing the results obtained. The Hamil-
tonians oBtained from classical electro-magnetic theory for the eight
interactions listed are given by Bleaney and Stevens (12).

B. ESR of Crystals

The interaction between electron spin and orbit (1.) results in

2 = cmTl. A spin-spin interaction can

an energy of interaction of 10°-10
be eliminated by separating the unpaired electrons. The spin orbit
. . 3 3 ] gl 1) wie I

coupling reduces to, in the spin Hamlltonlan,gf= A LS where L is the
angular momentum vector and S is the spin vector (25). A is in units

of energy and measures the extent of spin-orbit coupling. This per-
turbation also gives rise to relaxation effects since it is the me-
chanism by which the spin "feels" the effect of thermal vibrations (12).

The resonance for Cu(IIl) compounds usually occurs at g>2 indicating

a large degreé of spin-orbit coupling and thus the relaxation processes
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FIG. 2 ;
ENERGY LEVEL DIAGRAM FOR § = 1/2 AND I = 3/2

Energy level diagram for S = 1/2, I = 3/2 in a strong
magnetic field. The allowed transitions are indicated by the

arrows for a static microwave field and a varying magnetic field.

According to Bleaney and Stevens (12)

FIG. 3

THEORETICAL AND EXPERIMENTAL ABSORPTION CURVE FOR
SQUARE PLANAR COPPER

Theoretical (dashed line) and experimental absorption

curves for Cu(Il) in a square planar envivonment for a single I

value of the Cu nucleus.

According to Sands (98)
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are relatively efficient. The ESR signals of Cu(Il) are, for this rea~-
son, rarely saturated. This spin-orbit perturbatibn also "mixes" ex-
cited levels with the ground state giving more complex wave functions
for the states in which spin-orbit coupling exists and which must be
used in successive perturbation calculations (87). It is this mixing
that gives a certain amount of @ spin to the ground state characterized
by « in the unperturbed state and a certain amount of Kis mixed into the
excited‘state @. However, since these states are distinct in a magnetic
field, we assign a spinaand @ to the ground and excited states respective~
ly . Such a spin is a "fictitious" spin to which we try and attribute
the magnetic properties of the sample (87).

The interaction with an external magnetic field (2.) is written as
(63) }P =3 (I: +23)/_—T where T. and S are as defined above and -I? is the
external magnetic field. This should be contrasted with the previous
case in which only the spin magnetic moment-external field interaction,
§H was considered. .The coupling between the orbital magnetic moment
and the external field is also included. The inclusion of this term
will again mix ground and excited state wave functions (87).

If we are dealing with a singlet ground state we can ignore the
spin orbit coupling and can write the interaction as @?yg'ET(IZ) where
g is now a symmetric tensor of the second rank (87, 81) and can be
represented by a 3X3 matrix. Generally the off diagonal components
are very close to zero (87) and we need only the diagonal elements (the

principle g values) and can write the interaction as

H =8y BHS, » 933“.585 +3,H; S,

This is only correct, however, when the principle axes of the g values
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and those of the field H coincide. The alteration of the Hamiltonian
given above when these two coofdinafe systems aré non-coincident is
derived by Pake (87) and will not be gi§en here.

The interaction between the magnetic moment of the nucleus and
the magnetic field set up by the orbital and spin moments of the

2cm'l) is given by Milford (82). It con-

electrons (3.) (energy 10~
tains an anisotropic part (the energy of interaction depends on orien-
tation of the crystal field) which is described by dipole-dipole coup-
ling (this contribution is small (55)) and an isotropic portion (no
angular dependence) given by /(9’7/3 @/uoﬁ }V(O)/Z g‘f
which is called the Fermi contact term.juvis the magnetic moment of
the nucleus and/wwy%s the unpaired electron density at the nucleus.
These intéractions become, in a spin Hamiltonian,??Ai?in which,
like the g values, A is a tensor.

The electrostatic crystal field effects of the ligand atoms (6.)
on the wave functions for the unpaired electron are complicated and
are best treated by the methods of group theory. The book by Orgel
(86) provides a qualitative discussion of these crystal field effects.
Only the case of Cu(II), d9, will be considered. When the crystal field
about the Cu(II) possesses spherical symmetry, all five d orbitals will
be of equal energy (ignoring spin-orbit coupling etc.). When a crystal
field of lower symmetry is present this degeneracy will be (partially)
removed; the d orbitals will now have different energies. Transitions
can now occur between these separated energy levels (usually around
6,000 & for Cﬁ(II)--the so called d-d transitions). The dividing of

the d levels into levels of different energy and the extent of this
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dividing (how completely the degeneracy is removed) will be a function
of the symmetry of the crystal field. As before, this crystal field
perturbation will mix the original d orBitals so that the electronic
okbitals are no longer described by the simple d orbitals. The wave
functions describing these new orbitals will be given by perturbation
theory and will be the wave functions used in further perturbation cal-
culations. For this reason the symmetry of the field about the Cu(II)
must be known before proceeding with further perturbation calculations.

The effect of covalent bonding between the ligand atoms and the
paramagnetic ion (7.) is essentially an extension of the crystal field
discussion. The electron now resides in orbitals on the ligand atoms
as well as on the paramagnetic ion. A "smearing out" of the electron
through cbvalent bonding will likely reduce the orbital angular momen-
tum T and thus the neglect of the interaction L.H is somewhat justified.
Also, if tﬁe ligand atoms possess nuclear magnetic moments I, then
these may have to be included in the inFerécfién.ng:f. The theoreti-
cal development is given by Kivelson and Neiman (52) and will be sketched
here.

Molecular orbitals, formed from linear combinations of the Cu(II)
and ligand atomic orbitals, are written down. One such orbital could
be (52) (7) ax’-naz - (_G.,x(l) +¢é(l)*0;(3) _O.Ta(‘/) )/2
in which the dx2_y2 is an atomic orbital of the Cu(II) and the ¢ orbitals
are (sp hybrid (88)) atomic orbitals of the ligand atoms. The orbitals
are classified as sigma (o) since they have zero angular momentum about

the line (bond) joining the ligand atom to the copper atom. The sigma



22

orbitals will be cylindrically symmetrical about this line (49). The
pi () orbitals formed between the ligand atom and copper atom will
have angular momentum about the line joining the two atoms; these
orbitals will not be cylindrically symmetrical about this line.

The form of the molecular orbitals depends on the symmetry of the
ligand field about the copper atom. >This must be known before the mole-
cular orbitals can be written down. In addition, the molecular orbital
in which the unpaired electron is present (the ground state) must be
determined as the ESR results depend on the wave function used in the
calculation.(the formula for the perturbation energies dependé on these
wave functions). Finally, these molecular orbitals may be mixed by
interactions of lower energy. It may be that most of the eight iﬁter-
actions discussed will be of lower energy.

For Cu(IIl) in a square planar environment the unpaired electron
is most prébably in the molecular orbital given (52). Operating on
this molecular orbital with the appropriate spin Hamiitonian will give
the energy levels of the unpaired electron. Also, the relationships

oct= (94|’2)+3/7(91"2)+K and OCZ +ol? "2“"‘/5 =4 , where S is the
overlap integral, are obtained. The values of K and § can be estimated
‘(52). Thus, by expgrimentally determining gy and g, we can obtain«and
«’ From equation (2) it can be seen that these o€'s weight the contri-
butions from the copper atom atomic orbitals and the ligand atom atomic
~orbitals to the molecular orbital. Ignoring overlap, 5(5=0.09), the
electron densities (probabilities) of these atomic orbitals will be

i /
given byoczand &% 1f we define a totally covalent sigma bond by cf:-2=0(f‘2
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and a totally ionic sigma bond bycﬁil (which givesC52=0) oroCsl (which
givescf£0) then a totally covalent sigma bond is given by o=t 0.5
in which the unpaired electron density is equally distributed between
the copper atom and the ligand atoms and a totally ionic sigma bond is
given when the unpaired electron density is totally confined to the
copper or ligand atoms. Thus a determination of §, and g, should give
the degree of covaiency of the copper atom-ligand atom bond. However,
the conditions under which the above relationships were derived must
be fulfilled for such.a calculation to be made.

The exchange effects between unpaired electrons (8) can be simply
thought of as magnetic dipole-dipole interactions. This interaction is
proportional to l/r3 where r is the distance between dipoles. Thus the
interaction can be made negligible by keeping the unpaired electrons
separated; i.e. by using dilute solutions of paramagnetic ions. (What
has been described is essentially a spin-spin not an exchange inter-
action =--both are, however, made negligible in the same manner-the ex-
change interaction is expected to fail off more rapidly with increasing
distance than does the dipolar interaction (87).)

The discussion given above, for the eight interactions, assumed
that the paramagnetic ion was in a crystal; known orientations of the
ligand field about this paramagnetic ion with respect to the external
magnetic field could be achieved. These fields about a paramagnetic
ion may persist in solution. The paramagnetic ion may then be considered

as residing in a microcrystal. There is, however, a fundamental differ- -
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ence betweenrthese microcrystals in solution and the crystalline state;
the microcrystal is tumbling in a raﬂdom manner. It is the effect of
this tumbling on the ESR absorption spectra which will be considered
next.,

G ESR of the Liquid State

The situation is best described by writing the spin Hémiltonian in
two parts, one which is invariant under rotations and the other which |
is dependent on orientation. We begin with the axial spin Hamiltonian
(9x:%3 eg s =89, ‘;‘:8,,) ,ﬂf = ,8[9// H,:.Sg + 43, (Hg, 334 HaeSx )J e
JA”1; S5 [L (I;SX.‘15‘35>
where the coordinates refer to the microcrystalline system not the
laboratory system (the z-axis of the laboratory system taken as the mag-
netic fiel& direction). This spin Hamiltonian can be transformed to
laboratory coordinates (79) and written in angular independent and de-

S Sz
pendent parts. The angular independent part is 370= %,Buo 53 +a S5-I
The portion of this spin Hamiltonian containing the angular dependent
terms will average to zero if the rate of tumbling is sufficiently ra-
pid. The rate at which tumbling must occur to average these terms to
zero is given by the correlation time for rotation.

It can be shown that the mean value for the angulaf dependent
functions is zero (87). The question then is, what amount of time is
needed for the tumbling microcrystal to attain a sufficient number of
different orientations for the average to be approximately zero. Since
the motion is continuous, the rotation of the microcrystal will change

the angle between the magnetic field and the principle axis of the micro-
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crystal very little for a sufficiently short time interval; the values
of the function at the beginning and end of this time interval Qill be
very nearly equal. The values of the function are said to be corre-
lated (87). For the average of the angular function to be zero we
need a time sufficiently long that correlation will be lost. Thé de=
rivation leading to the necessary time interval is given by Pake (87);
if the‘time necessary for a loss of correlation (the correlation time)
is mach less than the‘reciprocal of the energy separgtion of the levels,
expressed as frequency (7. < < s ), then the angular portions of the
spin Hamiltonian average to zero and we have 37? = 9,8”083 *Qf‘ S‘
In addition, we will consider only cases in which I, is diagonal (I,
has eigenvalues for the wave functions used). Since Iy and Iy have no
diagonal matrix elements in this representation (82) we can write the
spin Hamiltonian as :"f = gp,”o Sé + Q Sé Ia =

D. ESR of The Frozen State

The question now to be answered is what occurs when 1/§ , the re-
ciprocal of the separation of the lines, approaches ﬁ , the correla=
tion time for molecular tumbling. As given by McConngll (79), the
' center of gravity of each absorption line is given by the angular inde-
pendent part of the spin Hamiltonian and the angular dependent parts
lead to line broadening. Generally this broadening is unsymmetrical.
The problem will be discussed by first considering the result when
7; =00 (T¢>> Y5 ). This situation corresponds to the frozen state;

the state in which the microcrystals are not tumbling but are randomly



26

oriented. This was first discussed by Sands (98) andllater by Kneubuhl
(56), Neiman and Kivelson (85), andfGersman and Sﬁalen (40). The abre~
viated discussion given here will folloﬁ that of Sands.

Sands considered the ESR absorption of Cu(Il) ions in a glass. The
Cu(IIl) is assumed to occupy a site of cubic plus tetragonal symmetry.
In the glass all orientations of the crystalline field about the Cu(II)
are equally probable and the absorption will be a sum over all of these
orientations. The angular dependence of the g value is, as given by

Iy
)2

Pake (87), g:(gﬁco.#& + 9fsml<9 which gives, from hY = gBH (and

rearrangement to H = hb%/ga since H is varied and Y fixed at QB in ESRv
measurements) F = (h%/‘g)(QHQCC@z& & 91_2 sin? G)-VQ
The absorption curve is obtained by plotting dN/dH versus H where N is
the numbér of unpaired spins. The result is shpwn in Fig. 3. This ab~-
sorption curve can be interpreted in terms of two overlapping curves,
one centered at g (1070g in Fig. 3) and the other at g, (1530g in Fig.3).
The g, curve is twice the\area of the gy curve since it is made up of
gx and By absorptions.

| For Cu(I1) the magnetic interaction between electron and nuclear
spin must also be considered. The derivation of these curves is a moré
complex form of the derivation mentioned above. The result is shown
in Fig. 4. It can be seen, as expected from an I = 3/2 for Cu(II),
that four absorption curves result. The observed absorption curve is
the sum of these four curves. Frequently, the lines centered around g,
are so closely spaced that only the separation of the four lines in the

g region is'observed.
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FIG. 4

DEVIVATIVE AND INTEGRATED ABSORPTION CURVE FOR COPPER
IN A SQUARE PLANAR ENVIRONMENT
Derivative and integrated absorption curves for Cu(II) in
a square planar environment. 'The dashed curves are the theoretical
curves (as in Fig. 3) for the four allowed values of I. The solid

curves are the experimentally obtained curves.

According to Sands (98)
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If additional interactions between spin and nuclear magnetic mo-
ments, due to unpaired electron interaction with other paramagnetic
nuclei, are added to the above, each of'the four curves will be split
into an additional 2I + 1 curves. As is usually the case, the overlap
between these curves is such that this further splitting is unresolved.

When the microcrystal begins to tumble, the center of gravity of
the lines will not change (79). If we represent the curve of Fig. 3,
by 3
b

%

6] 2/9x X

where x is the distance between the 8, and g absorptions, then the

|
|
|
I
|
d o
|
|

center of‘gravity of the total curve is 2/3x., When the rotation of

the microcrystal is sufficiently rapid so that'];<< '/5 , 9 being the
distance from 8, to g, , each absorption of Fig. 4 will consist of a
single line centered about 2/3x for that line. (Processes which broaden
these single lines will give symmetrical broadening (87).) For the

four lines shown in Fig. 4 a symmetric four line absorption will re-
sult (given in Fig. 2). This is what is expected sinﬁe the spin
Hamiltonian describing the system is sz=95 HOSZ + aIz‘Sz

which gives an absorption, with a single g value, split into four equal

components by I, = 3/2, 1/2, -1/2, and -3/2 for the Cu(II) nucleus.

i

The intermediate case, VS » Will only be discussed qualita-
tively. From the curves for T, 4< %§ s Fig. 2 (liquid state), and

q2>>'%§ » Fig. 4 (frozen state), it can be seen that as T, increases,
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(the rotational rate decreases) the symmetrical four line a?sorption
seen for T << !{5 will change into t“he curve consisting of g, and g
absorptions. Since the rotational ratelwill decrease in a continuous
manner, the curve for T << %; will approach the curve for § >> ZS in a
continuous manner. This is the same as saying that the symmetrical
four line absorption (Fig. 2) must broaden in a continuous manner to
produce_the absorption pictured in Fig. 4. This broadening will not be
symmetrical.

Further, since the width of the line for® >> ’/5 giving the low
field line in the symmetric four line absorption (Qj<<<b3) is greater
than that of the line producing the high field line, the low field
line will broaden more rapidly than the high field line as the rota-
tional rafe of the microcrystal decreases (’ﬁ increases).T;**'%S more
rapidly for the low field line than for the high field line since
M&w%di<-vsh@5"u Thus the lines broaden at different rates giving an
asymmetric four line absorption as the rotational rate is decreaded
(in addition to the asymmetries produced by the anisotropic g values).
This is illustrated in Fig. 5. McGarvey (81) was able to fit the ex-
perimental curve by assuming four overlapping Lorentzian curves, given by
Ebﬁﬂ?*(u%‘&%dzj,of equal area (concentration) but unequal line width A.
For the curve given in Fig. 5 the A values were in the ratio, low field
to'thigh, 1:37% 103 495 7.

Additional discussion of ESR theory will be given as needed in the

text.
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FIG. 5
ABSORPTION CURVE OF Cu(II) ACETYtACETONATE

Plot of the absorption curve for a 0.01 molar solution
of copper (II) acetylacetonate in dioxane. The sharp peak on the
left is from the reference free radical and the heavy dashed line
is a fitted curve constructed from four equally spaced Loréntzian

curves of equal area but different widths.

According to McGarvey (81)
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3. Peptide Cu(II) Complexes

Much of the early work on the ginding of Cu(Il) by peptides was
part of a general study of the biuret reaction, which was first obe-
served by Wiedemann (114), in 1847, as the color reaction shown by
biuret (NH2~CO-NH-CO-NHjy) énd Cu(II) in an alkaline solution (93).

The absorption spectra and criteria for the biuret color are repro-
duced from the article of Kober and Haw (58) in Appendix II. In 1873
Ritthausen (96) discovered that proteins undergo a similar reaction

in the preéence of Cu(II) and alkali. Schiff (99), who made the first
extensive investigations of the biuret reaction, precipitated the salt
formed from the reaction between biuret and Cu(II) and in this way es-
tablished the formula for the complex as Cu(biuret)%+.

Schiff also made the observation that many compounds which struc=-
turally resemble biuret show a similar éolor reaction with Cu(II) in
the presence of alkali; he did not isolate any of the products of these
reéctions. He divided the compounds showing a positive biuret reaction

into the following three cHasses (93): (1) compounds resembling biuret

=C-N-C=
with the grouping | !
NH, NH,
(2) compounds resembling malonamide, with the grouping
=(-(-0=
NH,  NH, |
and (3) compounds of the oxamide type having the grouping
::(;....C.._
NH, NH,
The classification can bé generalized to the grouping~—€5: which

‘ p]
will, steric and stoicthometric factors allowing, give a biuret type re-

action with Cu(II) and alkali.
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Kober and Sugiura (57), in 1912, found that all di-, tri-, and
tetra~-peptides which they investigaﬁed (given in Appendix I) combined
in a 1:1 molar ratio with Cu(Il) giving.the biuret reaction. Schiff
had previously found a 2:1 ratio for the biuret~Cu(Il) complex. Werner
(64) stated "that they had isolated the (1:1 peptide:Cu(Il)) compound
before the appearance of Kober and Sugiura's paper. The results how-
ever fo; 'external' reasons were not published till more than a year
later."* The similar work of Kober et al. (57, 58) was published first
and since it seems to have been largely ignored in subsequent publica=-
tions, it will be described here.

"It is our belief that a quantitative study of the copper salts
of proteolytic substances will throw some light on the constitution of
protein,‘and it is therefore our intention to present from time to time
our results in this field.'"* TFor the investigations which are the sub~
ject of this thesis the above need only be modified to state that it
is hoped that these investigations will '"throw some light" on the consti-
tution of the copper proteins. The paper of Kober and Sugiura (57) dealt
almost entirely with the solid salts of various peptides and Cu(II). The
method used was as follows: CuCly; was treated with NaOH and the pre-
cipitated Cu(OH)9 was collected on a filter. Tﬁe collected Cu(OH)2
was theﬁ stirred with the peptide of interest (an excess of Cu(OH)9 was
used) for 5 or 10 minutes. The solution was then filtered removing the

excess Cu(OH),. The Cu(II) salt of the peptide was then precipitated,

¥Kober and Suigura (57)
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usually by the addition of ethanol or ether, and a chemical analysis

of the salt was made. Chemical anal&sis of the Cu(II) salts of ac-amino
acids gave, without exception, the genefal formula CuAy where A equals
one molecule of monobasic oc-amino acid (Appendix I). For the Cu(II)
salt of the dipeptide of leueyl glycine '"Fischer concluded that one
molecule of copper hydroxide combined with one molecule of leucyl gly-
cin, and that two molecules of the copper leucylglycin are connected

by én oxygen atom. Although we have found one molecule of copper hy-
droxide to one of leucylglycin, we have not been able to find that an
oxygen atom connects two molecules of copper leucylglycin." % 1In
general, it was found that " one molecule of peptide, whatever number
of amino acids it may contain, combines with only one molecule of cop-
per hydroiide,"* when the above method was used. The Tesults obtained
by Kober and Sugiura for the binding of Cu(II) by di-, tri-, and tetra-.
peptides are reproduced in Appendix I. To summarize, the copper salts
of 33 di-peptides, 26 tri-peptides, and 4 tetra-peptides were investi~
gated and the results were consistent with the formula (peptide) 1Cuy.
In addition, Kober and Sugiura proposed the structures reproduced in
Fig. 6 for the peptide Cu(II) complexes. Any attempt to assign the pro-
- per authorship for these structures is, however, somewhat meaningless,
as Schiff had earlier proposed a structure for the Cu(II)-biuret com=-
plex and it seems likely that other metal coordination comp1exes had

earlier been assigned molecular structures.

* Kober and Sugiura (57)
- %% Kober and Haw (58)
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FIG. 6 /
PROPOSED STRUCTURES FOR Cu(II1)-PEPTIDE COMPLEXES

Structure A is alkaline Cu(II) glycylglycine, struc-
ture B is alkaline Cu(II)-glycylglycylglycine, and structure C

is alkaline Cu(IL)~-triglycylglycine.

According.to Kober and Sugiura (57)

FIG. 7
TITRATION CURVE OF EQUIMOLAR Cu(II) AND GLYCINE
Titration curve of solution containing glycine (0.005M) +

CuClz.ZHZO (0.005M) .

According to Dobbie, Kermack, and Lees. (31)

FIG, 8
TITRATION CURVE OF 2:1 GLYCINE: Cu(II)

Titration curve of solution containing glycine (0.01M)

+ CuCl2 (0.005M) .

According to Dobbie, Kermack, and Lees (32)
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This study was extended by Kober and Haw (58) in 1916 to include
a spectrophotometric study of the Cﬁ(II)-peptide complexes. In the
first paper of Kober (57) it was found ghat "the copper complexes of
amino derivatives and derivatives of other siﬁilar substances could be
divided, according to their color, into three classes. (1) Blue,
(2) purple=-called "semi-biuret"=--and (3) red--called "biuret". The
first qlaés was also characterized by the fact that there were in each
complex 2 nitrogen groups so placed, that by forming "stable" rings
(4, 5, or 6 membered rings), they could combine with the copper. The
complexes of the second class had 3 such groups and the third class
had 4."#*% The nitrogen groups could be either amino, imino, imide,
or amide as earlier observed by Schiff. The absorption spectra ob-
tained fdr aqueous solutions of various Cu(II)-peptide complexes are
given in Appendix II. These spectrophotometric results can be summarized
as follows: three types of absorption curves are seen, (1) Blue com-
plexes, absorption beginning around 480 mu and reaching a maximum at
630 mu. This is observed for di-peptide-Cu(II) complexes in neutral,
slightly alkaline, and alkaline solution, and for tri~- and tetra-pep-
tide-Cu(II) complexes in neutral soluﬁion..(Z) Purple or semi-biuret
complexes: the absorption begins at about 459 mu and reaches a maxi-
mum at 540 mu. This is observed for slightly alkaline solutions of tri-
and tetra-peptide-Cu(II) complexes. (3) Red or biuret complexes: the
absorption begins beyond 443 mu and reaches a maximum‘at 505 mu. This

is observed for the tetra-peptide Cu(II) complexes in alkaline solution.

*%  Kober and Haw (58)
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In all cases "the results show three typés and only three types of ab-
sorption,''¥¥%

Brill et al. (19) point out that if one looks at the wavelengths
of the absorption maxima for the peptide-Cu(II) -complexes as a function
of increasing chain length (increasing number of amino acid residues)
it is seen that the absorption maximum approaches that of the Cu(II)-~-
biuret complex (505 mu for the dibiuret Cu(II) complex), from the long
wave length side, as the chain length of the peptide increases. Thus,
"it is somewhat arbitrary to state that the biuret color has or has
not appeared.'"*

The following éxplanation is given by Kober and Haw for this shift
in the absofption maximum to shorter wave lengths (higher energy).
"That the'ﬂitrogen plus copper is not a red producing chromophore and
that the red colors are produced, simply by removing the blue-pro-
ducing aquo groups, yielding the true color of cupric copper in a non-
hydrated condition seems probable, but cannot be decided definitely
yet."**% The present interpretation is that the interactions between
the cupric copper and the ligands provide the energy level shifts
that shift the absorption maximum. This is based on crystal field
and covalent bonding theory as discussed in the section on ESR theory.

~In the notation of ligand field theory the shift is due to the nitrogen
plus copper (4).

Kober and Haw also observed that '"the amount and nature of the
absorption of a given complex is somewhat dependent on the concentra-
tion of the hydroxyl ions."#*%* As will be shown later, the pH or hydroxyl

* Brill, Martin, and Williams (19)
#% Kober and Haw (58)
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ion concentration of the solution is decisive in determining the form
of the complex. |

To show that the color of these coéper complexes is essentially
dependent on the presence of nitrogen atoms in the complexing mole-~
cule, Kober and Haw offer the following evidence. Compounds which
contain no nitrogen atoms, but do contain oxy- or hydroxy- groups,
such as the hexoses, are 'quantitatively from 50 to 907 decomposed
in a weakly alkaline solution in which all complexes of amino acids,
peptides and other protein derivatives are perfectly stable."* That
is, the Cu(II) is from 50 to 90% precipitated as Cu(OH)o. Also, 'oxy
or hydroxy complexes of copper, no matter what configuration they may
possess, are all blue or green, and never red...'*

The work of Rising and co-workers was undertaken for the express

purpose of understanding the biuret reaction as it occurs in protein

'solutioﬁs. The first of a series of papers (93) dealt with the biuret

reaction of acid imides of which diethylbarbituric acid and barbituric
acid were the two representatives used. The first‘extensive study of
the biuret reaction of the acid imides was made by Tschugaeff (106)
who isolated the salts formed from the reaction between succinimide
and Cu(II). The analysis of these salts conformed to the empirical
formula, Cu(imide)z2 which should be compared to the 1:2 ratio found
by Schiff for the biuret type reagents.

In addition to the difference in empirical formulas between the

acid imide and biuret Cu(II) complexes, the formation of the biuret

* Kober and Haw (58)
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color with Cu(II) and the acid imides requires‘no addition of hy-
droxide when Cu(IIl) is added as Cu(OH)Z. Considering the formula

for the acid imides it can be seen that tautomeric forms exist.

o 0 OH O 0 OH

1

-C-N-C- = _(=n-(- == _c-N=(-
As is well known (88), two canonical* forms result in stabilization.
In the presence of alkali, proton ionization can occur which leads to
three canonical forms for the ionized structure, _
0 . 00 o _0 o 0
T 1 OH 1 " st " - —— C—'N;C“‘
(1) -C=mv-C- Z= -C=N-C-=-C-N-C- =~

whereas for the biuret type grouping, only two resonance forms would

be possible, 'O/./ g IO~ . ,(,7 )
frap aow AL e -C-g

It would be expected that the presence of three ionized forms in equa-
tion (1).w0uld stabilize the acid imide over the biuret structure (2).
This is equivalent to saying that the ionization of a proton would
occur at a lower pH in the acid imides than it would in the oxamide
type grouping. The formation of the b?uret color between the acid
imides and Cu(II) in the absence of alkali can be explained in this
way.

This paper of Rising et al. (93) contains, to this author's
knowledge, the first proposal for proton ionization occuring in bind-
ing of Cu(II) in biuret type complexes. However, in view of the fact

that resonance was a well established concept, (Kekule's paper on the

resonance forms of benzene appeared in 1865) it does not seem unlikely

* Resonance forms which are linearly independent are
called canonical structures (49). A canonical struc-
ture cannot be expressed as a linear combination of
the other resonance structures possible.
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that the idea of resonance forms lowering the pK had its origin else=
where. A similar ionization in the;case of the Cu(Il)-peptide com=~
plexes has been recently proposed.

Rising et al. (93) fopnd that N-alkylated succinimides failed to
show the biuret reaction. They concluded that there are two atoms in
an imide molecule which are intimately concerned in the biuret reaction:
(1) a replaceable hydrogen atom attached to (2) an amine nitrogen atom
with a basic character sufficiently strong to "insure its ready en-
trance into a copper complex.'*

In a later paper (94) Rising et al. found that the amino acid
amides would also undergo a positive biuret reaction with Cu(OH)z with-
out the addition of alkali. The salts formed had the empirical formula,
Cu(amino.acid amide),. These complexes are of the oxamide type and
have dissociated at this "neutral" pH due to displacement by Cu(II).
That they are neutral salts was shown by the fact (94) that a solution
containing a 1:2 molar mixture of Cu(OH)) and amino acid amide showed
zero conductance., This same solution showing zero conductance does
conduct an electric current upon addition of alkali and the colored
complex migrates to the anode. '"The effect of alkali upon copper
leucinamide may be to form a soluble compound, potassium copper leucin-
amide hydroxide, of formula K,Cu[(OH)y( (CH3)oCH-CHy-CH(NH)2)CO(:NH) J5 ,
somewhat as copper ammonium sulfate reacts with alkali to form copper
ammonium hydroxide.'"®*% 1In all systems studied, the empirical formula

* Rising and Johnson (93)
*% Rising et al. (95)
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of the isolated salt of the Cu(II) and biuret reagent was such that
there were always four basic nitrogén atoms available for the binding
of the Cu(Il).

The investigations of Rising et al; of the Cu(If) salts of trig-
lycyl-glycine and tetraglycylglycine were undertaken to understand the
biuret reaction of proteins (95, 112). The procedure employed was to
add an excess of Cu(OH)2 and NaOH to a solution of a peptide of interest.
The excess Cu(OH), was filtered off after five minutes, and the solu-
tion was mixed 1:20 with an ethanol-ether mixture. The complex salt
which was precipitated, carefully dried and analysed for Na, Cu, C,

N, and H. The analytical'date indicate the empirical formula for the
salt formed from Cu(II) and triglycylglycine; Nap(Cu(NHg(CHCON)4CHCO5))
2H90. If the molecular and empirical formulas are identical (no molecular

weight determinations were made) the structure of the salt may be

O B KD e
(OO SN S 2N =N-C-C=
Naz;leyCC N-C-C=N-C< ‘IccozHzo

ey O T = |
The Cu(Il) salt of tetraglycylglycine was prepared and analysed

(112). The results were substantially as obtained with triglycylglycine
with the exception that the amount of sodium found was léss than that
calculated from the emperical formula
Na,[Cu (NH, (CHCO =N),CH,CO] ]

and at the same tiﬁe the hydrogen found was correspondingly higher than
that indicated by the above formula. It is now known that the copper
combines with a maximum of four nitrogen atoms in these peptide-Cu(II)
comﬁlexes (60) and that a proton is not displaced from a fourth peptide

group.
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These papers of Rising et al. make the first proposal for ioniza-
tion of a proton from the peptide linkage and subéequent binding of
Cu(II) by this linkage. The interpretafion is that "the enol tautomer
of tetraglycylglyéine is considered to contain five ionizable hydrogen
atoms. In the course of the formation of a molecule of sodium copper
tetraglycylglycine three of these are considered to be neutralized by
the alkali used."* The two protons not neutralized by added alkali
were neutralized by the Cu(OH), used. This interpretation is in agree-
ment with the results for the Cu(Il) binding by acid imides.

B. Potentiometric Titrations

The reactions between peptides and Cu(II) have been extensively
investigated by potentiometric methods (30,31,32,33,73,84,92,60). The
firstlof'these investigations was that made by Dobbie and Kermack (31,
32). The problem can be outlined by considering the reaction of Cu(II)
with glycine. It is assumed that the Cu(II) can not.combine with the

zwitterion form; the reaction can then be written

NHF NH,
(1) dhz = élh + H+ P}<
coo Coo
v
N“Z +2 NHZ.
(2) C:Hz * Cu — éHl C ' PKI
co0” oo’

or, since the reactions are studied at equilibrium we can consider the

reaction of interest as being the sum of the above reactions. This gives

NH NH,
B 0 = [ e H
000" Yeod

%. Wenaas (112)
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The pK of the reaction is an experimentally determined quantity;
by obtaining the pH at which the reactants and products are in equal
concentrations, a direct measurement of the pK is made. If this pK
determination is made for the proton ionization occurring when glycine
binds Cu(Il), pK, is obtained, and it follows from the reactions that
PKy=pK+pK{. Thus only if pKy{ is zero will the ionization of the pro=
ton from the ammonium group occur at the same pH for the Cu(II)-glycine
mixture as it does for uncomplexed glycine. This is seldom the case
since, as i1s experimentally determined, the binding constants for
Cu(II) binding by peptides are large (‘“108) and positive, leading to
a depression of the observed pK of the proton ionization. This observa-
tion seems to be easily overlooked. Using standard methods (pH and
beginning'concentrations) the value for pKq, or Kl’ the stability
constant, can be detefmined. When equimolar CuCly and glycine are
titrated with NaOH the curve shown in Fig. 7 results. When a 2:1 molar
mixture of glycine and CuCl2 are titrated with NaOH the curve shown in
Fig. 8 is obtained. The following two observations should be made. In
the 1:1 mixture one equivalent of NaOH is consumed in the pH range 1 to
6 and a precipitate of Cu(OH), begins to form above pH6. In the 2:1
mixture two equivalents of NaOH are consumed in‘the PH range 1 to 7
and no precipitate is formed on going to higher pH's. These results
are interpreted in terms of the following reactions (G represénts
the glycine zwitterion),

e G = CuG+ K, = 6,/ 10e4] 6]
Gl - 6 =(ul, K, = [6G)/ [C.GIG]
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As before, these reactions could have been written

10 = CuG +H' ] P)<:

CuB" G *F—“Cu% H' P)'(zl
To evaluate K1 and K2, values of K, and K2 are estimated at certain
points on the titration curves (31) and are then checked by calculat=-
ing the theoretical titration curve using these values of K1 and K2 and
comparing this with the experimental curve. The values of K; and K2 are
then adjusted until the best fit is obtained. Values obtained (31)
were K1=108'5 and K2=107'5. Martell has shown (74) that these values
depend on the ionic strength of the medium and this must be considered
when results of different investigations are compared. Values for the
ionization constants of the amino and carboxyl groups of glycine at

=280 and 10-2'22 respectively. Using these values (bind-

20° ¢ ar 10
ing to the carboxyl group will depress its apparent pK to a value so
low that it will not be observed in these experiments=--IR data indi- -
cate that such binding does occur) it is seen that pKi=1.36 and pK£=
2.36; as expected the apparent pK of the terminal ammonium group is
considerably depressed. This clearly illustrates the difficulties in
correlating observations made at various pH values with the binding of
a metal ion to a specific group. The binding constant of the metal
must also be known to make such a correlation. The observed precipita-
tion of the Cu(OH)2 in the equimolar glycine-CuCly solution at pH 6 is
also explained by considering the reaction Cu(II) + OH™ = Cu(OH) 9 and
writing the reaction between glycine and Cu(II) at high pH (> 6) as

Cu(II)+2G'=CqG2. There is then competition between these two reactions

at these pH values and due to the larger value of K (over that of Ks)
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this reaction predominates. However, when the' reaction mixture is equi=~
molar in glycine and Cu(II) the reaction Cu(II) + G =CuGt cannot compete
with the reaction Cu(II) + OH = Cu(OH)é above pH 6. The reaction cuct+
G CuGy gives a more stable form of Cu(II) and leaves 1/2 of the
Cu(II) uncomplexed, which will be precipitated as Cu(OH)z.

The reaction of Cu(II) with glycylglycine is more complicated.
When an equimolar mixture of CuCly and glycylglycine is titrated with
NaOH the curve shown in Fig. 9 results. From this curve it can be seen
that in the pH region 3.4 to 7.5 a buffering effect is operative and
two equivalents of NaOH are consumed. A further equivalent of hydroxide
is consumed between pH 7.5 and 10. The values for the proton ioniéapion
constants for the carboxyl and terminal ammonium groups are 10-3'12 and
10-8'37 fespectively (32) . By analogy with the Cu(Il)-glycine solutions,
one equivalent'of hydroxide consumed in the range pH 4 to 7 can be at-
tributed to protbn ionization from the terminal ammonium group. The rea-
son for the uptake of the second equivglent of hydroxide in this pH re-
gion is still unsettled. Two proposals are under comsideration. One
is that the buffering is due to proton ionization from the peptide bond
and the other is that it is due to hydroxyl ion association with the
Cu(IIl) in the glycylglycine complex (32). The ionization of a proton
from the peptide bond is considered the most likely possibility for the
following reasons. The uptake of hydroxyl ion is associated with the
formation of the intense absorptions seen for these complexes (the
biuret reaction). If the groups around the nitrogen are modified to

increase the acid strength of the nitrogen atom (lower the pK of the
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FIG. 9
TITRATION CURVE OF EQUIMOLAR Cu(II) AND GLYCYLGLYCINE

Titration curve of solution containing glycylglycine (0.005M)

+ CuClz°2H20.

According to Dobbie and Kermack (32)

FIG. 10

TITRATION CURVE OF 2:1 GLYCYLGLYCINE: Cu(IIL)
Titration curve of solution containing glycylglycine

(0.01M) + CuClZ-2H20 (0.005M) .

According to Dobbie and Kermack (32)

FIG. 11
TITRATION CURVE OF 3:1 GLYCYLGLYCINE:Cu(II)

Titration curve of solution containing glycylglycine (0.015M)

+ CuCLy *2H,0 (0.005M) .

According to Dobbie and Kermack (32)
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proton ionization) then the color reaction occurs at a much lower pH (93).
Chemical analysis of the pfecipitated salts of theée complexes show a
decreased hydrogen content over that of fhe free peptides (112). The
consumption of two equivalents of hydroxide in the pH range 4 to 7 is
seen only for the peptides, not for the simple amino acids; it would
appear that the buffering is associated with some property peculiar

to peptides (32) . The shift to lower wave lengths upon the addition
of the second equivalent of hydroxide is associated with the formation
of nitrogen atom-Cu(II) atom bonds not oxygen atom-Cu(II) atom bonds
(58) . Data and Rabin (30) have shown that replacement of the proton
on the peptide nitrogen by a methyl group (glycylsarcosine) results

in a behaviour similar to that seen for equimolar Cu(II)-glycine mix-
tures; oniy one equivalent of hydroxyl ion is consumed in the pH range
4 to 7 and Cu(OH), is precipitated beginning at pH6. IR and ESR
evidence indicate that a proton on the peptide nitogen atom is neces-
sary for binding of the copper atom to the peptide bond. Crystallo-
graphic studies of the glycylglycine and triglycylglycine-Cu(II) com-
plexes indicate that a proton has been dissociated from the peptide
nitrogen atom (39). Thus, all the evidence indicates that the proton
ionizations in the pH range 4 to 7 are due to terminal ammonium and
peptide nitrogen atoms dissociating a proton. It is likely that the
buffering in the region pH 7 to 10 (one equivalent of hydroxide con-
sumed) is due to hydroxyl ion association with the Cu(Il) atom or, to
the ionization of a proton from one of the water molecules in the hydra-

tion sphere of the Cu(II).
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The equilibria used to describe the Cu(Il)-glycine feactions
cannot be employed to describe the reactions occurring in the Cu(II)
glycylglycine solutions. There is an aaditional proton ionization
in the pH region 4 to 7 to account for, and the buffering in the pH
7 to 10 region must also be described by the equations used. "Before
it is possible to set up relationships for equilibrium constants, it
is first necessary to decide what reactions probably occur under the
experimental conditioms."* Generally, the reaction between Cu(II) and
glycylglycine (GG) in the pH region 4 to 7 can be represented as (84),
Cu(II)+H2GG+20H~=CUGG+2H20 which accounts for the two equivalents of
hydroxide consumed. Dobbie and Kermack (32) consider the possibility
that a reaction analogous to that observed for the glycine Cu(II) so~-
lutions ﬁill occur and write the above reaction in two parts,

(1) ‘Eu(liy + GG-ElcuGG+

KC 1
= CuGG + H

(2) CuGG+
in which they consider the reaction for the displacement of the terminal
ammonium proton as a separate reaction. The overlapping of reactions
(1) and (2) prevents the occurrence of an inflection atvone equivalent
of NaOH added which would be expected if the reactions were taking place.

in two separate steps.

The reaction occurring above pH 7 is written (32)

Bon %
c -
CuGG + H20 = CuGG(oH) + H .

Using methods first set forth by Bjerrum (10) and fully developed

*  Murphy and Martell (84)
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by Albert (1) equations can be derived for making successive approxima-
tions to the equilibrium constants fbr the above reactions and in this
way values for the equilibrium constants can be obtained. The method
used is much the same as that described for the Cu(II)~glycine mixtures.
Martell (74) has reviewed the experimental methods used (potentiometric,
utilizing various electrodes, polarographic, and spectrophotometric)
for the»determination of these stability constants.

Dobbie and Kermack also postulate the following reactions as occur-
ring in glycylglycine-Cu(II) solutions,

. K
CuGG + GG = CuGGZ‘

_Kll 2- s

Cc
CuGG2 = CuGGz + H

The fitting of experimental data (the titration curves) to the
proposed reaction schemes is a necessary but not sufficient condition
that these reactions represent those that actually occur. Also, the

calculation of the equilibrium constants by first assuming values is

subject to some error. The values obtained by Dobbie and Kermack are

10588 3.26 - 107425, - 10°9-65

s Bg =005 K. K , and K =

Co o

Kl = 8o

10-10‘20. Using these values Dobbie and Kermack have calculated various
pH values and glycylglycine to Cu(II) ratios in which the complex forms
Cu(Il), CuGG, CuGG(OH) , CuGGz', and CuGGZZ- separately account for at
least 90% of the complexed Cu(II)., The complex CuGG* cannot be obtained
in high concentration (> 10%). The tables are reproduced in Appendix III.

The titration curves for 2:1 and 3:1 glycylglycine to Cu(Il) ratios

are given in Fig.‘s 10 and 11. The existance of the 2 to 1 glycylgly-
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cine to Cu(II) complex is in doubt (34,84). "It is apparent that the
2:1 titration curves can be interpreted in a number of alternative
ways. Therefore in the absence of addifional evidence, it is not
justifiable to assume more than the formation of structures (which
represent only l:1 complexes)."* Therefore, writing equations des=-
cribing the formation of such complexes is also not justified. The
titration curves for the 2:1 molar mixtures of glycylglycine and
Cu(II) can be explained assuming the formation of the 2:1 complexes
as given by Dobbie and Kermack or by assuming that the titration
curves actually represent the overlapping of two titration curves;
that of the Cu(II)-glycylglycine 1l:1 complex and that of the neutrali-
zation of excess uncomplexed glycylglycine (84). The latter inter-
pretatioﬁ is favored by Défan et al. (34). Kim and Martell (51)
assumed the following two reactions as occurring in 2:1 glycylglycine

Cu(II) solutions

(1) CuGG + GG~ = Cu(GG)s~

(2)  Cu(G8)y™ = Cu(Ge),” + H'

analogous to the reactions proposed by Dobbie and Kermack. The equilib-
rium constant for reaction (2) could not be obtained from the potentio-
metric data. Consistent values for equilibrium constants could be ob-
tained assuming that only reaction (1) occurred. This is consistent
with the findings of Koltun et al. (60) rather than with the assumption

of Dobbie and Kermack (32) and Datta and Rabin (30) that reaction (2)

*  Murphy and Martell (84)
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also occurs. Kim and Martell state that the value of the equilibrium
constant fox reaction (1) indicates that Cu(GG)Z_Vis the predominant
species in 2:1 molar mixtures of GG and‘Cu(II) at pH 9, This is not
consistent with ESR results given in the Results section. Structures
for the complex species pfoposed by Kim and Martell are given in Fig. 12.
Dobbie and Kermack found that, as judged from potentiometric data,
the complexes formed between glycylleucine and glycyltyrosine are es~
sentiaily the same as those formed between glycylglycine and Cu(II).
The phenolic hydroxyl group of glycyltyrosine does not appear to take
part in the reaction between this peptide and cupric ions. The pep-
tide carnosine ( @-alanylhistidine)-shows a consumption of two equiva-
lents of hydroxide in the pH range 5 to 7 when in equimolar to 4:1 mo-
lar ratio with Cu(II). It would appear, if the situation is analogous
to the glycylglycine-Cu(II) complexes, that the imidazole group (pK 6.90)
is associated with the Cu(II) below pH 5. The evidence for the binding
of Cu(II) to the imidazole group is that there is no buffering seen in
the region pH 5 to 7 that cannot be accounted for by the terminal am-
monium and peptide nitrogen atoms ionizing protons. The binding of
Cu(Il) to the imidazole group would be expected to lower the apparent pK
of the imidazole group to a value such that it would have no buffering
capacity in the pH region 5 to 7. ESR data to be given agrees with this
interpretation.
Koltun, Roth, and Gurd (60) consider the following three reactions
to be responsible for the uptake of three equivalents of hydroxide in the

pH range 4 to 10 for an equimolar Cu(II)-glycylglycine mixture,
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FIG, 12
PROPOSED STRUCTURES FOR Cu(II)-GLYCYLGLYCINE COMPLEXES

Proposed structures for the complexes formed between Cu(ii)
and glycylglycine. Structure I corresponds to the complex CuGG+,
structure II corresponds to the complex CuGG, structure III corresponds

to the complex CuGG(OH) , and structure IV corresponds to the complex

(CuGG), (0H) ™.
According to Kim and Martell (51)

FIG. 13

TITRATION CURVE FOR EQUIMOLAR DIGLYCYLGLYCINE AND Cu(II)

~Titration curve‘of'solution containing diglycylglycine

(0.005M) + CuCly *2H,0(0.0054) .

According to Dobbie and Kermack (33)
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CU(II) + GG~ + CucGt

CuGG™ * CuGG + HT

CuGG = CuGGOH™ + H'

Which are the same as those first postulated by Débbie and Kermack.
In addition they consider the following reaction as occurring in the
pH raﬁge 10 to 12 |

CuGGOH™ = CuGG (OH),”~ + H
with a pK of 12.2. They also found it necessary to include the follow-
ing reaction to fit their postulated reactions to the experimental
curves,

CuGG + CuGGOH = (CuGG),0H"
with an equilibrium constant of 102'30. The results of Koltun, Roth,
and Gurd ére in general agreement with the results of Dobbie and Kermack.

The earlier inveétigation of Murphy and Martell (84) supports the
findings presented above. 1In addition, they found that the equilibrium
constants for the reactions between glycylglycine and Cu(II) show very
little variation over the temperature range 0.35°C to 48.80°C (Table 1).
It is to be expected that the forms of the complex ions in solution
over this temperature range will be essentially the same.

The potentiometric results obtained for the diglycylglycine-Cu(II)
solutions will not be considered in detail as the experiments reported
in this thesis have not been sufficiently complete to make a detéiled
comparison. When an equimolar mixture of diglycylglycine and Cu(II)
is titrated with NaOH the titration curve shown in Fig. 13 results.

It can be seen from this curve that three equivalents of hydroxide are
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TABLE 1

EQUILIBRIUM CONSTANTS FOR THE REACTIONS BETWEEN Cu(II)

GLYCINE, GLYCYLGLYCINE, AND DIGLYCYLGLYCINE AS A FUNC-
TION OF TEMPERATURE

Acid dissociation and chelate formation constants for the re-

actions between Cu(IIl) and glycine, glycylglycine, and diglycylglycine.

The equilibrium constants are

, = WG /THGY

= [Me /iG]

L= 1M6)/ IMGTIGT

X X =
[ T

According to Murphy and Martell (84)
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consumed in the pH range 4 to 8. Dobbie and Kermack found (33) that
.the potentiometric-titration data alone did not permit calculation of
all the relevant equilibrium constants due to the greater variety of
distinct molecular species. These were calculated from consideration
of both potentiometric and spectrophotometric data. One adéitional re-
action must be inserted to account for the uptake of a third equivalént
of hydrqul in the region pH 4 to 8. By the same arguments given for
the glycylglycine-Cu(II) complex, this is assumed to be due to the
ionization of a proton from the second peptide nitrogen. Recent work
(60) has shown that if the proton on the peptide nitrogen atom nearest
the terminal carboxyl is replaced with a methyl group, the complex
glycylglycylsarcosine-Cu(IIl) resembles, potentiometrically, that of
glycylglycine. The assumption that this proton ionization does come
from the peptide nitrogen thus seems justified. The potentiometric
titration curve for glycylsarcosylglycine=-Cu(II) mixtures is virtually
identical with thatvof glycine-Cu(Il) mixtures shown in Fig.'s 7 and 8
(60) . Thus the Cu(II) must first bind to the peptide nitrogen atom
nearest the terminal amino group before it can bind to the next pep-
tide nitrogen, or the methyl group sterically hinders such a binding.

C. Spectrophotometriec Results

The spectra of the peptide-Cu(II) complexes are best understood
using the treatment of crystal-field theory (4, 11) discussed in the
section on ESR theory. Such analyses have not been made for the results
reported in this thesis and the interpretations based on crystal-field

theory will not be considered; the absorption spectra will only be used
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to estimate the multiplicity of complex species in solution. A general
discussion of the spectra of Cu(II) coordination complexes was given
in the first part of this section.

Changes in the absorption spectrum during titration with alkali
may be attributable to the formation of successive complexes having
different absorption spectra. If these spectra and the relative amount
of a giyen species present under certain specified pH and concentration
conditions were known, then a composite absorption curve could be cal-
culated assuming Ehe_spectral contributions of the different complexes
are additive. Thus, the absorption at any wave length, pH, and Cu(II)-~
glycine ratio will be given by E, = o, B2+ E 4 where the E!s are the
extinction coefficients at that wave length and cgis the mole fraction
of Cu(II) present, Xy the mole fraction of cuc™ present, andCK3 the
mole fraction of CuG2 present. The o's can be calculated from the
potentiometrically determined equilibrium constants. E,, Eo, and E3
can be determined experimentally since Cu(IIl) and CuG, can be obtained
in high concentrations. Thus El can be calculated. This process can
also be used to provide'an additional equation for the calculation of
the equilibrium constants; that is, one less equilibrium constant need
be estimated. The observed and calculated E's at various wave lengths
and the calculated absorption spectra for Cu(Il)-glycine are given in
Appendix III and Fig. 14 respectively.

Due to the greater number of (postulated) complex species in the
glycylglycine-Cu(II) mixtures the derivation of the absorption curve

for each complex species is less straightforward than for glycine and
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FIG. 14
ABSORPTION CURVES FOR THE Cu(II)-GLYCINE COMPLEXES

Computed absorption curves of free cupric ions and copper-
: 2+ 2
glycine complexes. Curve A, Cu” ; curve B, CuG and curve C, CuGz.

(G_ represents the glycine anion.)

According to Dobbie, Kermack, and Lees (31)

FIG.: 15
ABSORPTION CURVES FOR THE Cu(II)-GLYCYLGLYCINE COMPLEXES

Absorption curves of copper-glycylglycine complexes.
Curve A, CuGG+; curve B, CuGG; curve C, CuGG(OH)~; curve D, CuGGZ';

and cdurve E, CuGG,y . (GG_ represents the glycylglycine anion.)

According to Dobbie and Kermack (32)
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Cu(IIl). The method used is the same as described for the glycine-Cu(II)
mixtures but more "adjustment' of parameters is necessary for obtain-
ing a satisfactory fit. The absorption‘curves so calculated are shown
in Fig. 15. The values for theAE's are given in Appendix III.

What is observed experimentally is that as the glycylglycine=-Cu(II)
ratio is increased (at pH >7) a shift to shorter wave lengths occurs
(Fig. 15). This can be explained by assuming the formation of com=
plexes with absorption maxima at shorter wave lengths or by assuming
that a shorter wave length absorption (300 mu) is overlapping the 600 mu
absorption more strongly as the glycylglycine:Cu(II) ratio is increased.
Assuming a Lorentzian or a Gauusian shape for the absorption curves,
it can be shown that if two such curves are overlapping then the ab-
sorption maxima (where the first derivative is zero) are not the same
for the overlapping curves as they are for the separated curves. This
overlapping will move the absorption maxima together. The absorption
spectra for glycylglycine-Cu(II) obtained by Kim and Martell (51) are
presented in Fig. 16. These were obtained by varying the pH of an equi-
molar glycylglycine-Cu(II) mixture. No shift in the absorption maximum
at 640 mu is seen, only an increase, or decrease, in the absorbancy.

It can also be seen that the absorbancy at 480 is increasing. This
could be due to the increased overlap of a higher wave.length absorp-
tion. Experiﬁental verification of one explanation of the other has
not been obtained.

The absorption specta and calculated E values for the Cu(II) di-
glycylglycine’complexes are shown in Fig. 17 and Appendix III respective=-

ly. The shift in the wave length from 600 mu to 550 mu when the solu-
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FIG. 16 )

ABSORPTION CURVES FOR EQUIMOLAR Cu(II) AND GLYCYLGLYCINE
AT VARIOUS pH VALUES

Visible spectra of Cu(Il)-glycylglycine complexes in aqueous
solution: (a) pH = 3.75; (b) pH = 4.07; (¢) pH = 4.52; (d) pH = 4.75;

(e) pH = 5.00; (f) pH = 7.76; (g) pH = 9.83.

According to Kim and Martell (51)

FIG. 17
ABSORPTION CURVES FOR EQUIMOLAR Cu(II) AND DIGLYCYLGLYCINE

Computed absorption curves of copper-diglycylglycine complexes.

Curve 4, CuGGG+; curve B, CuGGG; curve C, CuGGG ; curve D, Cu(GGG)z-

and curve E, Cu(GGG)Z-. (GGG- represents the diglycylglycine anion.)

According to Dobbie and Kermack (33)
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tion is made strongly alkaline is the blue to purple (biuret) shift dis-
cussed earlier.

The absorption maxima and extinction coefficients for the various
forms of the Cu(II) complexes with glycylglycine, diglycylglycine, tri-
glycylglycine, diglycylsarcosine, glycylsarcosine, and glycylsarcosyl-
glycine are given in Table 2. The conclusions that can be drawn from
these results are the same as those given by Kober and Haw (58). The
binding of Cu(Il) by oxygeﬁ atoms produces blue or green solutions with
hmax = 650 mu. The binding of the Cu(II) by nitrogen atoms shifts the
absorption maximum to lower wave lengths; the greater the number of
nitrogen atoms involved in the binding, the greater the blue shift of
the absorption maximum. Possible explanations for this will be con=-
sidered in the Discussion.

D. Infrared Results

Lenormant and Chouteau examined the IR spectral modifications of
peptides and proteins accompanying the binding of Cu(II). They at-
tributed the binding of the Cu(II) to the peptide linkage since the
perturbed IR band was characteristic of this linkage. To make this
assignment unambigious, they examined the IR spectrum of acetylglycyl=~
glycyl-N~-ethylamine (CH3-CONH-CHZ-CONH—CHz-COHN-C2H5), which contains
only the peptide linkage as a functional group, and its complex with
Cu(II) (23, 24). The complex was formed at pH 12 to 13 and the solu-
tion was evaporated to dryness; the IR spectrum of the residue was de-

termined. The results are shown in Fig. 18 and are the same as pre-

viously observed for the peptide-and protein=-Cu(IIl) complexes. The
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TABLE 2

ABSORPTION MAXIMA AND EXTINCTION COEFFICIENTS FOR Cu(II)-
PEPTIDE COMPLEXES

According to Koltun, Roth, and Gurd (60)
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FIG. 18

IR SPECTRA OF THE Cu(II)-ACETYLGLYCYLGLYCYL-N-ETHYL
AMIDE CQMPLEX

IR spectra of solid samples of acetylglycylglycyl-N-ethy-

lamide at neutral pH, at pH 12-13, and at pH 12-13 in the presence of

Cu(OH)z.

According to Chouteau (24)

FIG. 19
IR SPECTRA OF EQUIMOLAR Cu(II) AND GLYCYLGLYCINE -

Infrared spectra of Cu(II)-glycylglycine complexes in aqueous

<D20) solutions [(1:1). TCu=TGG=O‘2333 M, and ionic strength 1.0, ad-

Justed with RCl: — v ae, BD 3:58; Y=, PO &2y > v e —=; D

5.18; » pD 10.65.

FIG. 20
IR SPECTRA OF 2:1 GLYCYLGLYCINE:Cu(II)

Infrared spectra of Cu(II)-glycylglycine complexes in aqueous

(D20) solutions (1:2), 2Tcu=TGG=O.2333M, and lonic strength 1.0, ad-

justed with KCl: —— — — pD 3.85; ~°°s pK 5,35; — * — 7 B 9,143

= DI 1182,

According to Kim and Martell (51) Fig. 19, 20
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disappearance of the 6 u band is taken as evidence for the binding of
the Cu(II) to the peptide bond.

Kim and Martell (51) determined the.IR spectral modifications in
D90 solution when glyecylglycine binds Cu(II). The IR specta obtained
are shown in Fig.'s 19 and 20. The four absorption bands that appear
in the carbonyl region at low pD (3.6) are unionized carboxyl (1720 cm-l),
peptide ¢arbonyl with an adjacent positive amonium group (1670 cm-l),
peptide carbonyl with an adjacent neutral cC-nitrogen atom (1625 cm-l),
and unionized carboxyl (1598 cm-l). At the corresponding pD only the
first two bands are observed with free glycylglycine. Thus at this
pD some Cu(Il) has combined with the glycylglycine with displacement
of protons from carboxyl and terminal amino groups analogous to the
binding of Cu(II) by glycine.

As the pD is raised, the unionized carboxyl band disappears as do
the other three bands and a new band at 1610 cm-l appears. If the dis-

placement of a proton from the peptide linkage occurs, the following

resonance structures are possible Cﬁ-
O 0- :
e ' i) 5-
{F-N— === ==~ ) S e Y

The stretching vibrationkf:Z) is that giving rise to the 1600 cm'l ab-
sorptions. If the double bond character is reduced, as above, then

this stretching vibration would shift to lower frequencies (lower energy).
That such a shift does occur provides indirect evidence for the ioniza-
tion of a proton from the peptide bond in the presence of Cu(Il). Whe-
ther the Cu(II) is bound to the oxygen or the nigrogen atom of this link-

age cannot be determined from this data. The direct confirmation of the
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loss of a proton from the peptide nitrogen, the loss of the peptide
)V—F{ absorption, cannot be made siﬁce the frequency of this absorp-
tion is masked by strong O--D absorptioﬁs.

E. Crystallographic Results

The crystal structures of copper (II) monoglycylglycine trihy~
drate (102, diglycylglycine copper (II) (26), and triglycylglycine
copper'(II) decahydrate (39) have been determined and the crystal
structures are shown in Fig.'s 21, 22, and 23.

The crystal copper (II) monoglycylglycine trihydrate contains two
non-equivalent copper complexes in the unit cell. The differences are
found in the hydrogen bonding of the complexes. These differences
are subtle and reference should be made to the article of Strandberg
et al. fér a complete exposition. The arrangement of the other atoms
about the Cu(ll) is consistent throughout the crystal. This is shown
in Fig. 21. The arrangement of the atoms about the Cu(II) places the
Cu(Il) in an approxiﬁately square planar environment. This involves
a water molecule and the terminal amino, peptide nitrogen, and oxygen
of the terminal carboxyl of a single glycylglycine molecule. This in-
volves a distortion of the C-N-C" bond angle from a normal value of
~110° (88) to 122°. The Cu(Il) atom is moved slightly out of the N,
0y, 0", N plane towards a loosely coordinated water molecule. No
drastic change is observed at the peptide nitrogen atom arising from
replacement of the hydrogen ion by a copper (II) ion. The bond length
of the Cu--N (amino) bond is 2.02 & and that for the Cu--N (peptide)

is 1.88 £. Possible implications of these results are to be discussed
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FIG. 21
CRYSTAL STRUCTURE OF Cu(II)-GLYCYLGLYCINE

(A) shows a general view of the packing of the molecules.
The dashed lines are hydrogen bonds. (B) shows the coordination
around the Cu(II) ions. Inathe upper and lower limits of the bond

distances and in b the bond angles are given,

According to Strandberg, Lindqvist and Rosenstein (102)
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later.

The crystal structures of two cbmplexes of glyeylglyeylglycine~-
Cu(II) have been determined. A blue gréen crystal was obtained by par-
tial evaporation of an equimolar CuC12~diglycy1glycine solution. The
pH of such a solution is ~4 and it would be expected that only the
terminal carboxyl group and terminal amino have dissociated a proton
at this pH. The structure is shown in Fig. 22. The Cu(II) is five-
coordinate, the terminal amino and adjacent carbonyl oxygen of one
diglycylglycine molecule providing two ligands, the terminal carboxyl
of another diglycylglycine molecule providing a third, and the remain-
ing two coming from a water molecule and a chloride ion. Tﬁus, while
the peptide bond is involved in the binding it is involved through the
oxygen atbm and only one peptide bond per diglycylglycine is involved
in Cu(II) binding. Each peptide chain is bound to two Cu(Il) atoms;
to one through the terminal carboxyl and to the other through the ter-
minal amino; The Cu(Il) site approximates square planar symmetry with
the Cu(IIl) displaced from the amino, carbonyl, carboxyl, chloride plane
towards the water molecule.

Another crystalline form of glycylglyeylglycine-Cu(IIl) analysed
was the same as that obtained by Rising et al. (95). As previously
described, the crystals were formed from a strongly alkaline solution
of glycylglyceylglycine and Cu(II) and were purple in color. The pH
of the solution was ~10 and at this pH the peptide nitrogens are
thought to ionize protons upon binding Cu(II). The crystal structure

is shown in Fig. 22. The Cu(Il) is again five coordinate and approxi-
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FIG, 22

CRYSTAL STRUCTURE OF THE pH 4 AND pH 10 COMPLEXES

OF Cu(II) AND DIGLYCYLGLYCINE

(A) is the crystal structure of the pH &4 Cu(II) diglycylgly=
cine complex and (B) is the crystal structure of the pH 10 Cu(1I)

diglycylglycine complex.

According to Cooper, Freeman, Robinson, and Schoone (26)



78




79

mates square planar symmetry. The atoms providing the square planar
arrangement of ligand atoms are the terminal amino nitrogen atom and
the two peptide nitrogen atoms of the same diglycylglycine molecule
and ﬁhe carboxyl oxygen of another diglycylglycine molecule. In addi-
tion, the peptide nitrogen atom nearest the carboxyl group of the di~-
glycylglycine molecule providing the carboxyl oxygeniligand atom is
bound, at right angles to the plane, to the same Cu(IL) atom as is

the terminal carboxyl oxygen atom. Each Cu(Il) atom is bound by two
peptide molecules and each peptide molecule is binding two Cu(II)
atoms; the unit cell is a dimer of the form Cuz(peptide)z.

The complex disodium glycylglycyvlglycylglycino cuprate(Il) de-
cahydrate was crystallized as red needles from an alkaline solution
containihg equimolar quantities of cupric hydroxide and triglycylgly-
cine. The crystal consists of layers of triglycylglycine cuprate (II)
anions shown in Fig. 23, The Cu(Il) is four coordinate with the ter-
minal amino nitrogen atom and the three peptide nitrogen atoms provid-
ing the ligands. The Cu(Il) site is distorted square planar, the dis~-
tortion being attributable to the strain of forming three 5-membered
rings. The protons formally attached to the peptide nitrogen atoms of
the free peptide are ionized. On the basis of Bond lengths, the Cu(II)
bonding to the four nitrogen atoms is not, for any of the four bonds,
equivalent.

It would seem that on this basis the structure of the Cu(Il) pep-
tide complexes has been determined. Two general comments can be made.

A crystal structure analysis does not provide proof that a complex
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FIG. 23
CRYSTAL STRUCTURE OF THE pH 10 COMPLEX OF

Cu(II) AND TRIGLYCYLGLYCINE

The configuration and interatomic distances of the gly-

cylglycylglycylglycinocuprate (II) anion. (Distances are in g.)

According to Freeman and Taylor (39)
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has a particular structure in solution. The determination of crystal
structures does not provide electron probability distributions.
Specifically, in the complexes glycylglycine-Cu(II), diglyecylglycine~-
Cu(Il), and tri-glycylglycine-Cu(II) the Cu(II) is bonded to two pep-
tide molecules. This is in conflict with the potentiometric data in
which only 1:1 complexes are seen to be present in solution. Finally,
the crystal lattice may impose stereochemical restrictions on the
symnetry of the complex which would not be present in solution. Direct
experimental evidence relating the crystal structure and the structure

of the complex in solution must be given for every case.
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4. Model Copper Proteins

The copper-containing proteins in which the protein combines
reversibly* with copper ions have been léss extensiveiy investigated
than the copéér proteins to be discussed in the following section.
They are characterized by the following properties; the metal is
loosely bound to the protein and dissociates readily; the stoichio-
metry bgtWeen the metal and protein is less rigid than for the copper
proteins; and the binding is non~specific in that, generally, several
different metal ions are bound by the same protein,

A. The "Biuret" Complex of Proteins

The best known Cu(Il)-protein complex is that formed in the biu-
ret reaction. Ritthausen discovered (96), in 1873, that proteins
undergo, ﬁnder alkaline conditioﬁs and in the presence of Cu(II), a
color reaction that has come to be known as the biuret reaction. This
discovery led to the practical application of the biuret reaction for
the qualitative and quantitative determination of proteins. The eluci-
dation of the nature of the protein-Cu(II) complex formed in the biuret
reaction has been under investigation ever since. Kober and Haw (58)

studied, spectrophotometrically, the reaction between casein, egg al-

% The term 'reversible' cannot be used without qualifi-
cation. The possibility exists that the proper conditions
have not been obtained which will lead to reversible re~-
moval of the metal from the protein. Thus, the terms
"reversible removal" must be further qualified by con-
ditions as "under mild alkaline or acid conditions".
Curzon (29) demonstrated that for ceruloplasmin the
color and oxidase activity towards paraphenylene can
be reversibly abolished, accompanied by the removal
of Cu(Il), by treatment with acetic acid and a pH of
3.5. In the presence of Cu(Il), when the pH is returned
to 7, the color and oxidase activity is 90% restored
accompanied by the rebinding of the Cu(IIl).
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bumin, erestine, and peptone and Cu(OH)2 under strongly alkaline con-
ditions. Their findings are reproduéed in Appendix II., The protein-
Cu(II) complexes have an absorption maximum at 540 mu which isithe
same as that shown by many tripeptide Cu(II) complexes under slightly
alkaline conditions. Kober and Haw conclude that, "These résults sup-
port, if they do not prove two points: (1) that the so called. 'biuret
reaction,' a test used for the past half century for detecting pro-
teins qualitatively, is no other than a complex formation with copper
and, therefore, as far as color formation is concerned, no decomposi-
tion of the protein is involved. (2) That the protein configurations
are such that permit only 3 nitrogen groups to form rings with copper;
and, therefore, the protein molecule must be aggregated, and is not in
the form of long free chains or branches of peptides or conjugated
amino acids.'"® Strickland et al. (103) estimated that between 5 and 6
peptide nitrogen atoms were involved in the binding of the Cu(II), but
this estimate was based on estimated total peptide bonds in the pro-
teins studied and the total number of Cu(Il) atoms bound. Koltun,
Roth, and Gurd (60) found that a maximum of 4 nitrogen atoms (terminal
amino plus peptide) are directly involved in the binding of Cu(II).

B. Serum Albumin

Klotz et al. (53) found that the binding of Cu(II) by bovine serum
albumin produced an absorption band at 375 mu (Fig. 24). The dependence

of the height of the peak on pH is shown in Fig. 25. A copper sulfhy-

%  Kober and Haw (58)
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FIG. 24
ABBORPTION SPECTRUM OF Cu(II);BOVINE ALBUMIN

Change in the absorption band of copper-bovine albumin with

time. Cu(II) 0.0033M; bovine albumin, 0.0003M; pH 6.

According to Klotz, Urquhart, Klotz, and Ayers (53)

FIG. 25

_EFFECT OF pH ON THE ABSORPTION MAXIMUM OF Cu(II)-
BOVINE ALBUMIN

Effect of pH on the initial height of the 375 mu band in

Cu(II) (0.0033M) and bovine albumin (0.0003M) .

According to Klotz, Urquhart, Klotz, and Ayers (53)
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dryl bond was implicated by experiments in which reagents which block
sulfhydryl groups were used. 1In bovine serum albumin treated with a
sulfhydryl reagent the addition of Cu(IIj gave no indication of an
absorption peak at 375 mu. However, this should be considered in terms
of the work of Fraenkel-Conrat (111) discussed below. The binding of
Cu(II) by sulfhydryl groups is different from its binding by simple
peptides. This will be discussed in the section on preliminary results.
The use of potentiometric data for the identification of binding
groups in metal protein complexes is, in general, ambiguous., Tanford
(104) studied the effect of the binding of various metal ions by serum
albumin, as a functioh of pH, on the limiting pdlarographic current.
The formation of metal complexes considerably reduces the limiting
polarograﬁhic current (diffusion current) over that seen for the free
(hyrated) metal ion. This is due to a lowered diffusion rate in solu-
tion for the metal complex (59). Tanford et al. found that the polaro-
graphic current was considerably reduced in the pH range 5 to 7 for serum
albumin-metal ion solutions whereas below pH 5 the limiting polaro-
graphic current is much the same as that seen for the free metal ion.
It was concluded that, since this is in the region of the PK of the
imidazole ionization, the Cu(II) must bind to imidazole groups. These
results were compared with those obtained using pepsin, which contains
only two imidazoles per molecule, in which no significant drop in the
polarographic current is seen until pH 10 (one wonders why all metal

ions had not precipitated as the hydroxide at a PH much lower than this).
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It was concluded that, for metal binding by pepsin, the primary binding
comes from amino, tyrosyl or sulfhydryl groups which have pK's in this
range. As discussed in the Cu(II) peptide section, it is virtually cer-
tain that the pK of any group binding a metal ion will be considerably
depressed and unless the new pK can be determined no assignment of bind-
ing groups can be made on this basis alone. Evidence of this sort es-
sentially implicates every group dissociating a proton which has a pK
above that of the measured pH at which Cu(II) binding occurs.

C. Conalbumin and Transferrin

Conalbumin, a protein from egg white, combines stoichiometrically
with ferric or cupric ions (111). When the metal~-protein complex is
formed, hydrogen ions are displaced from the conalbumin. It was found
that 2.9vequivalents of protons were displaced in ferric ion binding
and 1.9 were displaced in cupric ion binding. This displacement of
protons was constant over the pH range 4 to 9.5. As no proton dis-
sociations occur in conalbumin up to pH 9,5, the pK of the group ioniz-
ing a proton in the presence of Cu(II) must be greater than 10 in its
absence. In an effort to identify the groups responsible for the bind-
ing, chemical modifications of specific groups have been made. It waé
found that the metal binding capacity was reduced by every type of
modification employed. The electrophoretic mobility of conalbumin
at pH 11.2 was essentially the same as that of the ferric-conalbumin
complex, while at pH 8.6 the mobility of the conalbumin was appreciably
less than that of the complex. This means that some groups on the conal-

bumin which have not ionized at pH 8.6 have at least partially ionized
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at pH 11.2, If it is assumed that these groups which are ionizing are
the same as those binding the metal ions (which perhaps is not justi-
fied a priori) then the binding groups ﬁill have pK's in the range

pH, a2, The phenolic hydroxyl group is deemed the most logical choice
(111). However, Dobbie and Kermack found no evidence for Cu(II) bind-
ing by the phenolic hydroxyl in glyeyl tyrosime (32).

The binding of Cu(II) by human plasma transferrin parallels that
of the Cu(II) binding by conalbumin (116). The ESR spectra of lyo-
philized and aqueous Cu(II) conalbumin at liquid nitrogen temperatures
are shown in Fig. 26. The ESR spectra of chicken, tutkey, and Japanese
quail conalbumin and human transferrin and lactotransferrin were all
essentially the same (116). The ESR spectra are the same as those
seen andbcalculated (98) for Cu(Il) in an axially symmetric site (square

planar). Additional hyperfine structure is evident on the 8 absorp-
tion. It is better resolved for the frozen acqueous sample; six hyper-
fine lines can be seen. The existence of six lines is not consistent
with unpaired electron interaction with magnetically equivalent nitro-
gen atoms (I=1). If one hyperfine line is ignored the fesulting five
line hyperfine is consistent with an interaction of the unpaired elec-
tron with two equivalent nitrogen atoms. The observed number of hyper-
fine lines in the g, region for the tris complex of Cu(II) and 1, 10
phenanthroline was found to be reduced when only 63Cu was used (2) in
place of the naturally occurring 63Cu-65Cu mixture (70% and 30% respec-
tively). This is due to the slight difference in Fermi contact terms

for the two isotopes. While the spectra are the same (both isotopes
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FIG. 26

THE ESR SPECTRUM OF Cu(II)-CONALBUMIN-

(A) is the ESR spectrum at liquid nitrogen temperature for
a lyophilized sample of chicken conalbumin saturated with copper.

(B) is the ESR spectrum at liquid nitrogen temperature for an aqueous

solution of copper-conalbumin.

According to Windle, Wiersema, Clark, and Feeney (116)
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have I = 3/2) this difference in the Fermi contact term, due to a dif-~
ference in magnetic moments, produces two spectra which are slightly
out of phase. This in turn gives rise to anomalous hyperfine structure.

63Cu only were not conducted with conalbumin and

Experiments utilizing
transferrin. Until the number of hyperfine lines present in the ESR
spectra is accurately determined, no conclusions as to possible bind=-
ing groups can be made.

D. Metmyoglobin

The binding of Cu(II) by sperm whale metmyoglobin has been studied
by Breslow and Gurd(l7). This protein was used since its crystal struc-
ture is known (50) and there is good reason to believe that its con-
formation in solution is the same as it is in the crystalline state (9).
It had préviouély been found that of the twelve imidazoles present per
metmyoglobin molecule, six were available for reaction with protons and
for the hydrolysis of p-nitrophenyl acetate (44).

The methods used for the study of the binding of Cu(II) by metMb
were the hydrolysis of p-nitophenyl acetate and potentiometric titra-
tions. The results obtained are ambiguous. The binding of Cu(II) is
non-specific; that is, the number of moles of Cu(IIl) bound per mole of
metMb is a function of the Cu(II) concentration. Native metMb contains
six imidazole groups which can catalyze the hydrolysis of p-nitrophenyl
acetate. At an ionic strength of 0.06 and pH 6.4 the binding of Cu(II)
does not alter the hydrolysis rate of p-nitrophenyl acetate. Thus it
would seem that the imidazoles are not involved in the binding of the

Cu(II). Howeﬁer, results at an ionic strength of 0.16, at which the
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metMb precipitates upon addition of Cu(ll), indicate that a conformation~
al change occurs when the metMb binds the Cu(Il) and, at an ionic strength
of 0.06, the same conformational change occurs but the copper protein
complex remains in solution. The lack of increased or decreased re-
activity towards p-nitrophenyl acetate could be attributed to the bind-
ing of Cu(IIl) to the imidazoles and the subsequent unﬁaSking of the nor-
mally unreactive imidazoles. The converse could also Ee true in that
the Cu(Il) could bind to the normally masked imidazoles after the con-
formational change. The binding of Cu(II) is accompanied by the dis-
soclation of protons with the attendant lowering of pH. The number
of protons dissociated is a function of the pH of the solution (Fig.27).
This aspect of Cu(II) binding was considered in the section on Cu(II)
peptide cémplexes. Gurd et al. (17) consider the pfoton ionizations in
the pH range 5 to 7 to be due to proton displacement from the imidazoles
by the Cu(II). It was found by Dobbie and Kermack (32) that, in the
system carnosine (@ -alanylhistidine) Cu(II), there is no evidence of
buffering by the imidazole group in the pH region 5 to 7, indicating
that, if a proton is displaced and Cu(IIl) subsequently bound to the imi-
dazole group, the proton displacement upon Cu(II) binding occurs below
pPH5. These results obtained from potentiometric data for ;he Cu(1l)
metMb complex are subject to a wide variety of interpretation and until
further experimental data is obtained any conclusions made from the po-
tentiometric data alone would be mostly speculation.

E. Carbonic Anhydrase

Apo=-bovine carbonic anhydrase can bind Cu(II) (65), but the Cu(1II)
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FIG. 27
TITRATION OF METMYOGLOBIN IN THE PRESENCE OF Gu(Il)

Titration of metMb in presence of CuClz, /2 0.06. For each
value of §n’ the solid curve applies to the protein before exposure to
PH 3 and the dashed curve after such exposure. Experimental points
for V,,\of 2.3 apply to the following ranges of titration: @, from pH
5.73 to pH 7.18; 0, from pH 7.18 to pH 2.47; @, from pH 2.47 to pH
6.88. Corresponding codings (m,D,®) largely superimposed for vnof 4.2,
are for the ranges of pH 5.18 to 7.09, 7.09 to 2:33, amd 2.33 te §.70,
respectively. Y, is the average number of protons bound per molecure

H

of metmyoglobin.

According to Breslow and Gurd (17)
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form of the enzyme is inactive. Replacement of the Cu(II) by Zn(II),
which can only be accomplished by pfior removal of the Cu(II), restores
the enzymic activity. It appears that ﬁhe Cu(II) is bound to the same
site as is the Zn or at least blocks the Zn binding site. The ESR spec-
trum obtained for the Cu(II)-apocarbonic anhydrase was of the type seen
for most Cu(II) chelates (71). Thus on this basis alone, very little
can be said about the site of Cu(II) binding and thus, perhaps, the
binding site of Zn(IL) in carbonic anhydrase.

It must be concluded that ESR investigations of the model protein
complexes disscussed above have given little information about the bind-
ing groups of the Cu(II). Other experimental methods have not provided
unequivocal identification of any of these binding groups either.

E. ‘Insulin

The investigations of Brill and Venable (18) on the ESR spectra
of crystalline Cu(II) insulin are of interest in that they constitute
the most unequivocal effort in this field. The binding of divalent
metal ions by insulin has been investigated by both chemical and physi-
cal methods. The physical investigation of importance is that of
Schlichtkrull (100) in which a structure determination of a Cu(II) in-
sulin crystal was made. Knowing the crystal structure, the Cu(ll)
could be placed in the magnetic field in known orientations and the ESR
absorption curve obtained. The interpretation is then made onbﬁhe basis
of the ESR théory for single crystals given earlier. This interpreta~-

tion is not simple and for a complete analysis of the ESR results a
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computer analysis was made (109). The analysis was not unequivocal.

It was found that the symmetry of the ligands about the Cu(II), as
judged from the ESR spectra, is consistent with that obtained from the
crystal structure analysis. The Cu(II) occupies a site of trigonal sym-
metry (distortion of an octahedron along the trigonal axis). (Fig.28).
For a specified crystal orientation the high field absorption line is
modified by the appearance of five sub-peaks. The most likely co-
ordinafing groups reéponsible for these splittings are two magnetically
equivalent nitrogen atoms (18). These results are consistent with the
conclusions of Tanford and Epstein (105). They showed, by potentio-
metric titrations, that for zinc free insulin two groups are titrated
in the range pH 6.5 to 7, which would be consistent with the pK of imi-
dazole groups. However, in the presence of Zn(II) the pK of’thé pro-
ton ionization is shifted to approximately 4. This is the expected
result if the binding of the Zn(II) ions is to the imidazole groups.
Dobbie and Kermack found that in the binding of Cu(II) to histidyl pep-
tides this pK was shifted to even lower values (2.5) but it is also seen
(74) that the affinity of Cu(Il) for the imidazole is greater than that
of the Zn(II). Thedbserved pK is comsistent with the binding of Zn(II)
to imidazoles; a separate determination of the pK for the Cu(II) bind-
ing has not been made. The groups responsible for appearance of the
five hyperfine lines remain to be identified. The appearance of five
lines which can be attributed to two magnetically equivalent nitrogen

atoms does not imply that the splitting is caused by two structurally

equivalent nitrogen atoms as will be shown in the Results section of

this thesis.
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FI1G. 28
POSSIBLE SYMMETRIES IN Cu(Il) COMPLEXES

The positions labelled 1 - 4 represent the square planar,
1 - 5 the square pyramid, and 1 - 6 the octahedral arrangement of
ligands about the Cu(II) situated at the origin. A compression or
extension of 5 and 6 along the z-axis gives the distorted octahedral
configuration (axial symmetry); a distortion along the x-and z-axis
(unequal distortions) would give an orthorhombic configuration; an
extension or compression of the 1-2-5 and 3-4-6 planes along the line
passing through the origin and the center of the faces of these planes

gives a trigonal configuration.

According to Bjerrum, Ballhausen, and Jorgensen (11)
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5. Naturally-Occurring Copper Proteins and Their ESR Spectra
This section will be limited to the following copper=-proteins:

laccase and ceruloplasmin (20), azurin (20), Pseudomonas aeruginosa

blue copper protein (75), Pseudomonas denitrificans blue copper pro-

tein (75), two copper proteins from Rhus vernicifera latex (14), and

cytochrome oxidase (5). Limiting this review to these seven copper
proteiqs is not as severe a restriction as it might at first appear.
With the exception of hemocyanin and tyrosinase these are the only
copper proteihg which have been studied in detail by ESR (72). ESR
investigations of ascorbate oxidase (117) have been directed toward
detection of monodeh&droascorbate, and not the spectrum of the enzyme.

The investigations can be placed in two categqries; those concerned
with the'determination of structure, the placement and nature of the
groups binding the copper, and those concerned with the mechanism of
action of the copper proteins, Regarding the latter, "The copper is
presumably necessary in the mechanisms of action of the cuproproteins
but in not all cases has even the biochemical function of the cupro-
protein been established.'*

A. Laccase and Ceruloplasmin

The coﬁper proteins laccase and cefuloplasmin were first studied
with ESR by Malmstrom et al. (20, 70, 71). Their initial study was a
structural investigation (70) of the proteins laccase, ceruloplasmin,
erythrocuprein, and Cu(Il)-carboxypeptidase. The latter two are, in the

terminology of this paper, the model copper proteins. They are included

*Brill, Martin, and Williams (19)
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here for comparison purposes. The ESR absorption spectra are shown

in Fig.'s 29 and 30. Three features of these ESR‘spectra are of im-
portance; the general shape of the absorption curve; the g values; and
the hyperfine splitting distances A. The overall curve shape is much
the same as that derived by Sands for Cu(Il) in a soda-liﬁé-silica base
glass as discussed in the section on ESR theory. The basic assumption
in Sands' derivation is that the Cu(II) occupies a site of 4/mmm sym=
metry. From the equivalence of the experimental and derived curves
the copper in the proteins laccase, ceruloplasmin, erythrocuprein, and
Cu(II) carboxypeptidase is assumed to occupy a site of square planar
or distorted octahedral symmetry. These symmetries are illustrated in
Fig. 28;

The'g values for these proteins as well as those for various copper
complexes are reproduced in Table 3 from the article of Malmstrom et al.
(714

The value of A, the hyperfine splitting constant, is the distance
between the four absorption curves in the 8, region resulting from the
unpaired electron interacting with the Cu(II) nucleus with I=3/2. As
discussed in the section on ESR theory, the degree (distance) of separa-
tion is described by the Fermi contact‘term. This in turn is related to
the unpaired electron density at the nucleus. The greater this density
the greater the separation of the four lines in the g, region. Laccase
and ceruloplasmin have A values of approximately .008 cm'} erythrocuprein
and Cu(II)-carboxypeptidase have values of approximately .020 cm'l, and

Cu(II) complexes have A values of approximately .017 em™1 (Table 3).
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FIG. 29
ESR SPECTRUM OF FROZEN SOLUTIONS OF Cu(II) COMPLEXES

The idealized ESR speétrum of frozen solutions of Cu(II)
complexes, showing the method used in measuring the g=- and A-

values.

According to Malmstrom and Vanngard (71)

FIG. 30
ESR SPECTRUM OF CERULOPLASMIN

The ESR spectrum of a frozen solution of ceruloplasmin.

The arrow indicates the resonance field for free electrons (g = 2).

According to Malmstrom and Vanngard (71)
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TABLE 3
MAGNETIC PARAMETERS OF COPPER PROTEINS AND Cu(II) COMPLEXES

Magnetic parameters which characterize the ESR and visible
spectra of some copper proteins and Cu(II) complexes. The validity of
the quantities Cfand4&70?-+7( , which indicate the covalent character
of the copper ligand bonds, can be questioned, as was discussed in the

text.,

According to Malmstrom and Vanngard (71)
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Paramelbers characterizing the ESE and visible spectre of some
copper proleins and model complexes

é 2 l %
g £ 2 (4] b, +
Ligand E S g 71 i} max. a? a
= £ L i (em—1) (em=1) | T 5
SE | L s
- T
Dithiocarbamatoet 48 < 2:047 < 20137 —_— 23000 | < 0+48 | —
Phithalocyanine} 4N 2:045 (g.) 2165 | 0-022 — = 081
Lacecaso = 2-048 2:197 | G009 16400 040 ] 0-48
Coruloplasmin — 2:056 2:209 | 0-008 16500 052 |64
Denatured laccaso — ‘ 2:0535 223 ' 0-020 — . 0-83
Donatured coruloplasmin — 2:056 ’ 2:257 | 0018 l - = 0-§1
Cu**.carboxypeptidase. _— 2:060 324 ’ 0-019 — o 0-51
Erythrocuproin —_ 2063 2265 | 016 15200 06l | 075
Bis-salicylaidehyde- |
iminof [20,2N|  2043(gy)] 2200 ] 0-0185 | 16300 | 040 | 075
Bis-acotylacetonatet |4 O 2053 (g l)‘ 2256 | 0:0160 | 15000 | 660 | 075
Hisvidino ’ ¢ N 2:063 2:230 ! 0-01s 15600 053¢ | 078
Imidazole 4N 2063 | 2267 | 0018 | 16800 |  ¢-6S | 0-81
2,2".Dipyzidyl | +X 2:082 ‘ 227 ’ 0017 [ 14900 | 061 |0+79
1,10-Phenanthroline &N 2:058 0 2928 0-015 15200 06x 074
Oxalate - £+ O 2:078 | 2318 | 0017 ‘ 15400 073 | 0-84
EDTA 40, 2N 2000 1 2337 0015 | 13900 071 [ 0-80
Gitrato : 20 2ot | 2249 | 0015 | 13700 | 0-7¢ | 0-a2
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106

The conclusion is that the unpaired electron density at the copper
nucleus is less for laccase and cerdloplasmin than it is for ery-~
throcuprein, Cu(Il)-carboxypeptidase, aﬁd Cu(II) complexes. This is
the problem of central importance in the ESR investigations éf the
copper proteins; what is the arrangement of ligands or what is the
nature of the ligands that decreases the density of the unpaired elec-
tron at the copper nucleus?

Laccase and ceruloplasmin have absorption maxima at approximately
620 mu (16500 cm-l) with extinction coefficients of 103/mole Cu. Using
this value as the energy at which the electron transition occurs and
the g and A values obtained experimentally, and using the equations
given in the section on ESR theory-covalent bonding, the parameters
a? andgf.were calculated. The value of d?=l indicates completely
ionic sigma bonds; for ag=.5 a completely covalent sigma bond is indi-
cated. 62 similarly indicates the covalent character of the pi bonds.
Malmstrom et al. (71) obtained a?=0.5 and §F=l.0 for laccase and ceru-
loplasmin. This would indicate that the sigma bonding is 100% covalent
while the pi bonding is totaily ionic (19). Such an interpretation is
unreasonable. The sigma and pi bonding involves virtually the same
type of atomic orbitals on the ligand and Cu(II) atoms. That one com-
bination of these int§ a molecular orbital involves sharing of the un-
paired electron and a slightly different combination results in complete
non-sharing of the samé unpaired electron ié difficult to reconcile,

It is more reasonable to assume that the calculation is incorrect. Re-

calling the assumptions used in making such a calculation indicates that
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there is a strong possibility that it is wrong. Firstly, the symmetry
of the ligand atom placement about ﬁhe Cu(Il) atom must be known. It
is not for thesebcopper-containing proteins. Secondly, the atomic or-
bitals of the ligand atoms available for formation of molecular orbitals
must be known. This means that the ligand atoms must be known. No li-
gand atom in any copper containing protein has been identified.

A copper-copper interaction was advanced to expiain the decreased
A values seen for laccase and ceruloplasmin. The lowered electron den-
sity at the copper nucleus could be due to a high degree of delocaliza-
tion of the unpaired electron decreasing the unpaired electron density
at the nucleus, ﬁerhaps through some type of copper-copper interaction
(20). Laccase contains four copper atoms per molecule (19) and cerulo-
plasmin 8 (19) so that such a mechanism might exist. In addition, double
integration of the ESR absorption curve and magnetic susceptibility mea=-
surements indicate that only 50% of the copper in laccase and cerulo~-
plasmin is present as Cu(IL). Thus 50% may be present as Cu(l) and a
Cu(II)=-Cu(l) exchange could be operative.

The first study'of mechanism of action of a copper enzyme using
ESR in which changes’is the copper protein detectable by ESR were
followed was that of Malmstrom et al. on Laccase (70). Since the work
of Kubowitz on tyrosinase (62) there has been a general assumption that
the catalytic action of the copper proteins is associated with a change
of valency of the copper (cupric to cuprous) but no direct evidence for
such a valency change had been obtained up to this time. Malmstrom has
reviewed the.procedure used to determine the valency of copper in copper

* Brill, Martin, and Williams (19)
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proteins and has discussed the limitations of each (68). These methods
are; valence specific reagents, reagents which specifically bind Cu(IIL)
or Cu(Il); exchange with radioactive coﬁper, in which exchange between
only Cu(l) and labelled Cu(I) or Cu(II) and labelled Cu(II) is assumed
to occur; visible and UV spectra, in which UV and visible spectral
characteristics of known Cu(I) and CU(II) complexes are correlated with
those observed for the copper proteins; ESR; and magéetic susceptibility
which measures ;he unpaired electron concentration. Malmstrom reached
the same conclusion as did Brill; 'No method for determining the valency
of copper in a protein is beyond question.'"® The reason is that all
methods mentioned fuifill necessary but not sufficient conditions that
the copper be present as Cu(l) or Cu(II). '"The best evidence for the
cupric sfate is a well-resolved paramagnetic resonance spectrum showing
the four hyperfine lines characteristic of the nuclear spin of 3/2 of
copper.'® That is, the number of alternative explanations for such an
ESR spectrum is less than for the other experimental methods given.
Laccase shows a four line spectrum (71) (Fig. 31) so that some of
the copper in laccase is in the cupric state. Cupric copper contains
an unpaired electron; any one electron rgduction or oxidation will
make the sample diamagnetic (the ESR signal will be reduced). When
catechol is added to a laccase solution, the intensity of the ESR sig-
nal is reduced (70) (Fig. 31). Since the catechol is oxidized the de-
crease of the signal results from cupric copper reduction to Cu(Il).
When the substrate has been exhausted (aerobically) or oxygen is added

to the solution (anaerobically) the original signal reappears, indicat-

*Brill, Martin, & Williams (19)
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FIG. 31
ESR SPECTRUM OF LACCASE

The ESR absorption curves (derivatives) recorded at -180°C.
(A) is the ESR spectrum of a 2% laccase solution and (B) is the ESR

spectrum of a 2% laccase solution plus excess catechol.

According to Malmstrom, Mosbach, and Vanngard (70)

FIG., 32

ESR SPECTRUM OF COPPER PROTEIN FROM PSEUDOMONAS AERUGINOSA

The ESR signal (derivative) of 1mM copper-protein from

Pseudomonas aeruginosa in 0.05 M ammonium acetate, pH 6.5, temp. =

-165°C.

According to Mason (75)
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ing the reokidation of Cu(l) to Cu(lil).

Laccase and ceruloplasmin contéin copper bound in almost identical
manners (as judged from their ESR spectfa) (71). They show similar en-
zyme specificity but the specific activity of ceruloplasmin is approxi-
mately 1000 times lower than that of laccase.

A correlgtion between the kinetics of copper oxidation and reduc-
tion and the rate of the overall reaction would be a necessary condi-
tion for the métal ion to participate in the mechanism of enzyme cataly-
sis. The rate of reoxidation of reduced laccase and ceruloplasmin was
too rapid to allow measurement in the apparatus used (20), and the rate
of reduction of laccase was too fast to be measured. Thus only the
kinetics of the cerulopiasmin reduction were studied.

It Qas shown that the catalytic mechanism of ceruloplasmin in-
volves reduction of the Cu(Il) by the substrate (ascorbate) followed by
reoxidation of the Cu(I) to Cu(II) by 0,. The reduction step can be
written

BCut? + aH, = Ecutl (amy)T (1)

Any structure-function correlations must be tentative because
little is known about either the structure or catalytic mechanism of
these copper proteins. For the electron transfer to occur as rapidly
as possible, the overlap of the copper orbital which is to gain an elec-
tron (reaction (1) above) and the ascorbate orbital which is to lose an
electron should be a maximum (37). Such an overlap would be facilitated
if the unpaired electron orbital of Cu(II) was highly (spacially) delo-

calized. Delocalization of the unpaired electron has been invoked to



112

explain the reduced hyperfine splitting distance A observed in the ESR
spectra of ceruloplasmin (20). This increased delocalization could lead
to a large overlap of donor and accepto? orbitals and to rapid electron
transport, and would thus be consistent with the functioning of the en-
zyme. This interpretation makes the assumption that the electron dis-
tribution about the copper atom is the same in the 'resting" copper
protein as it is in the complex ECu+1(AH2)+l or ECu+2(AH2). Such an
assumption doeg not seem justified. As stated by Mason (76) the effect
of the protein on the electron distributions of the substrate must be
determined; direct evidence will have to be given for every case. The
'opposite is also true-~the effect of the substrate on the electron dis~-
tributions in the protein must also be determined. An attempt to de-
tect, with ESR, such an enzyme=-substrate complex was made with enolase
and phosphoglyceric acid. It was hoped that the termary complex en-
zyme-metal-substrate could be measured in this way. No resonaﬁce for
such a complex was detected (69). The decreased hyperfine splitting
A due to a decreased electron density at the copper nucleus could be
explained by a decreased s character of the unpaired electron orbital
as well as by an increased delocalization. It must be concluded that
the evidence available does not allow any definite structure-function
correlations to'be made for these copper proteins. The state of oxida-
tion of copper in these enzymes remains uncertain.
B. Pseudomonas Copper Proteins and Azurin
Mason determined the ESR spectra of two copper p;éteins from

Pseudomonas aeruginosa and Pseudomonas denitrificans (75) (Fig. 32).
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The ESR spectrum of azurin has been determined by Malmstrom et al. (20)
(Fig. 33). All three show ESR absorption curves and hyperfine splitting
constants A virtually identical with those of laccase and ceruloplasmin;

1 absorption of

all three have extinction coefficients for the 16500 cm”
103/mole copper; and all three have only one copper atom per molecule.
Thus, "The explanation for small hyperfine splittings in the g-parallel
region of the ESR spectrum, and for exhaltation of absorption in the

610 mu region, must be sought in a configuration which involves one
copper atom only.'"# Blumberg has shown (13) that by suitable choice

of ligands and symmetry of the ligands about the Cu(IL) the decreased
hyperfine splitting in the ESR spectrum and the exhaltation of absorp-
tion in the 610 mu region can be explained. As stated by Blumberg,

all that can be said is that if these copper proteins did have the
proposed "structure" (about the Cu(Il)) then the ESR and optical absorp-

tion data could be explained.

C. Copper Proteins From Rhus Vernicifera Latex

The ESR spectra from the two copper proteins from Rhus vernicifera

are shown in Fig. 34 (14). The copper protein of spectrum A is a

laccase and contains more than one copper atom per molecule. The cop--
per protein giving spectrum B contains one atomlof copper per molecule,
Both ESR specta show unresolved hyperfiné structure in the g parallel
region and the copper protein containing one copper atom per molecule
shows a well resolved g perpendicular absorption. The magnetic constants

for both copper proteins are reproduced in Table 4. The copper in the

*Mason (75), 1965.
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FIG. 33
ESR SPECIRUM OF AZURIN

The experimental ESR spectrum at 77°K of an approx. 5X10_4 M
aqueous solution of azurin (solid line) and spectrum calculated with
Gaussian shape (dashed line) with g = 2.273, g = 2.049, A = 55 gauss =-
0.006cm-l, B = 0 (splittings in the g region) and line-widths A =49,
56, 63, and 70 gaﬁss for the four hyperfine lines in order with increas-

ing magnetic field. Microwave frequency, 9166 Mcycles/sec.

According to Broman, Malmsﬁrom, Aasa, and Vanngard (20)

FIG. 34

ESR SPECTRA OF TWO PROTEINS FROM RHUS VERNICIFERA LATEX

(A) is the ESR spectrum of Rhus vernicifera laccase taken at

77°K. The sample contains 78 ug of Copper. (B) is the ESR spectrum

of Rhus vernicifera blue protein taken at 77°K. The sample contains

72 ug/ml of copper.

According to Blumbefg, Levine, Margolis, and Peisach (14)
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TABLE 4

MAGNETIC CONSTANTS FOR RHUS VERNICIFERA COPPER PROTEINS

The magnetic constants for the copper proteins from Rhus

vernicifera. The laccase is assumed to reside in a site of orthorhom-

bic symmetry giving three A values. These A values cannot be measured

accurately dpe to limitations of the instrument used.
According to Blumberg, Levine, Margolis, and Peisach (14)
FIG. 35
ESR SPECTRA OF CYTOCHROME OXIDASE

ESR épectra of submitochondrial particles and cytochrome oxi-
dase. A, 10 mg of particies were suspended in 0.10 ml of 0.25 M suc=-
rose, pH 7,5, containing 0.015 M Mg012 and 0.001 ATP (X2). B, 5.5 mg
of cytochrome oxidase were dissolved in 0.10 ml of 0.25 M sucrose,

PH 7.4. C, To B were added 2 ul of 1 M phosphate of pH 7.3 and 2 ul

of 0.5 M cyanide of pH 11.5. Phosphate by itself does not change the
spectrum. D, The sample of C after dialysis against 0.0l M Trisacetate
and 0.01 M cyanide, pH 8.0, followed by removal of cyanide by dialysis
against Tris-acetate only. E, 5.5 mg of cytochrome oxidase dissolved

in sucrose, incubated in 0.1 M neutralized NH.OH for 1 hour at 0°C (X0.5).
2

From Beinert, Griffiths, Wharton, and Sands (5)

e i et i
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laccase studied was not all present as Cu(II) as determined by integra-
tion of the ESR absorption spectrum:

D. Cytochrome Oxidase

The ESR signal shown by cytochrome oxidase (Fig. 35) (5) is probably
due to Cu(ll). Comparison‘with the ESR curve for laccase and cerulo-
plasmin (Fig.'s 30 and 31) shows a difference in the shape of the curves.
It is stated, "The EPR spectrum of cytochroﬁe oxidase is similar to that
of other known copper proteins, such as laccase or ceruloplasmin, in
which coppér is present in the cupric form. ...the lack of nuclear hy-
perfine structure in the spectrum of the enzyme indicates that at least
two copper ions are in close proximity in the enzyme and undergo an ex-
change interaction.'"® Only part (40%) of the chemically ‘determinable
Cu(Il) is detectable by ESR. No evidence exists to show that this is
due to a copper-copper exchange. The ESR absorption curve is not the
same as that of laccase and ceruloplasmin and the hyperfine splitting
distances A cannot be measured since they are not seen. The latter
could be due to the splittings A being very small (<.004cm-1(8)) or
to the absence of hyperfine structure. If the two copper atoms are in
close proximity and undergo an exchange reaction then on this basis cy-
tochrome oxidase is different from laccase and ceruloplasmin as an ex-
change interaction does not occur in these copper proteins. Exchange
interaction in cytochrome oxidase is a hypothesis that awaits verifica-
tion. ESR studies with varying microwave power and at liquid helium
temperature (4°K) may provide evidence for the copper~-copper interac-

tion concept (7) in that at very low temperatures the exchange reaction

% Beinert et al. (5)
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may be eliminated so that an ESR spectrum due to Cu(II) alone would
be seen. The results from such expériments on cytochrome oxidase
have been inconclusive (7) since the ESﬁ spectrum does not alter at
liquid helium temperatures.

Beinert and Palmer (7) have shown that the ESR signal in "damaged"
cytochrome oxidase (cytochrome oxidase with added CuCl2 or treated with
urea or acetone) contains two ESR detectable components which saturate
at different microwave powers. The easily saturating component arises
from extraneous copper while the signal which does not saturate at
270 mw of klystron power is attributed tb the copper in its native
state. (Fig. 36). The easily saturating component was not reduced by
cytochrome c.

Theée results agree with those of Morrison et al. (83) who found
that an ESR signal similar to that of "damaged" cytochrome oxidase
could be converted to a signal typical of the native cytochrome oxi-
dase by; chelation of the extraneous Cu(Il) by bathocuproine disulfo-
nate and separation of this complexed Cu(II) from the cytochrome oxi-
dase in a sephadex column; reduction of the extraneous Cu(Il) by KBH,,
which does not reduce the "native” Cu(II) (5,83). The Cu(Il) signal
which can not be reduced by KBH, can be reduced by ascorbate or cyto-
chrome c¢.

The role of copper in cytochrome oxidase action is still under de-
bate (5, 36). Beinert and co-workers (5) have shown that the copper in
cytochrome oxidase undergoes an oxidation reduction commensurate with
the turnover éf the heme a in the oxidase. The rate of reduction of

heme a in cytochrome oxidase was followed by low temperature spectro-
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FIG. 36

POWER SATURATION BEHAVIOUR OF THE ESR SIGNALS OF CYTO-
CHROME OXIDASE

Difference in power saturation of the EPR signals obtained from a mix-

~ ture of eytochrome oxidase and copper sulfate before and after addition of re-
duced eytochrome c. A mixture of 0.35mad/ cytochrome oxidase and 0.18maAS
CuS0y, 0.1 ml,, in 0.1 Tris-chloride of pif 8.3 was placed in an BPR tube for
anaerobic work. The tube was repeatedly evncuated and flushed with purged
nitrogen. 0.1 mlL of 9ma/ eytochvome ¢ (horse heart monomer reduced with
ascorbate) in Tris buffer as above was added immediately to the oxidase and
mixed with it in the anaerobic tube under a stream of nitrogen. The sample was
frozen after 1.min. at room temperature. In control experiments, (0.1 ml. of
Tris buffer without cytochrome e was added to the oxidase-copper mixture and
to an exidase sample without added copper. The conditions of KPR spectros-
copy were: power, (.25, 23, and 250 mw., as indieated in the figure; modulation
amplitude, 6 gauss; scanning rate, 60 gauss/min.; temperature, ~170°. The
Jirst, third, and fifth lines, marked reduced, show the spectra of the sample to which
reduced eytochrome ¢ was added. The second, fonrth, and sizth lines, marked
ozudized, show the spectra of the control sample without eytochrome ¢ at the
three power levels,  To obtain spectra of sullicient size, the amplification at 0.25
mw. was adjusted to 12.5 times and that at 25 mw. to twice the value used at

250 mw.

According to Beinert and Palmer (7)

FIG. 37
ESR ABSORPTION FROM COPPER IN CYTOCHROME OXIDASE

The ESR absorption (derivative) curve from copper in cyto-
chrome oxidase (1.025 mM in Cu) at 77°K. Field modulation 100 ke,
12 and 3 gauss peak to peak for A and B, respectively. Magnetic

field increases from left to right. Microwave power approx. 0.25mW.

According to Ehrenberg and Yonetani (36)
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photometric methods and the rate of reduction of Cu(II) was followed
using the rapid mixing and freezing methods of Bray and low tempera-
ture ESR. It was found that with the sﬁbstrates ascorbate and cyto-
chrome ¢ the heme a reduction and reoxidation was closely followed by
the reduction and reoxidation of the copper. However, the time resolu-
tion in these experiments was too long (10 msec) to prove that the cop-
per is a necessary intermediate in the electron transport path terminat-
ing with 02. Beinert et al. conclude that the idea of the copper in cy-
tochrome oxidase being a component of the oxidation-reduction function
of the oxidase should not be discarded yet on the basis of rather limited
evidence., This limited evidence also limits any conclusions that can be
made about the role of copper in cytochrome oxidase.

Ehrénberg and Yonetani found (36) that in their cytochrome oxidase
preparation the Cu(II) ESR signal could not be abolished by cytochrome
¢ while spectrophotometric observations indicated that the heme compo-
nents had been reduced. On the basis of these results the copper does
not play a role in the functioning of cytochrome oxidase. Beinert et al.
(5) have observed the following about the ESR signal of Yonetani's cyto-
chrome oxidase preparation; the signal resembles that which Beinert et al.
attribute to Cu(II) in '"damaged'" enzyme; the signal observed by Beinert
et al. (5), which is also the signal present in intact mitochondria is
not the major component of the ESR signal of Yonetani's preparation
(Fig. 37). 1If these conclusions are correct the discrepancy between
the results of Ehrenberg and Yonetani, and Beinert et al. is due to the

copper in Yonetani's cytochrome oxidase not being in its native state.
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Chance has recently reported (22) that in intgct mitochondria the
reduction of the Cu(Il) is slower thén that of the heme components.
These results are based on thevassignmeﬁt of an 800 mu absorption band
in mitochondria to Cu(IL) (43). The assignment of this band to a Cu(II)
absorption is tentative.

In summary, the copper proteins ceruloplasmin, laccase, azurin,
and those from Pseudomonas seem to have the copper atoms bound in much
the same way. The symmetrj of the ligand field about the copper atom
is probably 4/mmm(tetragonal). The observed low hyperfine splitting
value, A, which indicates a lowered unpaired electron density at the
copper nucleus, can not be accounted for through copper-copper inter-
action. No definite statement can be made about the ligand atoms which
give rise‘to the above mentioned properties (19).

The binding of the copper in cytochrome oxidase seems to be funda-
mentally different from that in the other copper proteins discussed.

The change in the valence state of the copper atom, when the copper
protein catalyzes an oxidation or reduction reaction, has been estab-
lished for the o%idase enzymes laccase, ceruloplasmin, and cytochrome
oxidase. Whether this change in valence is obligatory for the function-
ing of the enzyme or not has not been rigorously established. This is
due to the lack of sufficiently short time resolution in the kinetic
experiments and, in addition, a Kubowitz type experiment¥* has not been

accomplished with these copper proteins.

* To demonstrate that the enzymic activity is lost upon
removal of the Cu(II) and is regained upon rebinding of
the Cu(II) by the copper protein.
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IT EXPERIMENTAL

Uz Materials

All water used was distilled and deionized by passage through
a Barnstead standard mixed-bed ion exchange column. Determination
of possible transition metal ion contamination was made using ESR.

Buffers used were prepared according to the procedures described
in Methods in Enzymology, volume I (41).

The peptides used were obtained from Nutritional Biochemicals
Corporation and from Cyclo Chemical Corporation; they were used with-
out further purification. Homogeneity was checked using chromatography
With‘butanol—acetic acid-water and phenol-water solvents.

Cu(II) was used as CuCl2 and Cusoq. Contamination with other
transition metal ions was determined with ESR.
63Cu, as Cu0, was supplied by Oak Ridge National Laboratory in
99.9% purity.

D,0 was supplied by Volk Radiochemical Company and was of 99.64%
purity.

NaOD was prepared by dissolving Na metal in D20. Standardiza=-
tion was with potassium acid phthalate.

Glycine 15N was supplied by Bio-Rad Laboratories and was of
96% purity. It was recrystallized once from an ethanol-ether-water
mixture,

All liquid reagents used in the glycylglycine ethyl ester syn=
thesis were carefully dried, according to the procedures given in

Vogel, Practical Organic Chemistry (110), where needed.



#

125

The ethylchloroformate used was supplied by Cal Biochem. The
carbobenzoxychloride was sﬁpplied by Sigma Chemical Company. Both
were used without further purification..

The Cu(Il) bis-imidazole complex was supplied by Professor J..
Fruton of Yale University, to whom I am grateful.

The blue copper protein from Pseudomonas aeruginosa was given

by Dr. P. Ambler, Molecular Biology Institute, Cambridge.
2. Equipment

Determinations of pH were made with a Radiometer TTTl-a pH
meter.

Visiblé spectrophotometric measurements were made with a model
14 Cary recording spectrophotometer and with a Zeiss M4QIII spectro=-
photometef.

Spectrophotometric flow measurements were made using a syringe
drive (15) and a 2 mm path length flow cell. All flow measurements
were made on ﬁhe Cary spectrophotometer,

Electron spin resonance spectroscopy was performed using a Varian
model V4500 EFR spectrometer with 100 ke field modulation and equipped
with a fieldial VFR2200 magnetic field regulator. A Hewlett Packard
klystron frequency meter was used to determine the klystron frequency.
The magnetic field strength was determined using a proton resonance
probe connected to a Varian F8 nuclear fluxmeter which inrturn was
connected to a Hewlett Packard 524 C electronic frequency counter.
Control of incident microwave power was achieved using a circulator

of the design of R. Sands ard R. Hansen (6) . Power was measured at
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the entrance of the cavity by a Hewlett Packard 431B power meter.

A Varian F-80 X-Y recorder was used to record all ESR spectra
obtained.

Temperature control for the ESR experiments was achieved using
the Varian liquid nitrogen accessory and a Varian EPR heater control
unit. Temperature control was accurate to +1°C.

Five typgs of sample cells were used for the ESR experiments.

For the aqueous samples the Varian supplied quartz flat cell gave

best sensitivity. This could not be used with the variable tempera-
ture attachment. 'Two types of cells were employed for these measure-
ments; utilized to the greatest extent was a cell constructed by seal-
ing the end of a pyrex tube, .8mm id-1.2mm od, into which the sample
was placed. This in turn was placed inside a standard quartz ESR
tube, 3mm id-4mm od, which contained either benzene or hexane as a
heat transferring agent. The capillary tube projected above the out-
side quartz tube and could be centered %n the quarté tube by wrapping
with Parafilm. Measurements made in these sample tubes were checked
using a quartz cell of 4mm od and containing two side by side holes

of 1 mm diameter. Anaerobic room temperature measurements were made
using a cell designed by Dr. T. Shiga utilizing a quartz flat cell and
two sample chambers arranged so that two reagents could be mixed and
placed in the flat cell after the cell was evacuated and flushed with
nitrogen. Liquid nitrogen temperature measurements were made using
quartz tubes 3mm id by 4mm od. A syringe drive and a pneumatic flow

device (15) were used for the ESR flow experiments.
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Chromatography of the peptides utilized was performed in large
glass battery jars, Chromatograms Weré'run at ambient temperatures.

Optical rotatory dispersion measuréments were made with a Rudolph
spectropolarimeter in the laboratory of Dr. J. Schellman at the Univer-
sity of Oregon.

Nuclear magnetic resonance measurements were made on a Varian
A-60 spectrometer in the laboratory of Dr. E. Marvel at Ofegon State
University.

Glassware used in the peptide synthesis was designed in such a
way that the reaction mixtures would be exposed to a minimum of at-
mospheric moisture. Standard design was used throughout.

Conductivity measurements were made with a Radiometer conductivi-
ty meter;

Sk Procedure

pH titrations were carried out using a Radiometer pH meter.
Addition of NaOH was made with an Agla, Burroughs-Wellcome, .5 ml
microburet. Samples of .5 ml volume could be easily titrated in
this manner. Samples titrated were generally of 5 ml volume.

Using the tables given by Dobbie and Kermack (Appendix III), pH
and peptide to Cu(Il) ratios were used which would give the maximum
concentration of one form of a postulated Cu(II)-peptide complex.

The ESR spectra of these mixtures were then determinéd at liquid
nitrogen temperatures and at temperatures at which the solutions were

in the liquid state. The effect of ionic strength on these ESR spec~-
tra was determined by using different NaCl concentrations in the Cu(II)-

peptide solutions.
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The effect of the natural mixture of 63Cu and 65Cu isotopes on
the ESR spectra of the Cu(Il) complexes was determined by using a
sample consisting of 63Cu(II) only, Thé 63CuO was first dissolved
in IN HC1 and then converted to CuCl2 before use by the addition of
NaOH.

The effect of temperature on the ESR spectra was determined utiliz-
ing the variable temperature attachment described previously and deter=-
mining the ESR spectra over the temperature range -180° ¢ to 90° G.

The effect of molecular tumbling on the ESR spectra was deter-
mined not only byvutili;ing the temperature variation procedure but
also by increasing the size of the complex by the use of non-func-
tional groups attached to the peptide of interest and also by using
solvents bf various viscosities.

Possible effects on the ESR spectra by protons of either the
water molecules or those on the peptides which are exchangable with
HZO protons was determined by using Dy0 as the solvent.

The effect of the nitrogen atoms in the peptides on the ESR
spectra was determined by synthesizing the glycylglycine ethyl ester
peptide utilizing 15N atoms instead of the naturally occurring Ly
atoms. The procedure employed in the synthesis was that of mixed an-
hydrides as suggested by Dr. M. Cronyn at Reed College. The proce-
dure is given in Greenstien and Winitz (42). Slight modifications
were made due to the small amount of starting material (40 mg). It
was found that the reactions involved were very sensitive to moisture

and modifications were made so that the reactions were run without ex-
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posure to the atomosphere. Reactions run at -18°C were run in a
freeze room for the same reasons. The synthesis was terminated at
the ethyl ester form of the peptide sinée it had been previously
determined that the ester behaved identical to the free peptide in
its binding of Cu(Il). Glycylglycine ethyl ester conmtaining only
14N, containing ll"N in the peptide position and l5N in the amino posi-
tion, containing 15N in the peptide position and 14N in the amino posi-
tion, and containing only 1SN were synthesized in this way. Since

96% lSN glycine was used the positions containing 154 should be
labelled to this extent. The products of the synthesis were checked
chrbmatographically with butanol-acetic acid-water and phenol-water
buffers by comparison to commercially supplied glycylglycine ethyl
ester and by comparison with measured Rf values. The peptides syn-

thesized were homogeneous by this procedure.

The Pseudomonas aeruginosa blue copper protein supplied by Dr.

P. Ambler was concentrated by lyophilization after first removing
excess (NH4)ZSO4 by passage through a G-25 sephadex column. The salt
elution was foliowed using a flow conductivity cell connected to a
Radiometer conductivity meter.

Flow experiments were conducted as described by Bond (15).
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III RESULTS

L | Cu(lI)-Glycylglycine Complexes

The ESR spectra of equimolar Cu(Il)-GG solutions -at pH values
specified in the Fig. and at liquid nitrogen temperatures are shown
in Fig. 38. The ESR spectra of equimolar Cu(II)-GG solutions, at
liquid nitrogen temperatures, and at pH values and NaCl concentra-
tions given in the Fig. are shown in Fig. 39. fhe ESR spectra at
room (ZOOC) temperatures of the CuCl2 solutions are shown in Fig. 40.
The ESR spectra at -5°C of Cu(Il)-GG solutions with no added NaCl
are unaltered upon addition of NaCl over the range .1M to 2.5M
added NaCl. For reasons to be discussed, it appears that, from
the ESR spectra, the form of the Cu(II)-GG complex and the CuCl, com-
- plex at liquid nitrogen temperatures is dependent on the Nqu concen-
tration whereas the form of the complexes at room temperatures is
not dependent on NaCl concentration. For this reason the data were
obtained at temperatures above the freezing point of the solutions.

The ESR spectra for various Cu(IIl)-GG ratios and the pH values
are shown in Fig. 41. The spectra were obtained at -SOC.‘ The freez~
ing point of these solutions is -15%.

Possible saturation effects were determined by obtaining ESR
spectra of the different solutions of Cu(IIL)-GG complexes from .2
to 270 mwatts of incident microwave power. The signals followed,

generally, the relationship (integrated area of absorption curve)

~ymicrowave power as expected (12) if no saturation effects are seen.
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FIG. 38

-180°C ESR SPECTRA OF Cu(II)-GLYCYLGLYCINE

ESR spectra of 10 mM glycylglycine with 10 mM CuClz.
Temperature, -180°C; ionic strength, 0.16, Curve A, 4 equivalents
of NaOH and pH 11.5; Curve B, 3 equivalents of NaOH and pH 10.7; Curve
C, 2 equivalents of NaOH and pH 6.9; Curve D, 0 equivalents of NaOH

and pH 3.7
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FIG. 39

-180°C ESR SPECTRA OF Cu(II)-GLYCYLGLYCINE PLUS NaCl

ESR spectra of 10 mM glycylglycine and 10 mM CuCl with 3
equivalents NaOH, pH 10.4. Temperature -180°C. Curve A, 2.5 M in
NaCl; Curve B, 1 M in NaCl; Curve C, .5 M in NaCl; Curve D, .2 M in

NaCl; Curve E, 0 M in NaCl.
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FIG. 40

ROOM TEMPERATURE ESR SPECTRA OF CuCly WITH NaCl

ESR spectra at 20°C of 10 mM CuCly. Curve A, 2.5 M NaCl;

curve B, 1 M NaCl; curve C, .5 M NaCl; curve D, .2 M Nacl.
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FIG, 41
-5° C ESR SPECTRA OF Cu(II)-GLYCYLGLYCINE

ESR spectra of mixtures of glycylglycine and 10 mM CuClz.
Temperature -5° C.. Curve A, 20 mM GG, 4 equivalents NaOH, pH 10.7;
curve B, 20 mM GG, 3 equivalents NaOH, pH 8.8; curve.C, 10 mM GG, 4
equivalents NaOH, pH 11.8; curve D, 10 mM GG, 3 equivalents NaOH,
pH 10; curve E, 10 mM GG, 2 equivalents NaOH, PH 7; curve F, 10 mM
GG, 1 equivalent NaQOH, pH 4,7; curve G, 10 mM GG, 0 equivalents NaOH,

pH 358
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Direct comparisons between samples of the unpaired‘spin concentra-
tions were not possible since the cells utilized for the room tempera-
ture measurements were not of uniform size and could not be reproducib-
ly placed in the cavity.

Modulation broadening was not a factor. All‘experiments were
run with a modulation amplitude of 1.6 gauss. The use of modulation
amplitudes <.16 gauss produced no significant narrowing of the lines.

The effect of temperature on the ESR spectra of equimolar Cu(II)-
GG solutions at 2 equivalents NaOH added (pH 7) is shown in Fig. 42
for the temperature range 0C to 60C . The temperature effect on the
ESR spectra of eguimolar Cu(II)-GG solution at 3 equivalents NaOH
added (pH 10) is shown in Fig. 43 for the temperature range-7°C to
8s%.

The ESR spectra of of equimolar Cu(II)-GG and Cu(II)-glycyl-
tryptophane at pH 7 and temperatures from 10°C to 60°C are shown in
Fig. 44,

The ESR spectra of the Cu(II) pH 7 and pH 10 complexes with GG
obtained with 63Cu(II) only in place of the naturally occurring
63Cu-65Cu mixture were identical to those obtained with the 63cy-

5Cu mixture.

The ESR spectra of equmolar Cu(II)-GG in Dy0 with 2 and 3 equi-
valents of NaOD added (pD 7 and 10) were identical with those for the
corresponding solutions obtained using Hy0 and NaOH.

The ESR spectra of Cu(II)-GG ethyl ester solutions utilizing

15
the 14N- N peptides are shown in Fig.'s 45 and 46. The spectra are
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FIG. 42

ESR OF pH 7 Gu(II)-GLYCYLGLYCINE COMPLEX

ESR spectra of 10 mM glyecylglycine ethyl ester and 10 mM
CuCl2 with equivalents NaOH, pH 7. Curve A, 6OOC; curve B, 20°C;

curve C, 0°C.
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FIG. 43
ESR OF pH 10 Cu(Il)-GLYCYLGLYCINE COMPLEX

ESR spectra of 10 mM glycylglycine and 10 mM CuCl2 with 3
equivalents NaQOH added, pH 10. Curve A, 85° C; curve B, 60° C; curve

s 30° C; curve D, 18° C; curve E, -7° ¢,
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FIG. 44

TEMPERATURE DEPENDENCE OF pH 7 Cu(II)~-GLYCYLGLYCINE
COMPLEX
ESR spectra of 10 mM CuCl2 with 10 mM glycylglycine (GG)
and 10 mM glycyltryptophane (GT) with 2 equivalents NaOH added, pH 7.
Curve 4, Cu(II)-GT, 60° C; curve B, cu(II)-éG, 60° C; curve C, Cu(II)-
GT, 30° C; curve D, Gu(II)-GG, 30° C; curve E, Cu(II)-GT, 20° C; curve
F, Cu(II)-GG, 20° C; curve G, Cu(Il)-GT, 10° C; curve H, Cu(II)-GG,

10° ¢.
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FIG. 45

ESR SPECTRA OF pH 7 Cu(II)-14N-15N-GLYCYLGLYCINE COMPLEX

ESR spectra at 10° C of 10 mM CuCl, with 10 mf glycylgly-
cine ethyl ester. 2 equivalents NaOH, pH 7. Curve A, uldy glycyl=-
glycine ethyl ester; curve B, lSN(terminal amino), 14N(peptide) gly-
cylglycine ethyl ester; curve C, 14N(terminal amino)-lSN(peptide)

glycylglycine ethyl ester; curve D, u14N glycylglycine ethyl ester,
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FIG. 46

' 15
ESR SPECTRA OF pH 10 Cu(II)--14 - N GLYCYLGLYCINE

ESR spectra at 10° C of 10 mM CuCl, with 10 mM glyeyl-

glycine ethyl ester. 3 equivalents NaOH, pH 10. Curve A, ulSN
glycylglycine ethyl ester; curve B, 15N(terminal amino)-l4N(pep-
tide) glycylglycine ethyl ester; curve C, 14N(terminal amino) -
15N(peptide) glycylglycine ethyl ester; curve D, uléN glyeylglycine

ethyl ester.
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for equimolar Cu(II)-GG solutions at pH 7 and pH 10 respectively.
The ESR spectra of Cu(Il)-GG and Cu(Il)-GG ethyl ester were identical.

The titration curves of the equimoiar Cu(I1)~GG solutions for the
15N—]AN peptides were the same as those obtained with‘ul4N GG as were
the optical absorption spectra.

It was found that, in equimolar mixtures of Cu(II) and GG at
pi's 7 and 10, for Cu(II) concentrations above ,1M, the ESR signal
was broadened as the Cu(Il) concentration was increased. At high
(.5M) Cu(II) concentrations the broadening had increased to the point
where an absorption line with no apparent hyperfine structure was ob-
tained. It was found that below .03M no further narrowing was ob-
served; the ESR spectra reported here were obtained at Cu(II) con-
centratiohs below .02M.

The optical rotatory dispersion curves for glycyl-l=leucine,
glycylglycine and l-leucylglycine equimolar and 3:1 with Cu(Il) and
at pH 10 are shown in Fig. 47.

Nuclear magnetic resonance experiments gave little information.
Proton resonance absorptions were seen in a DZO solution of glycyl-
glycine but upon addition of Cu(II) to make the solution equimolar
in Cu(II) and GG, a single, broad, proton resonance absorption curve
was obtained. This can be attributed to the enhancement of the relaxa-
tion rates of the protons by the presence of a paramagnetic ion (Cu(Il)).

An experiment designed to directly confirm the ionization of a
proton from.the peptide bond when Cu(II) is bound to the peptide bond

was unsuccessful. The H-N(peptide) stretching frequency is detectable
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FIG. 47
ORD CURVES FOR Cu(Il)-GLYCYLLEUCINE SOLUTIONS
ORD curves for the pH 10 complexes of glycylglycine,
glycyl-l-leucine, and l-leucyl-glycine-Cu(II). The conditions

under which the experiments were run are specified in the Fig.

Temperature 20° C.
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with IR and is different than the D-N(peptide) stretching frequency.

The experiments must be performed with GG in the solid state since in

~

solution (H,0 or D,0) these stretching frequencies are masked. If an
2 2 ‘

equimolar Cu(II)-GG D40 solution was titrated to pH 10 with NaOD and

then back titrated to pH 4 with DCLl the H-N(peptide) absorption should

be replaced by a D-N(peptide) absorption if the peptide proton has

ionized. Due to difficulties in removing the HZO and D,0 from the

solid samples and in separéting'the Cu(II) from the GG, the region

of the H-N and D-N absorptions was masked by strong absorptions from

H20 and DZO molecules present.

2. Other Cu(II)-Peptide Complexes

In addition to the Cu(II)-GG complexes, complexes formed between

Cu(IIl) and the following ligands were also studied:

f

. glycylglycine methyl ester
. glycylglycine ethyl ester
. alanylalanine
leucylleucine
leucylglycine

. glyeylleucine
glycylnorvaline

. glycylalanine
glycyl-oc~=amino butyric acid
glycylvaline

. glycylnorleucine
alanylphenylalanine
leucyltyrosine
glyecyltryptophane
diglyceylglycine :
sarcosylglycylglycine

. alanylglyeylglycine

DY 0D B =R 500 D L O O

leucylglyeylglycine

. glycine

sarcosine

. gycylsarcosine

triglycylglycine
chloroacetylglyecylglycine
methionine
glyveylethionine
alanylmethionine
glycylmethionine

. cystiny-bis~glycine
. arginylalanine acetate

alanine amide
bis-imidazole
histidylhistidine
histidylglycine

. glycylhistidine

Those peptides which formed Cu(II) complexes which were spectrophoto-

metrically and ESR spectrometrically identical with the glyeylglycine-

Cu(II) complexes are a, b, ¢, d, e, f, g, h, i, j, k, 1, m, and n.
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The complexes of'Cu(II) and the peptides o, p, q, and r show
the ESR spectra given in Fig. 48 under the conditions specified. They
also show the same potentiometric titraﬁion curves and optical spectra.

The complexes of Cu(II) and the compounds s, t, and u are the
same as judged by the potentiometric titration curves, optical spectra,
and ESR absorption curves. The ESR specta of the Cu(IIl)-glycine com-~
plexes are shown in Fig. 49. The ESR spectrum of equimolar Cu(IL) tri-
glycylglycine at pH 10 is shown in Fig. 50.

The equimolar and 2:1 molar mixtures of chloracetylglycylglycine
and Cu(II) form precipitates when the titration is carried above pH
6.5. These complexes were not characterized further.

Methionine, equimolar with Cu(II) formed a precipitate at pH 5.5
and was not characterized further. The complex formed follows the be-
haviour seen for the Cu(II)-glycine complexes.

The complexes of glycylethionine, alanylmethionine, and glycyl-
methionine with Cu(II) resemble those of glycylglycine-Cu(Il) potentio-
metrically. The ESR spectra are virtually identical to these seen for
the Cu(IIL)~GG complexes. Tﬁe solutions are blue when first formed
(absorption maxima at 6200 £ ) and become blue green in color upon
standing (absorption maxima at 565 mu with extinction coefficients
= 120).

The peptide cystinyl-bis-glycine can bind two Cu(IIl) atoms per
molecule since in a 1:2 molar mixture of Cu(II) and cysinyl-bis-gly-
cine no precipitation of Cu(OH)2 is formed when the pH is raised to

10. The first inflection in the titration curve occurs at 2 moles
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FIG. 48

ESR SPECTRUM OF Cu(II)-LEUCYLGLYCYLGLYCINE COMPLEX

ESR spectra of 10 mM leucylglyeylglycine with 10 mM CuCl2

at pH 10.7, 4 equivalents of NaOH added. Curve A, 64° C; curve B,

2 C; curve C, -8° C; curve D, -14° ¢.
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FIG. 49 o
ESR SPECTRA OF Cu(IIl)-GLYCINE COMPLEXES
ESR spectra of 10 mM CuCl, at 20° ¢. Curve A, 40 oM gly-
cine, pH 10.3; curve B, 10 mM glycine, pH 5.5. The ordinate for curve

B is 1.2"times the ordinate for curve A. The 50 gauss distance re-

fers to curve A.



158

()
L

mmswm.
e
06

1
i

70

&
-
O
v
P
QJ
N §




159

FIG. 50
ESR SPECTRUM OF Cu(II)-TRIGLYCYLGLYCINE COMPLEX

ESR spectrum of 5 mM CuCl2 and 5 mM triglycylglycine at

20° ¢, pH 10, 5 equivalents NaOH added. Ionic strength 0.16,
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NaOH/mole Cu(iI) or 4 moles NaQH/mole cystinyl-bis-gljcine in the 1:2
Cu(II):cystinyl-bis-glycine mixture.‘ The solution is blue with an ab-
sorption maximum at 610 mu and an extinétion coefficient of 100. The
ESR spectra of 1:.5 and 1:2 molar solutions of cystinyl-bis-glycine
and Cu(II) at pH 10 are shown in Eler Sl

The ESR spectrum of the-equimolar mixture of arginylalanine ace-
tate at pH 10 is shown in Fig. 52. Potentiometrically and spectro-
photometrically this solution resembles the glycylglycine-Cu(IIl) so-
lution under these conditions. The ESR spectrum of the 2:1 alaninea-
mide~-Cu(IIl) solution at pi 11 is shown in Fig. 53. 1In an equimolar
solution a precipitate of Cu(OH), forms above pH 6.5,

The ESR spectrum of a solution containing the bisimidazole-Cu(II)
complex described by Fruton (35) is given in Fig. 54. The spectrum
was unchanged over the pH range 4 to 10.

The ESR spectra of the Cu(IL) complexes of glycylhistidine,
histidylglycine, and histidylhistidine are shown in Pig.'s 55, 56
and 57 respectively. All solutions are equimolar in Cu(II) and'ligand
and ar at pH 10. The Cu(II)-glycylhistidine solution is purple with
J%max=560 mu; the Cu(II)-histidylglycine éolution is blue with Ahmax=
620 mu; the Cu(ll)-histidylhistidine solution is purple with ﬂmax=560 mu.
S Pseudomonas Aerugnosa Blue Copper Protein

The ESR spectrum of the Pseudomonas aeruginosa blue copper protein

at liquid nitrogen temperatures was the same as that obtained previous-
ly by Mason (75). A room temperature ESR spectrum of the same sample

was, within the limits of the error due to the decreased signal to noise
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FIG. 51
ESR SPECTRA OF Cu(II)-CYSTINYLBISGLYCINE COMPLEX
ESR spectra, at -5° C, oﬁ 10 oM cystinyl-bis-glycine with

CuCly at pH 10. Curve A, 20 mM CuCl,, 6 equivalents NaOH/Cu(II); curve

B, 5 oM CuCly, 4 equivalents NaOH/Cu(II).
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FIG. 52

ESR SPECTRUM OF Cu(II)-ARGINYL ALANINE ACETATE
COMPLEX

ESR spectrum of 10 mM CuCl, and 10 mM arginyl alanine ace-

tate with 3 equivalents NaOH added, pH 10. Temperature - 10° C.
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ELGr, 53

ESR SPECTRUM OF Cu(II)-ALANINE AMIDE COMPLEX

ESR spectrum, at -12°:C, of 10 mM CuCly, with 20 mM alanine

amide, pH 10, 4 equivalents NaOH added per Cu(II).
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FIG. 54

ESR SPECTRA OF Cu(II)-BIS-IMIDAZOLE COMPLEX

ESR spectra of 10 mM CuCl2 with mM bis-imidazole, at

Curve A, 60° C; curve B, 10° C; curve NS -5 €z

et
HaR
~I
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FIG,, 55

ESR SPECTRA OF Cu(II)-GLYCYLHISTIDINE COMPLEX

ESR spectra of 10 mM CuCl2 with 10 mM glycylhistidine

at pi 10.8. Curve 4, 33° C; curve B, 2 bk
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FIG. 56
ESR SPECTRUM OF Cu(II)-HISTIDYLGLYCINE COMPLEX

ESR spectrum of 10 mM CuCl, with 10 mM histidylglycine

at pH 10.5, temperature 11° C.
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FIG. 57

ESR S2ECTRUM OF Cu(II)-HISTIDYLHISTIDINE COMPLEX

ESR spectrum of 10 mM CuCl2 with 10 mM histidylhistidine,

pil 10.5, temperature 11° ¢. The field position and ordinate scale is

the same as in Fig. 56.
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ratlo, the same as the liquid nitrogen spectrum. ESR constants cal-
culated were g .. = ?.056, g = 2.26 and the hyperfine splitting con=-
stants A were (low f£ield to high) .006 cm'l, .008 cm-l, and .003 cm_l
The extinction coefficient was 1.68X103/ (mole Cu(II)). The ESR spec-
tra of this copper protein at various pH valﬁes are given in Fig. 58.
The pH was controlled by the use of buffers. An acetate buffer was
used for. the pH 4.0 solution. A phosphate buffer was ﬁsed for the
pH 6.5 and 7.8 solutions. A glycine buffer was used for the pH 9.5
and 10.5 solutions.
4. Preliminary Results

ESR spectra of a thiomalate-Cu(Il} mixture in a .2M acetate buf=-
fer, pil 5.9, at thiomalate to Cu(II) ratios specified in the Fig. are
shown in'Fig. 59. The spectra were obtained at 20°C using an anaero-
bic quartz flat cell. Anaerobic ESR spectra at liquid nitrogen tempera-
tures were virtually the same as those obtained at room temperature.

Addition of PCMB or PCMS to the 8:5 molar ratio of thiomalate
to Cu(Il) quantitatively abolished the strong absorption at 520 mu.
Liquid nitrogen and room temperature ESR showed no signal for the go-
lutions after PCMB treatment. Bubbling air through these solutions
did not cause the appearance of an ESR signal.

Syringe drive flow experiments with the Cary spectrophotometer
showed a transient brown colored complex with lﬂmax= 465 mu. The solu-
tion becomes clear on standing if the thiomalate Cu(II) ratioc is > 8/5

and becomes purple (A = 520 mu) if the ratio is <8/5.

max

FeCl3 gave, when mixed in a molar ratio <8/5 with thiomalate
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FIG. 58

ESR SPECTRA OF PSEUDOMONAS COPPER PROTEIN

ESR spectra at -180° C of a copper protein from Pseudo-
monas aeruginosa. Protein concentration is approximately lO_3 M
0 b Cu(II)). Curve A, pH 10.5; curve B, pH 9.5; curve C, pH 7;
curve D, pH 6.5; curve E, pH 4. The magnetic field increases from

left to right. The discontinuity in the curves at the high field

-1
side of the 200 gauss marker represents a change in gain of X107 ~.
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FIG. 59
ESR SPECTRA OF Cu(IlI)-THIOMALATE COMPLEX

ESR spectra at 20° C of 10 mM thiomalate with CuClz in
.2 M acetate, pH 5.9. The spectra were obtained anaerobically.
Curve 4, 10 mM Cu012 only; curve B, 10 mM thiomalate, 7.5 mM CuClz;

curve C, 10 mM thiomalate, 6.25 mM CuCly; curve D, 10 mM thiomalate,

2 mM CuClZ.
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(thiomalate/FeCl3), in a .2M acetate buffer, pH 5.9, a purple solu-
tion which rapidly became colorless upon standing. Flow experiments
indicated that the *Amax was 560 mu. Thése same flow experiments in-
dicated that the ratio of Fe(III) to thiomalate was 5 to 16 for the

maximum color development. The use of buffers with a pH>5.9 caused

a more rapid fading of the purple color.
Addition of H202 to an equimolar glyecylglycine-Cu(II) mixture at
pi 10 changes the blue solution to a green solution with an accompany-

ing loss of the ESR signal (T1/2= one minute).



1IV. DISCUSSION
1. ESR Determination of the Different Forms of Cu(II)~Glycyl-
glycine Complexes
E=hY for the electron spin resonance experiments reported here

Loor ~86 cal/mole. An absorption at 6,000 R represents

is ~.3 em”
an energy of l.7XlO4 cm—l or 4.7X104 cal/mole. The energy of inter~-
action between a nuclear and electronic dipole is ~1072 cm™t (12).
1f this interaction splits the ESR spectral line the energy levels
differ by 3%. If the optical absorption line is split by this same
interaction it represents a difference of SXIO'S%. Thus, ESR represents
a more sensitive method for determining alterations in the environment
about Cu(Il) than does optical absorption measurements. On this basis
it would.be expected that changes in the form of the Cu(II)-GG¥* com-
plex would be more easily detected by ESR than by optical absorption
spectroscopy.

Malmstrom and Vanngard (71) determined the ESR spectra of several
Cu(II) complexes (Table 3) at liquid nitrogen temperatures. A single
PH (between 7 and 8) was chosen for each solution and an excess of 1i-
gand was used '"since a change in the degree of coordination may other-
wise occur during the freezing of the solutions."#% They found that all

complexes gave the asymmetric type absorption spectrum seen at low

temperatures for Cu(II) complexes in general (Fig. 29).

% The abbreviation used is GG = glycylglycine.
*% Malmstrom and Vanngard (71)
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From the review of Cu(Il)-peptide complexes it is seen that the

pH of the solution affects the form of the complex; different complexes

[

exist at different pH's. The -1809 ¢ EéR spectra of equimolar Cu(II)
and glycylglycine at various pH values (Fig. 38) are only slightly
different. The curve shape is consistent with Cu(Il) in a site of
axial symmetry. Using the method of Liehr and Ballhausen as given by
Allen et al. (2) g, and g, can be calculated for Cu(II) in a site
of axial symmetry and compared with the experimentally determined
values of g, and g,. The temperature dependence of the Cu(II)-GG
ESR spectra (cf Fig. 38, -180° ¢ and Fig. 43,.85o C) is as predicted
by Liehr and Ballhausen for an octahedral complex with a tetragonal
distortion (Fig. 28). At low temperatures the calculated g values
are giveﬁ by, (87)

@ g, =2 I/

(2) g, =2 +2IAl/n
where Ais the spin orbit coupling comstant andAis the crystal-field
splitting of the d~orbitals. At high temperatures (60° C) the vibra-
tions of the ligands are assumed to average the distorted octahedral

(axial) field (2). A single g value is then obtained
g =2 + 4 /A~

Using the g value for the symmetric 60° C curve the ratioéglcan be

obtained; this can then be used to calculate g, and & from equations
(1) and (2).
For equimolar Cu(II)-GG, pH 10, at 85° C, a symmetric one line ab-

sorption with g = 2.09 is seen (Fig. 43). This gives£§¥=0.0225;
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21: 05

ggcalculated) = 2,20, g (observed) = 2.207 and g, (eale)
({
(obser) = 2.054 (Fig. 38). This assumes that g (obser) = g .4, un-

wua?_
doubtedly an incorrect assumption.

For equimolar Cu(II)-GG, pH 7, at 60° C a symmetric four line ab-

sorption with g = 2.18 is seen (Fig. 42). This givesi§1= 0.045; Sy \
{(cale) = 2.36, g%(obser) = 2,207 and gﬁcalc)A= 2 109, 9£obser) =2.054 x
(Fig. 38). 1
A CuC12 solution (2.5 M ia Nall) at 90° C gives a symmetrical one \
line absorption with g = 2.18. Thus-@g=0.045 and g, (cale) = 2.36,Q”
{obser) = 2.22 and g, (cale) = 2.09, g, (obser) =2.074.
The agreement between calculated and observed g values £-r the ‘\-/
equimolar Cu(II)~-GG pH 10 complex is probably fortuitous for the follow-
ing reasoﬁs. The expressions for g, and g, were obtained assuming a
d9 atom in a cubic (octahedral) field with a tetragonal distortion
(ligands at ta on the z axis are displaced by equal amounts from the
origin) (Fig. 28). The evidence for assuming that the Cu(II) occupies
a site of distorted octahedral symmetry in these compléxes is that the
Z5R spectrum resembles that calculated by Sands for Cu(II) in a site of
distorted octahedral symmetry. However, the agreement between calculated
and obsérved spectra is not precise since in the, experimental curve
the high field &y absorption line is not resolved as it is in Sands’
calculated spectrum. This absence of resolution of the high field g
line is also seen in the spectra given by Allen et al. (2) for the

phenanthroline and dipyridine-Cu(II) complexes. However, it has been

found that in most Cu(II) complexes the Cu(II) does occupy a site of
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tetragonal or square planar symmetry (16) so the assumption of such sym-
metry has experimental basis. A fufther assumption is that the complex
which exists at -180° C is the same as fhat existing at 90° C; the
difference in the ESR spectra being due only to the increased popula-
tion of excited vibrational states.

It can be seen from Fig. 39 that the -180° ¢ ESR spectra of the
CQ(II)-GG complexes depend on NaCl concentration; the room temperature
ESR spectra do not depend on NaCl concentration. The same behavior is
seen for CuCly. While other explanations may be given¥, it appears
that the Cu(Il)-GG complex that exists in aqueous solution is different
from that which exists in the frozen state. TFor this reason all Cu(II)-
peptide complexes were studied at temperatures above the freezing point

e

of the solutions. The use of liquid nitrogen temperatures introduces

.

an additional variable;~-the structural changes of thelwater environment
and of the complex associated with the solid state. Thié effect must be
determined before interpretations of the -180° C specta can be made.

he ESR specta shown in Fig. 41, the -5° C ESR specta of 1:1 and
1:2 Cu(IIl)-GG mixtures at various pH's, can be interpreted as follows:
only three spectra are present, one at equimolar Cu(II)~-GG and pH 4
(0 equivalents NaOH), one at equimolar Cu(II)-GG and pH 7 (2 equiva-
lents NaOH), and one at equimolar Cu(II)-GG and pH 10 (3 equivalents
NaQH). The other spectra are either identical to these or can be ob-
tained by combining two of these three spectra (eg. in Fig. 41, curve F
is a combination of curves E and G ). It is concluded that only two
ESR distinct complexes of Cu(IIl) and GG exist under the conditions

* T. Vanngard, Personal Communication
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specified. The spectrum at pH 4 is the same as the CuCl2 spectrum
(Fig. 40). A slight alteration of the CuCl, spectrum on the high field
side of the pH 4 Cu(I1)-GG spectrum can‘be ascribed to the formation of
a small amount of complex in agreement with the IR data of XKim and Mar-
tell (51). Under these conditions Dobbie and Kermack (32) have calcu-
lated that 88% of the Cu(II) is present as free (hydrated) Cu(II) in
agreement with the ESR results.

The conditions under which the pH 7 spectrum (Fig. 41, curve E) was
obtained should give, from the work of Dobbie and Kermack, the complex
CuGG in 98% concentration (Appendix IIIL).

The pH 10 spectrum (Fig. 41 curve D) can be associated with the
complex CuGG(OH) as given by Dobbie and Kermack. Under the condi-
tions spebified the complex CuGG(OH) should be present in 90% con-
centration.

The iack of ESR spectral evidence for the complex CuGG+.can be
attributed to its low concentration ( < 10%) or to the proposal that
the Cu(Il) binding with the displacement of two protons in the pH range
& to 7 occurs as a single reaction

Cu(II) + GG = CuGG + 2H+.
A careful synthesis of spectra between pH 4 and 7 from the pH 4 and 7
curves only and comparison with the experimental curves would be
needed for detection of the CuGG+comp1ex.

Addition of a fourth equivalent of NaCH to the equimolar Cu(II)-
GG mixture may form the complex CuGG(C)H)-2 (60). As seen from curve

fad
w

lFs ]

» Fig. 41, the addition of a fourth equivalent of NaOH does not alter

the ESR spectrum over that of the curve obtained at 3 equivalents NaOH.
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It is improbable that the inclusion of a second OH in the coordina-
tion sphere of the Cu(IIl) would not alter the ESR spectrum. The buffer-
ing eifect in the rezion pE 11.5 to 13 is not, on this basis, attribut-
able to the formation of a CuGG(OH)“2 complex.

The IR data of Kim and Martell (51) show that no frequency changes
occur in the IR specta of the Cu(ILl)-GG complexes above pH 7; this is
seen since IR is '"'looking at" the glycylgiycine molecule and no IR de=
tectable change is occurring in the GG molecule ahove pH 7. The ESR
data clearly show that a significant change occurs in the enviromment
of the unpaired electron above pH 7.

The data of Dobbie and Kermack indicate that in 2:1 molar mix-
tures of GG and Cu(IIl), at pH's above 7, the Cu(II) should be distri-
buted as'Cu(GG)i and Cu(G@iz, and at pH 9 the complex Cu(GG); should
be present in 66% concentration and at pH 11 the complex Cu(GG)E
should account for 76% of the Cu(II) present (Appendix III). Kim and
Martell (51) maintain that they can fit their proposed reaction schemes
to the experimental data by assuming that the complex Cu(GG)£ is the
only 2:1 complex formed. It can be seen from the spectra in Fig. 41
that the ESR signals are unaltered under the conditions given by Dobbie
and Kermack in which 2:1 GG-CU(II) complexes are to be formed (curves
A and B). It would then appear that, as obtained by Kober and Sugiura,
the Cu(IIl)-GG mixtures form only one to one complexes under the condi-
tions specified. The consumption of 4 equivalents of NaOH in a 2:1
GG:Cu(Il) mixture between pH 4 and 10 is due not to the formation of

the complex Cu(GG)é2 but to the formation of the complex CuGG(OH)™ and
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to the titration of one equivalent of the zwitterion form of glyeylgly-

cine (34).

2! ESR Determination of Certain Structural Features of the Cu(II)~-
GG Complexes

As pointed out in the section on ESR theory, ESR can be used to
determine theb”structure” of a transition metal chelate; "structure’
referring to all the factors effecting the ESR spectrum. Since ESR
detects only two complexes, the following discussion will be limited
to these two spectra. We may refer to the "pH 7" complex (2 equiva-
lents NaOH added to an equimolar Cu(II)-GG mixture) and the "pH 10"
complex {3 equivalents NaOH added). A possible model giving the spa-
tial arrangement of the atoms in the Cu(Il)-GG complex will be con-
sidered first,

A. Calculation of the "Structure' of the Cu(II)-GG Complex

Using methods first proposed by Corey and Sneen (27) and later
applied to the calculation of ring geometries for the Co(III)-ethy-
lene diamine complexes by Corey‘and Bailar (28) the structure shown
in Fig. 60 for the Cu(II)-GG complex was calculated. The method used
is outlined as follows: The formation of a ring structure(s) is as-
sumed. A tentative three-dimensional structure of the ring is drawn
and coordinates (x;, Vi, zy) are assigned each atom. The bonds are
then represented as vectors by the use of the unit vectors Z, T,-i.
‘Using standard vector relationships, of which the scalar product ab.@e=
BC cos® was the most useful, simultaneous equations in the unknown

coordinates (x;, vy, Zi) are obtained. These are then solved to give
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FIG. 60

PROPOSED MODEL FOR Cu(II}-GLYCYLGLYCINE COMPLEX

Calculated model for the Cu(II)-glycylglycine complex.
Two positions are possible for the ring containing the peptide nitro-
the terminal oxygen atom of the terminal carboxyl group

gen atom and

as indicated in the Fig. The coordinates for the individual atoms

are given in the Discussion.
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the coordinates of the atoms in the ring structure. The calculation is

faciiitated if the ring possesses elements of symmetry. The ring formed
gp

with the terminal amino and peptide nitrogen atom was assumed to have a
mirror plane, the x-y plane (except that one C atom was +z above the

lane and the other was -z below this plane). The ring contain-

<
1

4

LS)

ing the peptide nitrogen atom and the carboxyl oxygen atom was assumed
to be Qlanar.

Bond angles and lengths assumed were (28, 88) ‘Z(CUN2C3, NZC3C4,
vcmvlcl, N.C.C,, C2N203) = 109.5°%, 4Cu0C, = 110.4°, Lc3c4o = 120°%;
C-C = 1.54 &, ¢-N = 1.47 &, Cu-N = 2.0 8, ¢,-0 = 1.43 K. Cu-0 = 1.83 £.
Angles calculated were £N,Cu0 = 91.5° and .iNlCuN2 = 86.2°,

The coordinates calculated for the ring containing the terminal
amino and peptide nitrogen atoms were, in g, (28)

Cu(~-1.46,0,0); By (04 L3700 Ny (0 vLaSun0s
€1(1.28,0.74,0.30); €5(1.28,-0.74,-0.30).
The z-coordinates of C; and Cy could be interchanged; the results are
not qualitatively effected by this and the following discussion is
based on the above coordinates.

Two sets of coordinates are obtained for the ring involving the

terminal carboxyl oxygen atom and peptide nitrogen atom. They are

03(—0.30,-2.40,—1.04); 04(-1.60,—2.05,-1.73)

0(-2.34,-.87,-1.36)

C5(0.06,-2 0251 .3%) ; Ci(-l.Ol,-1.39,2.26)
0'(-1.88,-0.38,1.73)
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The Cu-0 bond makes an angle of 137.7° with the §1CuN2 plane and
the Cu-0' bond makes an angle of 109.9° with the NlcuN2 plane. On
this basis, the complex dces not possesé square planar symmetry as was
found for the Cu(II)-GG complex in crystalline form mor could it pos-
sess octahedral or distorted octahedral symmetry. The complex will
assume a structure for which F is a minimum (dF = 0). As an approxi-
mation_it can be assumed that S is the same for slightly different forms
of the complex (84). The structure of the complex will then depend
onn which form minimizes E (E ¥ H). Experimental evidence indicates that
square planar Cu(IIl) is the stable form of Cu(II) (16).

As found for the Cu(II)-GG crystals, this involves a distortion
of the normal bond angles of glycylglycine and would consequently in-
crease the energy of the peptide. On the other hand, Cu(II) in a field
of lower symmetry than square planar would have increased energy. A
determination of the structure of the complex would involve evaluation
of multiple factors effecting the energy of the Cu(ILl), the glycylgly-
cine, and a determination of stabilizing energies of complex formation.
The problem can be approached experimentally.

B. Optical Rotatory Dispersion

If neither a plane nor a center of symmetry exists at the center
os gravity of the wave functions which determine the optical transition
under consideration (the d-d transition at ~6,000 & can be considered
as centered at the Cu(Il) nucleus), then there will be a differential
absorption of left-handed and right~handed circularly polarized light

(circular dichroism) (38). This will lead to a rotation of plane polar-
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ized light (optical rotatory dispersion). If the rotation is determined
as a function of wave length then a Cotton effect is seen in the result-
ing curve. Such an effect is seen in tﬁe 6,000 & band of the Cu(II)-

GG complex® (Fig. 47). A weaker Cotton effect is seen for the pH 7 com-
plex.

The interpretation of this Cotton effect is uncertain. Piper and

[

{aripides (48, 90) attribute the optical activity of the Co(ethylene-

_ A3

iamine)3 complex to-a distortion of the octahedral disposition of 1li=
gand atoms which abolished the plane or center of symmetry. For the
Cu{Il} -GG model calculated this would then explain the observed Cotton
effect in the 6,000 R absorption band. Mason and Norman (77, 78) have
shown a deuterium effect on the circular dichroism of the Co(ethylene-
diamine}g3 complex and have interpreted this in terms of a model in
which the Co d-orbital wave functions extend to the carbon and hydro-
gen atoms as well as the nitrogen atoms of the ethylenediamine mole-
cules. In this interpretation the nitrogen atoms could form a symmet-
ric octahedral environment, with the asymmetry which gives rise to the
Cotton effect being due to the carbon and hydrogen atoms. This inter-
pretation could account for the Cotton effect seen when glycylleucine
is used in place of glycylglycine to form the Cu(II) complex. The
question of the symmetry about the Cu(II} in the Cu(II)-GG complex in
solution remains unresolved.

* The Cotton effect is seen only if an optically active

amino acid is used in place of glycine. When the Cu(II)-
GG complex is formed equal amounts of d and 1 complexes

would be expected*¥; when glycine is replaced by a d or
1 amino acid then a preferential formation of the d or

1 complex would be expected.

%% P. Oriel, Personal Communication, 19563.
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€. Cu(Il) ESR Hyperfine Structure

The ESR spectrum of the pH 7 compliex consists of four main lines
(Fig. 42) with the high field lines sho‘wing further hyperfine struc-
ture. Since the complexes are in solution the anisotropic terms can
be considered as "averaged out™ (i2) (the breakdown of this assumption

will be comsidered later) and the spin Hamiltonian can be written (12)

Cff diagonal elements will be ignored (12). The spin wave functions
can be written (ignoring, for now, the hyperfine structure on the high

field limes)® J12,%2), 1, %), V%2, -%), 1% - %) j {-'/2_3/2),%'/2"/2)> [ ,-%) |

Diagonel elements have the form
2, | o8 wias T 1% %) =1 % S
E ot riepmsn = (%2,%2188H."5, +aS,1,i% %) 2g@H, + H
The selection rule for a transition from one state (energy) to another
is ASZ=1 and AIZ =0 . Therefore transitions will only occur between

the 'z, 3/2) state and the I‘VZ,S/:z) state. The perturbation energy for the

s
state}-//,q,b’/z) isgon/zSg/—,’z—%Q Thus a transition will occur when energy

Hy

s —
of the amountAE=tP-tp=8i6Hz +87C is added to the system. For the state

]
Vz) a transition to thej’-’/g)f/?_) state gives AE=8‘BHZ +/ZO~ . Tran-

5

s

sitions between the remaining four states give AE:S@HZ -7 0. and

= o7
AL =8{:’>HZ"‘3/ZO~ . Tour absorption curves are obtained, centered at
o3 SB’L{ and separated by a.

z

* The spin wave function notation follows that of
Bieaney and Stevens (12). For{% 1¥2) the 1/2 on
the left refers to § (an « spin state) and the
1/2 on the right gives Iz of the state under con-
sideration. Further values of Iz are added on the
right when multiple paramagnetic nuclei are present.
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|
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e
The wave functions and spin Eamiltonian used are those for a single un-

paired electron ianteracting with a nucleus with I = 3/2. It is con~

r

cluded that the four line spectrum of the pH 7 complex results from
unpaired electiron interaction with the Cu{Il) nucleus.

The foregoing has assumed that, once the different energy levels
and states belonging to these levels are established then transitions
will occur between the levels. Actually, a further perturbation cal-
culation must be made to determine which transitions will occur. The
perturbation Hamiltonian is that due to the incident radiation (the
microwave radiation). The calculation is made by first selecting a
particular ground (low energy) state and then using the Hamiltonian of
the perturbation to determine the wave function of the system after
appliication of the perturbation (the microwave radiation) (38, 109)
as 1a the discussion of perturbation theory. What is found is that the
wave function, after application of the perturbation, is made up of not
only the beginning ground state wave function but has higher energ
states mixed in. This implies that there is a finite probability that
some electrons are in the ground state and some are now in excited
states es well; a transition between the ground and excited states has
occurred. However, only certain high energy states are a part of this
total weve function. For the situation under discussion the high energy
states must be related to the low energy states by Sz =1 andAEI;=O.

That is, the electron spin quantum number must change by one when a
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transition occurs and the sum of the nuclear spin quantum numbers for
the ground state must be the same as this sum for the high energy states.
This is the origin of the selection ruleé used in this discussion.

D. Interpretation of Additional Hyperfine Structure

4

he proposed model shows Cu(Il) binding by the terminal amino and

3

peptide nitrogen atoms. The possibility of binding to the carbonyl
- 14 ; . .
oxygen exists (39). N possesses a nuclear magnetic moment with I = 1;

L6 g ¥ . ; ;
0 has a magnetic moment =0. Thus any unpaired electron interaction

with a 14N atom will result in 2 splitting of the ESR energy levels; un-

e . . - it s - . R
paired electron interaction with a O atom will not result in a split-
ting of the energy levels.

It 1s seen that the hyperfine splitting of the high field Cu(IIl)
line consists of five hyperfine lines (Fig. 42). Considering only this
high field Cu(II) line, using the assumption of "averaged out' anisot-
roples and zero values for off diagonal elements, and also assuming in-
teraction with two paramagnetic nuclei an abbreviated spin Hamiltonian

is obtained H=05I, + ST

; . . . 14,
is assumed that the two paramagnetic nuclei are "N atoms then

11
H
b
(a3

the spin wave functions are, for the lower energy levels[%;bo,i&;LOl

12,00, V8,005 o A0, W00 10,0,0), 192, 47) ; the upper energy
levels are given by replacing ££=%l by.xz—lﬁ. This will give, using

the spin Damiltonian given above, a five line hyperfine splitting if

& = 2'. The ESR spectrum of the pH 7 complex can thus be explained by"
’ : S~ : . 14 - e

&ssuming unpaired electron interaction with two N nuclei. a za' im-

piles equal unpaired electron interaction with the two *QN nuclei; chis

is to be considered further presently.
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A further condition must be met; the intensity of the five lines
must be in the ratio 1:2:3:2:1, This arises since the selection rule
£or the two nuclel 1is A{ZI_+1 } = 0. Fér the central line this transi-
tion will involve the three low energy wave functions }%2,0,0>7|ZZ,L-/Z
%W,4J> and the three high energy wave functions}@jldh}'@qLﬁ)l‘%,*J) .
These states are of ecual energy and will be equally populated. The ab-
sorption line adjacent to the center line on the low field side is due
to the transition between the statesgﬁi-LO),;@,oﬁ*> and the states
EJQ-AO>,f‘%,9:[> . These states and those giving rise to the central

line are of unequal energy due to the difference in Z:Iz for the two

states. However, this difference is not large enough to produce a sig-

o]
H
Fia
3
(@]
[0}
]
[
‘.:A
<
&
i)
[¢]
e ]
=
™m
]
ja’
.
w
(51
(]
r...l 1Y
[o55
l:‘:
[}
P
Q
o]
Q
i
[0)
'«J
[§]
@]
o
by
O
=
w
}-J, .
5
cr
cp
[0}
wn
D
w
rt
©
(5
]
0
wn
O
o+
=g
(1M
ct
-

rated. The outermost low field line is given by a transition between
V&‘/—/) and [-¥9,~),-] y. Thus, the ratio between the number of

transitions occurring (the intensity of the signal) will be, low field

to high, 1:2:3. Six further states exist which give the two high field

lines and account for the intemsity ratio 1:2:3:2:1. The overlapping

of the hyperfine due to the copper nucleus and that due to the nitrogen

nuclel has prevented an accurate determination of the intensities of the

ive line

ri

[¢¢]

e

The pi 10 complex also contains a five line hyperfine structure

the Cu(IIl)

o
L
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P
ke

on the highfield Cu(Il) line (Fig. 43).

=

SR spectrum will be considered later. As with the pH 7 complex, the

¢

a

wyperfine structure can be explained by unpsired electron interaction

-
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14

with two N nuclei. However, other interpretations may fit the data.

.6 4 . . ) . =
638u and 5Cu both give four line spectra since both have I = 3/2.

. . Y . O l'/\ - .
However, in the spin Hamiltonian dqu:%i@,)z H, +aT, 8& , a(®3 cw) is <
65

A~
o} o o z 7
a{""Cu) and the outermost line of “Cu w

. - 4 : 52 : ;
g314d, than will the outermost lines of Cu. This will produce an over-
)

11 be displaced further from

e

g
lapping of two spectra when the nsturally occurring mixture of 3¢y and

~
65 ] A .= .
Cu is used and, as observed in the ESR spectra of the Cu(Il) complexes

of 1,10 phenanthroline and 2,2° dipyridine (2) can lead to anemalous ni-
.

. . - g3 R =
trogen hyperfine structure. However, the use of Cu only in the Cu(II)-

GG pH 7 and »H 10 complexes gave nc measurable alterations in the ESR

e

spectra. The hyperfine structure is not, on this basis, anomalous.
Protons ave the other nuclei present in the Cu(II)-GG system
which poésess a nuclear magnetic moment and could produce hyperfine
structure. ESR spectra of the pD 7 and pD 10 complexes in D50 were
unaltered over those obtained using HZO' This would rule out hyper-

ine structure due to protons in the hydration sphere of the Cu(II)

b

and also to the protons attached to the terminal am..oc nitrogen atom,
since these protons would be exchenged with deuterium in D?O solution
(55). Deuterium nuclei have a nuclear spin quantum number I = 1 com~
pared to I = 1/2 for protons. These experiments do not, however, rule
out the possibility of the unpaired electron wave fugction extending to
the protons on the terminal amino nitrogen atom; if the unpaired elec-

tron <ces rveside in an orbital that extends to the protons on the ter-

minal &iino nitrogen atom, the lack of observable proton splittings
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proton exchange between the soluti and amino protons.

is rapid emough (if the correlation time for exchange is < 1/& , where

G is the splitting due to the proton(s)) then the unpaired electron

iyt T 11

iy

see' an average 1, of the proton which will be zero, and which

Z
will not perturb the energy levals,

The deuterium experiments also do not rule out the possibilicty

oZ splittings due to the protons attached to C atoms. However, covalent
bonding with nitrogen atoms seems more likely so experiments were de-

$ . — e e . . 5

signed to test this hypothesis. N hesI=1/2 sc that replacement of

4

!
i v 5]

N atoms in glycylglycine will, if the postulate of nitrogen
hyperfine structure is correct, alter the ESR spectra. As discussed
earlier, in the approximation used, the hyperfine splittings are given

-

by the Eérmi contact term,
— Y 7
/6 /8 g B, S, 1V (0)]

The five line hyperfine could be explained in terms of the Hamiltonian
/

=051 5T
= &, which implies that

/o /3 %/10159/%(0)//2 = /(97’1‘/3 gMo B /7{/(0)/2
or Yot = YO

Mg (the nuclear magnetic moment) = L, since both nitrogen atoms are

P.J

i

[
i

"N, so that

)t = (Yo

That is, the unpaired electron density at both nitrocen nuclei is the
2 d 3 (==}
same. The Fermi contact term can also bs written (46)

(7%

Q:/bﬁﬁgﬁkﬂyiw%qmﬁ J ;?;:QUJf,
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where]f is the magnetic moment of the nucleus and 1 is the nuclear
v
214 .
spin guantum number. Assumlng/%ﬁoﬂ ( /V) /Qﬁb ( ) {assuming
the substitution of N for 14N does not effect the unpaired electron
density at the 15& nucleus) then NVNJ ﬂﬂi(ﬂs'>
Qi) g i
{ /115 = \ 14
a"N) = AN TN .
t N L -1, 4 - B ST Y
The nuclear magnetic moment of lay 010357 and o Dy = 028804
1 14 i ! 14 -
I(‘SN) = 1/2 and I(‘éN) = 1. From this a(l5N) = 1,402 a(” 'N). The ex-

perimental value for the ratio a (LJN)/a( N) is 1.398 (108). The

L)

. @ . 15 1 R 1/1)
round state wave functions for two “~N atoms ”veIQ Q Q) J@ ] 5

Nl R .
i 4 b my = - . »
]4~Q) 4);‘2»Q,’W. fne two center functions agre degenerate. The spin

[ils}

Assuming- that & = a, application of the spin Hamiltonian to the spin

v

wave functions gives eight energy levels, two of which are degenerate,

leading to t.ree absorption maxima. Curve A of Fig. 46 shows a three

. G o . - IS5 . .
line absorption spectrum for the Cu(II)-u "N glycyiglyecine pH 10

complex. Curve 4, Fig. 45, which is the ESR spectrum of the pH 7
complex, also shows a three line hyperfine structure. Further, the
separation of the five hyperiine lines for the Cu(II)—ulQN GG pE 7

and pid 10 complexes is 12.9 gauss. Since this separation is proportional

14 15

L - -
to a(""N) then a{ “N) should equal 1.4X 12.9 gauss = 18 gauss. The
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he inaccuracies inherent in estimating the miximum of a hvper-
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ire line when several such lines are overlapping this is good agree-
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memne.

. Sl LoXE : 14 . . 14 . . i
The use of N-pentide, N-terminal amino and N-peptide, N-

i
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1 amino glycylglycine to form the Cu(ZI) complex gives addi-
tional information about the origin of the hyperfine splittings. The
|

hese mixed N- N peptides is

W=aL NS + ol (°N)S

. .- . - J
namilconlian for

ri

™~
N

Y 2
Using this spin Hamiltonian to determine the energies of the spin
. o : e . = : : 14, 15
states (the spin states are non-degenerate) for the mixed N- N

glyeylglycine-Cu{Il) complexes and determining the allowed transitions

ot
w
(%)
i,
-
W
D)
v
655
=
o]
w
[0
[

tates gives a six line hyperiine spectrum, all lines of

1 s

equal intensity, with a spacing between lines of 13 gauss, 10 gauss,

el

gauss, 10 gauss, 13 gauss. Curve C, Fig. 46, is the ESR spectrum
14 5

of the pl 10 complex of N-terminal amino  N-peptide, glycylglycine-

P
o

Cu(lIL;. A four line hyperfine is seen with a spacing between lines

-0
3

15 14
of 1L.5,15.4,14.8 zauss.1f it is assumed that a ( N) = 1.16a(  N) (ie.

o

T
iDL PR

: . 2 A . . . , 14,

the electron density at the "N is slightly less than at the ~'N) then
six hyperfine lines with a spacing 13, 2, 11, 2, 13 gauss results. The
pd 7 Cu(II) complex of this peptide also has a four line hyperfine struc-

ture {curve C, Fig. 45).

The assumption of the equivalence of the nitrogen atoms implies

15 14

£h N-peptide, N-terminal amino GG-Cu(II) complex would give

()
=
5}
(o}
[
)
1]

, . : - 14 .
he same hyperfine structure as the Cu(II) complexes of ~ N-peptide,

iS5 . . . . ; : y
N-terminal amino glycylglycine since the spin Hamiltonian would be

1

T

jo

the same {in the approximation used here) as would the spin wave

P e . . ; 14
rfunccions. Tae ESR spectrum of the pHd 10 N-terminal amino, N=-
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sentide GG-Cu(Il) complex shows a hypesfine structure consisting of
PSE s Y

three lines (curve B, Fig. 46); but the central line is asymmetric. At
low modulation amplitudes (.16 gauss) there is an indication that the
asymmetry in this central line is due to the presence of two overlapping

1

iines waich would then give a fZour line hyperfine structure. The pHY

Cu{Il} complex of this peptide (curve B, Figz. 43) does show a four line
. Y 5 ; e % iy 2 7 SN 1 P 15..
hyveriine structure. However, the spectra Ior the N-peptide, “"K-

15 14 al

terminal amino and ~“N-peptide, N-terminal amino glycylglycine Cu(II)

complexes are not identical.

o]

Either the assumption that the umpaired electron density is the

came at both nitrogen nuclei is incorrect or the errors due to the as-
sumptions made to derive the simple spin Hamiltonians used here have

finally become apparent. Siace the assumption of equivalent nitrogens

i 15
e N and u N glyeyligly-

was consiscent with the results obteined for the u
cine~Cu{il) complexes the latter possibility will be considered.

sives the following spin Hamiltonian for the Cu(II)-GG
ESR energy levels @(5 _/‘T§ +Af \//‘//\/}':)6 s Alf (ISN)'§ #
STON-H + TEN-H » 3T ()T (°N),

The terms 1.H are those giving rise to nuclear magnetic resonance and,

iz ke selesition rule&f]%=[) is appilceble these terms will not alter the
energy levels obtained with the simple spin Hamiltonians used. However,

LiAg,=.1 transitions are observed (12

b

o

and will alter the spectra obtained

i

s
with the simple spin Hamiltonian. The terms inJ |+] will not alter the

i

gy : S RET S oY e ASE ;
a obtained with the simple spin Hamiltonian if &ZLLZ = 0 and 1if

2]

<

spe

(9]

* B.umberg, Perscnal Communication, 1965.



both nitrogen atoms are the same isotope of nitrogen. This term will

cive, for the states !%JJ) and %-W_L/) , which are spin states for
L

N ztoms, energiles ol + and + ) reswnectively. This gives, for the

&) o o E >
energy at which the tramnsition occurs,ad=J-J=0 and will thus not alter
the spectra over those cbtained from the simple spin Hamiltonian. Since

. ¥’ . 5
the selection rule 1sAZJI-z = 0, a transition can occur between the spin

i ) 3 . . . ’
states |% | -%) andi-® Y2,0) ; these are states associated with the mixed
ll'r* 15» ~ T % T?:—\ h 3 3

N-""N GG-Cu{Il) complex. From the term j-! perturbation energies
= = o i B 4 g 1 Sy y
of-% 3 and O are obtained for the states |2 1,-%} and “QJ%LO) . A

trensition between these states will then cccur at anm energyab that

diffiers oy—%o from the energy of the transition obtained with the simple

T

spin Hamiltonian. Also, in the term J_i is ecaal toj;i+1ﬁ§Vank .
<

Toe diagonal elements which have been under consideration have the form

8 0 T o) [ B 0 . s [
(21T y T I 1) and the terms(lh %] T, 1% JO and (ILA1T,0%,11) are zero.

= sz s - -1 = 00‘»J «T, «T 1Y i 1) )

The off diagonal elements have the form{\{ %2 L2040 ; the term
Vi A Pl g g ' - e ey o i
LLOaQ,I;'Qﬁﬂ> is zero and the Lerms:n_LfﬁﬁLyhave been assumed to be

zero. However, for an accurate analysis of the spectra these terms

ferent spin states involves, using this spin Hamiltonian, the solution

of twelve simultaneous equations with the energy of the various spin

fne solution has not yet been completed.

Thus, while the interpretation is not complete, the data presented

here indicate that the hyperfine structure seen in the ESR spectra of
the Cu(Il) -GG complexes is due to the nitrogen atoms and that the un~

&

* W. Blumberg, Personal Communication, 1665
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=,

paired electron densi ty at the nitrogen nuclei is the same for both ni-
trogen atoms. The presence of hyperfine structure at pH 7 for the Cu(II)-
GG complex can also be interpreted in the same manner. The separation

le (if at all) between pH 7 and
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pd 10 so it appears that the unpaired electron density at the nitrogen

nuclei s essentially the same Zor the pH 7 and pH 10 complexes.

o)

Evidence cited in the review section of this thesis indicates

that the two nitrogen atoms in the Cu(Ii)-GG complexes {pH 7 and 10)

&

are sitrxucturally inequivalent. Briefly, the peptide nitrogen atom is i
adjacent to a carbonyl carbon atom and IR indicates that it may form

¥ bouds wich the carbonyl carbon atom, the pu.tide nitrogen atom has

lonized a proton and carries a (partial) negative charge, and the Cu-N

p %

peptide) tond length is, from crystal structure analysis, less than the

N

3

Cu-N (terminal amino) bond length. VYet, the ESR evidence is consistent
with the assumption that the unpaired electron density at the nitrogen
nuclei 1s the same for the pepticde N atom as it is for the terminal
emino N atom. This implies® that the covalent bounds between the Cu(II)
and the nitrogen atoms are the same (52). The conclusion is that the
observation of hyperfine which can be explained in terms of equivalent

unpaired electron interaction with multiple nuclei does not imply that

the atoms producing the hyperfine structure are structurally equivalent.

Tre caiculation of the degree of covalency of the N-Cu bonds is
Gependent on many factors which have not been determined for the Cu(II)-

GG cowmslexes. However, Makl and McCarvey (67) calculated, from the
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of 0.25 for the Cu(Il)-bis-

z.
Fermi contact term, a value for &

) complex shows a nitrogen
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hyperfine splitting of 11.1 gauss. The Cu(Il)-GG complexes show a

able to assume that, for the
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Cu(Ii)-56 complexes,C;zéz 0.25. The electron can be said to spend
25% of its time in the region oif the nitrogen nuclei.
&

Dependence of the ESR Spectrum of the pH 7
i

b

Th i J re-

The 10° C curve for the pd 7 complex (curve H, Fig. 44
bles that discussed earlier in which the rate of rotation of the
complex was such that the anisotropy in the low field lines was not
averaged to zero (97). Mclouneil (79) has given a somewhat different

interpretation. By a considevation of the anisotropic terms in the

th

ot
o

spin Hamiltonian he showed tha reiaxation rate depends on I

£

of or a correlation time Y= 3x10~%

2]

the Cu{Il) nucleus. He found,
sec., for I, =-3/2,-1/2,+1/2,+3/2, the values for the relaxation
S

time Tp = 0.9, 9.55, 0.4, 0.3X10 7. The line width of an absorption

line is proportional to 1/T2. As the relaxation time decreases the

H

ption line is broadened. As the I = -3/2 line is the high field

is consistent with the experimental results.

.

line,this intexpretation
Although the two interpretaticns given are somewhat different,
the basis for each is the same; the rate of rotation is not sufficient-
ly rapid to average the anisotropic components to zero when the asym-
metric curves are obtained.
Rivkind (97) measured the ESR spectra of Cu(IIl)-ethylenediamine

complaxes at room temperature in solvents of varying viscosity. The
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interpretation given above was applicable. As the solvent viscosity
was increased the rate of rotation would be expected to decrease; it
was found that the asymmetry of the curvés became more pronounced as
the rotational rate decreased (viscosity increased). Using glycerol
water mixtures, the ESR spectrum of the pH 7 Cu(IIl)~GG complex also
became more asymmetric as the viscoéity of the solvent was increased.
However, these experiments are somewhat ambiguous since glycerol is
also a chelating agent of Cu(II) and in glycerol water solutions of
the Cu(IIl)-GG complexes, glycerol-Cu(II) complexes will also exist.

An increase in the temperature would be expected to increase the
rotational rate of the complex. Murphy and Martell measured the equi-
librium constants for the reactions between Cu(II) and GG as a function
of temperéture. Their results are reproduced in Table 1. Over the
temperature range 0° C to 50°C there is little variation in the equi-
librium constants and thus it wbuld be expected that the form of the
complexes has also changed very little. The possibility exists that
populating higher vibrational states produces the temperature varia-
tion seen in these curves. It would be expected that an increase in
the size of the complex should alter the rotational rate of the com-
plex without effecting the vibrationmal levels,

The peptiae glycyltryptophane forms complexes with Cu(II) that are,
potentiometrically, spectrophotometrically and on the basis of the hy-
perfine structure in the ESR spectra, identical with the Cu(Il) -GG
complexes. Fig. 44 is a comparison of the ESR spectra of the pH 7

giycyltryptophane and glycylglycine-Cu(Il) complexes at several dif-
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ferent temperatures. It appears that the ESR spectrum of the Cu(II)~-
glycyltrypﬁophane com?lex is approximately‘lOOC "behind" that of the
Cu(II)-GG complex. That is, the asymmetry of the Cu(II)-GG spectrum

is the same at a temperature T as the Cu(IIl)-glycyltryptophane spectrum
is at T-10°C. The low field line of the Cu(IlI)=~-glycyltryptophane com-
plex at 0°C is broadened to the extent that it cannot be measured.

These data are then consistent with the proposal that the asymmetric
curves seen at low (lOOC) temperatures and their conversion-to symmetri-
cal curves at higher (60°C) temperatures is due to the rotational rates
of the complex ions.

From the spectra shown in Fig. 42, it can be seen that the five
line hyperfine structure has a temperature dependence similar to that
seen for the main four hyperfine lines. At 0°C the hyperfine lines are
best resolved (narrowest) on the high field line. As the temperature
is increased the hyperfine lines on the low field lines become somewhat
apparent (narrow). However, as the temperature is further increased the
high field lines begin to broaden until, at 6OOC, no hyperfine structure
due to the nitrogen atoms can be seen. Blumberg® has made the tentative
proposal that this is due to a population of excited vibrational states
at higher temperatures.

The ESR spectrum of the pH 10 Cu(IIl)-GG complex shows a similar
temperature dependence. At high (6OOC) temperatures a symmetrical ab-
sorption curve is obtained Fig. 43. However, at no temperature (0 to
60°C) is a four line hyperfine apparent. It is possible that at low

temperatures the low field line is so broad that it is not apparent or

* W. Blumberg, Personal Communication, 1965.
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that the two low field lines are broadened so that they appear as a
single line. An interpretation of the lack of a four line hyperfine
as is seen in the ESR spectrum of the pﬁ 7 Cu(IIl)=-GG complex has not
been made. No conclusions regarding the presence of an OH™ in the
coordination sphere of Cu(II) in the pH 10 Cu(I1)-GG complex can be
made from these data.

4. Other Cu(II)-Peptide Complexes

The Cu(IIl)-peptide complexes listed in the results which give
ESR spectra identical to those shown by the Cu(Il)-GG complexes can
be assumed to form complexes identical to those discussed above. The
differences which are seen in the spectra of these complexes can be
attributed to the differing rates of rotation which would be ex-
pected aé the dimensions of the side chains increase. The compari-
son of the Cu(II)-glycyltryptophane and Cu(Ill)-GG complexes illus-
trates these differences.

That the Cu(Il)-leucyltyrosine and glycyltyptophane complexes
are the same as the Cu(Il)-GG complexes indicates that the terminal
amino and peptide nitrogen atoms are stronger ligands towards Cu(II)
than is the phenolic hydroxyl or the t?yptophanyl residue. Dobbie
and Kermack also found the lack of Cu(II) binding by the phenolic
hydroxyl in the Cu(II)-glycyltyrosine complexes.

The Cu(II) complexes of the peptide di-glycylglycine and those
resembling these complexes (listed in the results) have not been
studied in detail. The four line hyperfine structure seen in the

ESR spectra of these complexes (Fig. 48) can be attributed to the
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unpaired electron interaction with the copper nucleus. It‘is found
that the four line hyperfine is basically unchanged over the pH range
7 to 12, This is in contrast to the Cu(II)-GG complex in which a sig-
nificant alteration in the four line hyperfine occurs between pH 7
and pH 10. The Cu(Il) can fill four coordination positions by li-
gands supplied by the di-glycylglycine but can only £ill three of
these positions with ligands supplied by the glycylglycine molecule.
The differences in the four line hyperfine structure in these complexes
could then be due to the differences in the binding of the OH ions.
The observation of Kober and Haw is applicable; the replacement of an
oxygen ligand (the OH7) in the Cu(IL)-GG pH 10 complex by a nitrogen
ligand in the Cu(Ill)-diglycylglycine pH 10 complex shifts the absorp-
tion towérds shorter wave lengths (Fig.'s 15 and 16). That this shift
must be determined on the basis of ligand field theory (covalent bond=-
ing) and not crystal field theory (electrostatic interactions) is
shown by the presence of nitrogen hyperfine structure in the ESR spec-
tra. The additional hypeffine structure seen on the high field lines
of the ESR spectra of the Cu(ll)-diglycylglycine complexes cannot be
interpreted on the basis of unpaired electron interaction with three
equivalent nitrogen atoms nor can it be interpreted on the basis of
two equivalent and one inequivalent nitrogen atoms. A complete analy-
sis of these spectra could best be made by utilizing the peptides syn-
thesized with T°N.

The Cu(Il)~-glycine, sarcosine, and glycylsarcosine complexes have

ESR spectra showing the four line hyperfine structure (Fig. 49) which
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can be attributed to unpaired electron interaction with the copper
nucleus. At no point in the titration of these complexes is further
hyperfine structure apparent. This couid be due to the necessity for
Cu(II) bondirg by terminal amino and peptide nitrogen atoms for the
Cu(Il)-nitrogen atom bonds to be covalent. On this basis an isolated
terminal amino group would not be expected to form covalent bonds with
Cu(II). The ESR spectral equivalence of the glycine-Cu(II) and glycyl-
sarcosyl=Cu(Il) complexes confirms the potentiometric titration and
optical spectral data. It appears that a proton on the peptide ni-
trogen atom is necessary for the formation of Cu(II)-nitrogen atom
covalent bonds; the formation of five membered rings is a further
requirement.

ThevCu(II)—tri-glycylglycine complex has not been characterized
in detail. As with the Cu(Il)=~di-glycylglycine complexes the four
line hyperfine strﬁcture is apparent at all pH values above (Fig.50).
The hyperfine structure on the high field copper lines is assumed to
be due to nitrogen atoms but no analysis of this hyperfine structure
has been made.

The sulfur containing peptides glycylethionine, alanylmethionine,
and glycylmethionine form complexes which are identical to the Vu(II)-
GG complexes indicating that the sulfur atoms are not involved in the
binding of Cu(IIl). The slow change in the color of these solutions
from blue to green is much the same as seen for Cu(II)-GG solutions
when ascorbate is added, indicating that the Cu(IIl) may be reduced to

Cu(I) in these solutions.
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The ESR spectrum of the Cu(Il)-cystinyl-bis-glycine complex in-
dicates that, since the ESR spectra are alike (Fig. Sl), this complex
is similar to that of Cu(II)-GG. A fivé line hyperfine on the high
field Cu(II) line is apparent inrthe spectrum.

While the ESR spectrum of the arginylalinine acetate-Cu(IIl)
complex (Fig. 52) resembles that of the Cu(IIl)-GG spectfum there is
further hyperfine structure present on the high field side of the
spectrum indicating possible Cu(II) binding by the guanido group of
arginine,

In titrating equimolar alanine amide-Cu(II), Cu(dH)2 is formed
at pi 6. Titration of a 2/1 ligand/Cu(II) mixture consumes four equi-
valents of NaOH/Cu(Il) between pH 4 and 9 where the first inflection
in the tifration curve occurs. This is accompanied by the formation
of a violet solution ( [;4=530). The consumption of NaOH is attri-

buted to neutralization of protons from (30)

N H

e e

The ESR spectrum of the alanlne amlde Cu(II) 2/1 complex at pH 10
(Fig. 53) shows the typical four line hyperfine due to copper. The
high field line is split by addition hyperfine lines. The splitting
of these lines is of the order of 12.5 gauss so it secems attributable
to nitrogen atoms. No assignment of specific interactions has yet
been made to account for these hyperfine lines. -

The ESR spectrum of the 2/1 Cu(Il)-bisimidazole complex (Fig. 54)
is thelsame over the pH range 5 to 10. This then confirms the inter-

pretation given by Rising and Johnson (93) for the formation of the
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biuret color with Cu(OH)2 and acid imides without the further addi-
tion of base. Since the proton dissbciation of the imidazole occurs
at pH 6.5 the binding of Cu(IIl) would dépress this diésociation below
pH 5. Since further ionizations from the imidazoles would not be ex-
pected, and since the imidazoles fill the four Cu(II) coordination
positions, the binding of a hydroxyl ion would not occur as it alse
does not for the diglycylglycine and triglycylglycine Cu(Il) complexes.
The ESR spectrum of the Cu(Il) bisimidazole complex is identical with
that of the Cu(II)-alanine amide complex. There are 7 hyperfine lines
on the high field copper hyperfine line which indicates unpaired elec-
tron interaction with 3 equivalent nitrogen atoms. This does not seem

likely if the structure for the complex is

AN A
I[;) /{N ]
CHz :Cu(ﬂ)\ (I:Hz
TN e
7 S i

It is difficult to see the non-equivalence of one of the nitrogen atoms.

The use of lSN would possibly resolve this problem.

The ESR spectra of the Cu(II) complexes with glycylhistidine,
histidylglycine, and histidylhistidine are all different on the basis
of their ESR spectra (Fig.'s 55, 56, 57). The non-equivalence of the
glyeylglycine~and glycylhistidine=-(or histidylglycine) Cu(II) ESR spec=-
tra would implicate the imidazole group in the binding of Cu(II). How-
ever, no conclusions as to the nature of the binding have yet been made.
The reasons for the poor resolution seen in the ESR spectra of these
complexes is not yet clear. Because of this poor resolution the number

of hyperfine lines present has not been determined.
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5 Pseudomonas Aeruginosa Blue Copper Protein

The interpretation of the ESR spectrum of the Pseudomonas aeru-

ginosa blue copper protein was given in-a preceding section. It was
found that the signal is the same at -180°C as it is at 207%¢. ‘This is
the expected result since the rate of rotation of the protein mole-
cules is so low that there is no averaging of the anisotropies.

The ESR spectra of this copper protein at various pH values are
shown in Fig. 58. While a rigorous interpretation requires a calcula-
tion of the curves, it can be seen that, as the pH is increased, the
low field hyperfine lines narrow. That is, the g, absorption as
shown in Fig. 4 is narrowing since the low field hyperfine lines in
the &) regibn become better resolved. An alternative explanation is
that the iow field g; hyperfine lines are becoming more intense.
Whether this reflects a change in a ligand in the B (z=axis) direc-
tion or not canndt be determined from these data.

Any attempt to correlate these changes with a change in a ligand
with a given pK can only succeed if the binding constant of the Cu(II)
and the specificAligand‘is known. No conclusion about possible Cu(II)

ligands in Pseudomonas aeruginosa blue copper protein can be drawn.

6. Preliminary Results

A complex formed between thiomalate (COOHCHZCH(SH)COOH) and
Cu(Il) was first described by Klotz et al. (54). If a solution of
thiomalate is titrated anaerobically with Cu(II), from 8/0 to 8/4
thiomalate/Cu(Il) molar ratios, the addition of Cu(Il) causes no detect-

able color changes (the solution remains colorless). Further addition
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of Cu(Il) (after the 8/4 ratio is reached) causes the formation of
an intense absorption at 520 mu. Thé absorption reaches a maximum
when the thiomalate/Cu(II) molar ratio is 8/5. Further addition of
Cu(Il) results in no increase in the absorption maximum. The extinc-
tion coefficient for the 520 mu absorption is 1200/MCu(II).
The reaction can be represented as

8RSH + 5 Cu(II)——?-colorea complex
Klotz et al. obtained polarographic evidence for the reduction of
Cu{II) to Cu(l). They proposed the following reactions for the for-
mation of the colored complex.

2RSH #.Cu(II) ~= R=5~Cu(I)+1/2R-8-§-R
which gave, in solution, for the 8/4 ratio,

4R-S-Cu(I) + 2R-S-S-R

This solution is colorless. The addition of Cu(II) to make the ratio

5/8 gives the complex, Cu(I)-S-R_ _R-8-Cu(I)
L@
Cu(I)-s-R’ *R-S=Cu(I)

No spatial arrangement of atoms should be assumed. Only the stoichio-
metry is represented by the above "structure'.

Fig. 59 shows the ESR spectra of solutions containing different
thiomalate/Cu(Il) ratios. At thiomalate/Cu(II)2>8/4 no ESR spectrum
is observed, both at -180°C and 20°C. This is consistent‘with the
above reactions since Cu(Il) is diamagnetic. At a ratio of 8/5 there
is no ESR spectrum observed. For ratios<8/5 a Cu(II) ESR signal is
observed, and the signal is identical with that seen for CuC12 (Fig.40).

The 8/5 mixture, which forms the intensely colored solution, does not
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possess an ESR spectrum. Hemmerich (45) attributes this lack of sig-
nal to a highly delocalized unpaired electron; the unpaired electron
has a finite density at all 5 Cu nuclei; No definite mechanism has
been given to explain how this would lead to a loss of the ESR signal.
Since the electron is assumed to be unpaired the mechanism would seem
to be one of line broadening.

Addition of PCMB or PCMS to a 8/5 ﬁhiomalate/Cu(II) solution,
added stoichiometrically with the (presumably) four remaining thio-
groups, abolished the 520 mu absorption in direct proportion to the
added PCMB or PCMS. At no point during addition of sulfhydryl re-
agents could an ESR signal be detected. Aeration of the solutions
produced no ESR signal. No interpretation of these results can be
given at'this time.

The abolishment of the ESR signal in the pH 10 Cu(IIl)-GG complex
by Hy09 or ascorbate indicates that investigations of possible struc-
ture function correlations might be made in this way. The results

are preliminary and no conclusions can be made at this time.
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V  CONCLUSION

Two ESR detectable forms of Cu(Il)-~glycylglycine complexes
exist in solutions containing 1l:1 to l:4 molar.ratios of Cu(Il) to
glycylglycine; one at pH 7 and another at pH 10. The complexes are
1:1 under these conditions. The structure of the complexes is altered
over the structure that exists in aqueous solution when the solutions
are frozen at -180°C.

The Cu(II) is bound through the terminal amino and peptide ni-
trogen atoms of the glycylglycine molecule. The ESR results can be
interpreted by assuming that the Cu-N(peptide) and Cu-N(terminal
amino) bonds are covalent and are equivalent. The equivalence of
. N=Cu, bonds does not imply that the nitrogen atoms of these bonds are
structurally equivalent.

The terminal amino and peptide nitrogen atoms are stronger 1i-
gands towards Cu(II) than the phenolic hydroxyl and tryptophanyl groups.
The terminal amino and peptide nitrogen atoms must be capable of form-
ing five-membered chelate rings for the formation of covalent N-Cu(II)
bonds. |

Cu(II) is bound to additional nitrogen atoms in the Cu(II)-di-
glycylglycine and triglycylglycine complexes but the Cu(II)-N bonds
are inequivalent.

One or more of the Cu(II) ligands in the Pseudomonas aeruginosa

blue copper protein is influenced by the hydrogen ion concentration.

No definite assignment of possible ligands can be made at this time.
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APPENDIX I

CHEMICAL ANALYSIS OF THE PRECIPITATED SALTS OF Cu(II)

AND AMINO ACIDS, PEPTIDES, AND PEPTONES

According to Kober and Sugiura (57)



Moxosasic AMINo Acips

K 5 -
[y = -5 =eL2 &
Ss £ 2| 233s| 22
Substance, BE = £ tad g e
€1 = o=, o2
BE | 3 g | EEeq]| 83
= Hea L
S © Fe a5 i
= £, R, FIm. {
Glyein . o ., ... ....|la] olois 0.0000 0.0583 0.0538 99.6 ]
Glvein , . ., ..., . . e.f B 0.1013 0.0000 0.0533 0.0537 990.3
Almmin , , . v ., ... 1= 0.1008 0.0000 0.0454 0.0451 160.7
lenin . .., . ... . .|al 01019 0.0000 0.0453 0.0455 99.6 F
Aminobutyriceeid .. . . |a 0.1019 0.0005 0.0344 0.0394 87.3
Activevalin ., . . ... .|la 0.094 0.0015 0.0301 0.0321 93.8
Isoleuein , . , , , .. . o R 0.1014 0.0011 0.0307 0.0308 103.2
Active prolin , , , . . . .o 0.1018 0.0078 0.02¢69 0.0352 08,5
p inobutyric acid ., . . 3 0.1022 0.0004 0.0403 0.0395 102.0 .
Aminobutyric acid N S ) 0.1007 0.0007 0.0405 0.0383 1044 |
Tyrosinl , ., , ., . =% Al B 0.1027 0.0007 0.0263 0.0226 116.4 &
Tyrosin . , , , .. «ce.!b 0.1011 0.0007 0.0269 0.0222 121.2 1
Tryptophan? , , , . . wiib 0.1022 0.06C00 0.0183 0.0199 92.0 [
ryptophan? , , , ., . .| b 0.1017 0.0000 0.0183 0.0198 02,4 |
Tryptophan . . ., [0 0 b| 00999 | 00000 | 00157 | 00105 03 |
Asparagin . ., ., .. .|D 0.1003 0.0005 0.0304 0.0302 100,7
Asparazin , , . . I 0.1005 0.0006 0.0310 0.0303 162.3
Asparagin , , . ... |Db 0.1005 0.0005 0.0208 0.0303 101.7
Phenylalanin , . ... 1D 0.1012 0.0000 0.0247 0.0244 101.2
Phenylalanin , , . . . . .| b 0.1001 0.0000 0.0244 0.0242 100.8 ¢
Normal amino caprofc acid . | ¢ | 0.1005 0.0009 0.0207 0.0306 - | 1000 !
Normal amino enproic ncid . | ¢ 0.1003 0.0003 0.0315 0.0205 1057
Phenylglyein . N Blale el il 6 0.1011 0.0000 0.0280 0.0266 105.3
Lcucin L Y 0.1003 *0.0051 0.0246 0.0305 07.4
UCID « v v v o v .. L] 0.1010 0.0054 0.0261 0.0307 102.6
Sarcosin hydrochloride® . . | 5 0.1002 0.0021 0.0209 0.0315 101.6
Sa.r(}o§m hydroehloride , . . | b 0.1017 0.0030 0.0308 0.0320 105.6
Arg}ugn di-nitrate , ., . .| a 0.1010 0.0011 0.0121- 0.0134 98.5
Arginin di-nitrate . . . . .| b 0.1006 0.0008 0.0139 0.0133 110.5
Arg.mm d!-nibratc [ I Y 0.1008 0.0011 0.0113 0.0134 92.5
Areinin dinitrato . . o 00| 01092 | 000131 | 00132 | ooloe 106.6
Histidin di-hydrochloride ¢ | | o 0.1000 0.0101 0.0005 0.0175 94,9
H;stgdju di-hydrochloride . . | b 0.1001 0.0173 0.0011 C.0175 105.1
Histidin di-hydrochloride . . | o 0.1014 0.0167 0.0005 | 0.0177 97.2
Lysinpierate , . . ... . |4 0.1006 0.0006 0.0007 0.0107 96.3
Lysinpicrate , . . . . . |4 0.1011 0.0008 0.0100 0.0107 109.3
! The tyrosin copper-rolution has a preenish ** complex ™ color.
. h"If more than 0.1 gm, tryptophan is used, method {¢) must be added to this
echnique, . . .
- -.~\Il'z3cid.snlts. such ns hyvdrochlorides, nitrates, ete,, are neutralized with
N /10 alkali, vsing phenolphthaléin as an indieator, before being treated with copper
hydroxide ns in method {a).
¢ Histidin forms a complex salt, a3 do the other monohasic amino acids, and on !
treatment with excess alkali, chepges its color but little, Orly on boiling the color i
changes towards a biuret, It js Dot a clear color, but smoky, and makes the solution
look very dark, Characteristic s the deep red color to which the alkaline solution
turns on the addition of ncid, e expect to moake this a basic for the colorimetric
Quantitative and qualitative estimation « histidin,

Dimaste Avmxo Acms

! B | Theoreti- | Por
I- Sk TWeizhs of Cul in Cu0} onl wi, oon
| Substance. géé as\xmpl’g ﬁllém}:e ?J;\tl.n CFOOX_S:‘:IBC' 636\10’
i na |, sample. | theory,
4
[ g, £, £, .
- Cystin [ | 0.1013 0.0000 | 0.0320 | 0,332 | 95.4 |
Cystin ¢ | 01000 |.0.0000 | 0.032¢ | 00331 | vr.o |
Cystin, ¢ | 01008 | 0.0000 | 0.0331 { 0.0354 ' 00,1
Aspartic geid ? a | 0.1022 | 0.0007 | 0.0575 | 0.0611 | 9.3
Aspartic acid _ 3 | 00097 1§ 0.0000 | 00579 | 0.059¢ | NG
Glutaminic acid * 3 [ 001002 | 0:0005 | 0.0500 | 0.03:2 N
Glutaminie acid a | 0.01623 | 0.0004 | 0.0518 | 0.0554 R
S

! Before boiling, the copper salts are diluted {0 130 c.e. with water,

e,
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Di-Peprinpzs

i . .
| ' s | 588 .88 vx o,
e | 555|258 B2 .| P
b, ] s 55| 553 S g32! S8
: s |f=3|4=3| § |22%| 32
S Substance, 3 [832|532) 5 |23 Zs
& 3 B G| S § e 282! £%
g L] | i) O_ B % 0] |3 20w el |
[ ﬁ 3 5510 —g < £6 t‘-z« =
i 22| 38
j : ey &, £m. . &,
A Glyeyl-l-tyrosin 0.1015 | 0.01G7 | 0.0073 | 0.0240 | 0.0340 70.6
1- B Glyeyl-l-tyrosin 0.1023 | 0.02G67 | 0.0042 | 0.0309 | 0.0342 G0.4
} C Glycyl-l-tyrosia 0.1017 | 0.0271 | 0.0016 | 0.0287 | 0.0340 844
l D GlycylH-tyrosin 0.1011 | 0.0268 | 0.0021 | 0.0289 | 0.0338 25.8
j B Glyeyl-tyrosin 0.0545 | 0.0142 | 0.0043 | 0.0185 | 0.0181 | 102.2
b oA D-leucyl-l-leucin 0.1011 | 0.0268 | 0.00C3 | 0.0271 | 0.0330 | 82.1
i B -D-leueyl-d-leucia 0.1007 | 0.0294 | 0.0013 | 0.0307 | 0.0328 93.6
C | L-eucyl-d-leucin 0.1016 | 0.0250 | 0.0004 | 0.0254 | 0.0231 | 76.7
| D | D-leucyl-d-leucin 0.1010 | 0.0268 | 0.0037 | 0.0305 | 0.0329 | 92.7
B R-leucyl-leucin 0.1006 | 0.0288 | 0.0014 | 0.0302 | 0.0328 | ¢2.1
F L-léucyl-d-leucin - 0.1004 | 0.0266 | 0.0021 | 0.0287 | 0.0327 §7.8
|' A L-planyl-d-alanin i 0.1014 | 0.0320 | 0.0120 | 0.0440 | 0.0503 87.5
B L-alanyl-d-alanin 0.1010 | 0.0250 | 0.0217 | 0.0467 | 0.0302 23.0
C D-alanyl-d-slanin 0.1016 | 0.0454 | 0.0035 | 0.0489 | 0.0454 167.7
D D-slanyl-d-clanin 0.1018 | 0.0473 | 0.0048 | 0.0521 | 0.0506 103.0
B D-alanyl-d-alanin 0.1001 | 0.04G5 | 0.0041 | 0.0506 | 0.0497 101.8
| F D-alanyl-d-alania § 0.1006 | 0.0282 | 0.0202 | 0.0484 | 0.0500 96.8
A R-valyl-glycin 0.1005 | 0.0410 | 0.0059 | 0.0469 | 0.0459 102.2
B Revalyl-zlycin 0.1603 | 0.0085 | 0.0008 | 0,0003 | 0.0458 20,2
C Revalyl-plycin 0.1003 | 0.0212 | 0.0018 | 0.0230 | 0.0458 50,2
D R-valyl-z yein 0.1001 | 0.0395 | 0.0052 | 0.0447 | 0.0457 97.8
B R-valyl-zlyein 0.1002 | 0.004 0.0004 | 0.0051 | 0.0458 il.1l}
r R-valyl-glycin 0.0521 | 0.0093 | 0.0016 | 0.0109 | 0.0238 45.8 |
A Glyeyl-vslin (erude) 0.1012 | 0.0384 | 0.0052 | 0.0436 | 0.0462 94.4 |
B R-glycyl-valin 0.1012 | 0.0400 | 0.0062 | 0.0462 | 0.0152 100.0 |
C R-glycyl-valin 0.1020 | 0.0422 | 0.0006 | 0.0428 | 0.0466 91.8
D Glyeyl-d-valin 0.1015 | 0.0390 | 0.0059 | 0.0449 | 0.0464 96.8
E Glyeyl-d-l-valin 0.0854 | 0.0271 | 0.0011 | 0.0282 | 0.0299 04.3
!-' A R-glycyl-aminobuiyrio acidt | 0,1022 0.0244 | 0.0263 | 0.0507 | 0.0508 99.8
i B R-glycyl-ominobutyrio acid 1 0.1007 | 0.0437 | 0.0030 | 0.0467 | 0.0500 03.4
A Amino-normel-caproic-glycin | 0.0664 | 0.0257 0.0015 | 0.0272 | 0.0281 | 96.8
A Releueyl-glycin 0.0901 | 0.03¢4 | 0.0041 | 0.0385 | 0.0331 101.0
B R-leucyl-glycin 0.1003 | 0.039S8 | 0.0037 | 0.0435 | 0.0425 102.4
(o] R-leueyl-glycin 0.1010 { 0.0308 | 0.0045 | 0.0443 | 0.0427 103.7
§ D R-leucyl-glycin 0.1004 | 0.0378 | 0.0044 | 0.0422 0.0425 63.3
E R-leueyl-glyein 0.1013 | 0.0397 | 0.0047 | 0.0444 0.0428 | 103.7
F R-leueyl-glycin 0.1013 | 0.0381 | 0.0047 | 0.0428 0.0428 | 160.0

3_ This substance, Judging from the heav
alkali, is very impure; it is probably a mixtur

¢ containing amino acids,

¥ precipitate of CuO formed on adding
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~ Di-Perrines, Continued
el ol S
5 Pt =« O 2 > 5
e | S2%| 838 B2 1 88
o £ Par- R e S TRS H
g g Bl shy ] E2Rl 25
5 = SsEl o .8 6] =2 E] 8%
5 Substance, e Z2ea| gda = €92 84
g e corlass| & E2 g ‘é:; !
v 2 L& o w0 & Ea 3;§ < g :
g | 255 (85g 235 e
183|738 HO | &
3 [
Leueyl-aspartic aeid 2 0.1015 | 0.0175 | 0.0106 | 0.0281 | 0.0328 | 85.7
A | Glycyl-tryptophan 0.1016 | 0.0257 | 0.0010 | 0.0267 | -0.0310 | 86.1
A | Glyeyl-d-alanin 0.1011 | 0.0524 | 0.0006 | 0.0530 | 0.0550 [ ©6.5
B | Glyeyl-d-l-alanin 0.1006 | 0.0501 | 0,0049 | 0.0550 | 0.0548 | 100.4
C | Glycyl-d-alanin 0.1013 | 0.0494 | 0.0043 | 0.0537 | 0.0551 [ 97.5
A | L-nlanyl-glycin 0.1005 | 0,0496 | 0.0054 | 0,0550 | 0.0347 | 100.5
B | R-alanyl-zlycin 0.1007 | 0.0516 | 0.0032 | 0.0548 | 0.0548 | 100.0
C | D-l-alanyl-glycin 0.0559 | 0.0285 | 0.0009 | 0.0294 | 0.0304 | 96.7
D | Realanyl-glyein 0,1009 | 0.0512 | 0.0024 ! 0.0526 | 0.0549 | 95.8
B | L-alanyl-glycin 0.1013 | 0.0402 | 0.0055 | 0.0547 | 0.0552 [ ©2.1
A | Glyeyl-l-leuein 0.1006 | 0.0370 | 0.0036 | 0.0406 | 0.0425 | 93.5
B { Glyeyl-d-I-leucin 0.0009 | 0.0357 | 0.0013 | 0.0370 | 0.0384 | ©94.0
B | Glyeyl-d-l-leucin 0.0720 | 0.0280 | 0.0010 | 0.0200 | 0.0305 | 935.1
C | Glyeylleucin 0.1005 | 0.0350 | 0.0022 | 0.0402 | 0.0425 | 94.6
A Glyeyl-amino-normal-cnproje | 0.1004 | 0.0301 | 0.0026 | 0,0417 | 0.0425 | 98.1
B | Glycyl-amino-normal-caproie | 0.1013 | 0.0365 | 0.0049 | 0.0417 | 0.0423 | 97.4
o] Glyeyl-amino-normal-caproie { 0.0963 | 0.0377 | 0.0014 | 0.0391 | 0.0407 96.1 i
A | Glyeyl-asparagin 0.1028 | 0.0397 | 0.0031 | 0,0428 | 0.0433 | ©8.8
A | Glyeyl-asparngin 0.1009 | 0.0379 | 0.0024 | 0.0403 | 0.0425 | 94.8
A | Alanyl-asparagin? 0.0750 | 0.0026 | 0.0201 | 0.0227 | 0.0294 | 77.2
A | Alanyl-asperagini 0.0331 | 0.0019 | 0.0144 | 0.0163 | 0.0215 | %3.5
A | Leucyl-asparagin 0.1016 | 0.0209 | 0.0006 | 0.0215 | 0.0320 | 65.2
A Leueyl-asparagin 0.1004 { 0.0205 | 0.0010 { 0.0215 | 0.0326 66.0
A Leueyl-asparagin 0.1012 | 0.0205 | 0.0009 | 0.0214 | 0.0329 65.0
A | Glyeyl-phenyiglycin 0.1021 | 0.0355 | 0.0030 | 0.0385 | 0.0390 | 98.7
B Glycyl-d-phenylglycin 0.1022 | 0.0358 | 0.0010 | 0.0368 | 0.0391 | 94
A | Aminobutyl-glycin 0.1010 | 0.0467 | 0.0045 | 0.0512 | 0.0502 | 102.0
B | Aminobutyl-glycin 0.1005 | 0.0435 | 0.0039 | 0.0404 | 0.0499 | 99.0
A | Glyeylglyein 0.1007 | 0.0519 | 0.0060 | 0.0588 | 0,0607 | 90.9
B | Glyeylglycin 0.0122 | 0.0336 | 0.0070 | 0.0606 | 0.0616 | 98.4

. ! Thissubstance, judging from the heavy precipitate of CuO formed on addinz alkali,
is very impure; it is probably a mixture containing amino acids,

f
|
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Tri-PErrines

222

Weightbt | [endim CuO in Totd [ wonnioed | G 5ot | rer eent
- I} A 3. 'Ciggh 1 =
sul:tc:fll. Substance. atcxlrgplo? ﬁltruéo. ppt.. CuO. cnltﬁ for t‘izié t‘rnulantgl tatal CuQ
sample, theory, | Yo theory.
gmn. Em. £m. gm. gm,
A Glyeyl-glyeyl-alanint . . , . | 0.1008 0.0367 0.0163 0.0530 0.0305 92.9 134.2
B | Glyeyl-glycyl-alanin . . . .| 01021 | 00356 | 00064 | 00120 | 0.0400 80.0 | 1050
A Glycyl-glyeyl-amino-butyric “0.1011 0.0352 6.0000 0.0388 0.0371 103.0 104.6
B Glyeyl-glycyl-amino-butyiie . | 0.0820 0.0286 0.0012 0.6298 0.0333 85.9 89.5
A R-glyeyl-nlanyl-glyeint., . . , | 0.1013 0.0376 0.0207 0.0583 0.0397 04.7 146.9
B R-glyeyl-nlanyl-glyeint, . . . 0.1016 0.0351 0.0211 0.0592 0.0398 95.7 148.8
C | Glyeyl<d-alanyl-glycin . . . . | 0.0323 0.0113 0.0009 0.0122 0.0127 89.0 96.1
A Gchyl—nmino-butyl-glycfn‘ . . | 01007 0.0350 0.0229 0.0579 0.0369 04.8 150.9
B Glyeylamino-butyl-glycint . , 0.1016 0.0357 0.0107 0.0554 0.0372 96.0 118.9
C R-glycyl-amino-butyl-glycin t . 0.1003 0.0347 - | 0.0209 0.0550 0.0368 04.3 151.1
A Glyeyl-valylglyein . . . . . 0.0519 0.0047 0.0026 0.0073 0.0179 26.3 40.8
B | Glycylvalyl-glycin ., . , ., . 0.0639 0.0077 0.0032 0.0109 0.0220 35.0 49.5
C Glycyl-valyl-glyein ., . , . . 0.0509 0.0046 0.0026 0.0072 0.0175 i 26.3 41.1
A GyleyHeueyl-glyein . . . . 0.1013 0.0203 0.0004 0.0297 0.0329 83.5 00.3
A Glyeyl-leueyl-glyein , . . , . 0.1010 0.0282 0.0002 0.0284 0.0328 86.0 86.6
A Glyeyl-leucyl-glyein , ., , . . 0.1005 0.0277 0.0002 0.0279 0.0320 85.0 85.6
B GlyeylHeueyl-glyein . . . , 0.1003 0.0306 0.0052 0.0358 0.0327 3.0 100.5
A Glyeyl-glyeyld-leucin . . , . 0.1020 0.0287 0.0024 0.0311 0.0331 86.7 01.0
B Glycyl-glycylleucin . . . . . 0.1010 0.0279 0.0044 0.0323 0.0328 86.4 98.5
A IAleueyl-glyeylglycin .. , . 0.1011 0.0284 0.0043 0.0327 0.0328 86.6 09.7
B Leucyl-glyeylglyein , . , . . 0.1013 0.0283 0.0057 0.0340 0.0329 86.1 103.3
C R-leucyl-glyeyl-glyecin ., . . . 0.1007 0.0173 0.0019 - | 0.0192 0.0327 62.9 88.7
A Leueyl-alanyl-alanin . o8 oBOlD 0.1017 0.0272 0.0050 0.0322 0.0206 1.9 108.8
B L-leucyl-d-alanyl-d-alanin . . 0.1014 0.0202 0.0033 | 0.0205 0.0295 8s. 100.0
A Glycyl-glycyl-vah:n BB A 0.0757 0.0225 0.0020 0.0245 0.0261 86.2 03.9
it Glycyl-glycyl-val}n E .. 0.1013 0.0284 0.0023 0.0307 0.0349 80.8 88.0
C Glycyl-glycyl—vall_n B e 0.1007 0.0201 0.0037 0.0323 0.0347 83.9 91.5
D Glyeyl-glycyl-valin ., , . . . 0.0516 0.0155 0.0005 0.0160 0.0178 87.1 80.9
A R-nlmlyl—glycyl-glycin‘. S I 0.1012 0.0370 0.0165 0.0535 0.0396 03.4 135.1
B Alanyl-[_:lycyl-glycm_ e o, 0.0087 0.0254 0.0031 0.0235 0.0387 65.6 73.0
G D-alanyl-glycyl-glyein ., . . . 0.0492 0.0163 0.0014 0.0182 0.0193 87.0 043
A | Alanylleucyl-glyein .. . . .| 01012 | 00274 | 00037 | 00311 .| 00311 8.1 | 1000
A Glycyl-glycyl-glycin e R 0.1000 0.0378 0.0010 0.0388 0.0421 &§9.8 ‘ 92,2
A | Glyeylglyeyl-glyein . . . . . | 01003 | 00370 | 00006 | 00376 | 0.0422 S77 93.0
A Glyeyl-glyeyl-glyein®, ; , . , 0.1016 0.0409 0.0000 0.0400 0.0427 05.8 5.3 -
A Glyeyl-glyeyl-glycint, ., , , . | 0.1020 0.0405 0.0000 0.0405 0.0429 94.4 044
A 'L-Icucyl-glycyl-d-alanin v« | 00569 | 00161 0.0008 0.0169 0.0175 92.0 .06.G
A | Leusylalanyl-glycin . . . . .| 0.1002 0.0289 0.0040 0.0329 0.0308 93.3 106.8
A | Amino-butylglyeyl-glycin . ., | 0.1011 0.0350 0.0028 0.0378 0.0371 94.3 101.9
A Valyl-glyeylglycin. . , , . . 0.1023 0.0238 0.0027 0.0315 0.0352 81.8 59.5
A 1 Amino-normal-capronyl-glycyl-
glyein . . ., .. L, 0.1003 0.0304 0.0035 0.0339 ' 0.0325 03.5 1013
A | Glyeyl-d-nlanyl-d-alanin , . . | 0.0536 0.0144 0.0001 0.0145 0.0192 75.0 75.5
A Glycyl—d—n)nnyl-d-alnmn 0.0507 0.0139 0.0001 0.0140 0.0156 74.7 75.3

! The copper salt in this case was formed in cold alkaline solution,

B e
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Spect Weightof | CuOi Cu0i Total | wete o0, | God £ | Por eont
Cl- 1t 0. A 14 g 43 14~ '
lﬂcn. Bubstanco. onllﬁp]e. ﬁ]ltmtlf?. m)t.m CEC?. gﬁ? for tl;ﬁn' ilrntlouto 20“‘]] Cuo
sample. theory, 0 theory.
A Normal- mm‘no-cuproic—di-glycyl— . Em. en. L g
glyeint . . ., ., ; 0.1017 0.0202 0.0005 0.0207 0.0268 75.4 V7.2
A Normal-amino-caproic- dx-g,lycyl— -
glyecin ., . . ... « + « | 0.1000 0.0174 0.0004 0.0178 0.0265 65.7 67.2
A R-aminobutyl-di-glyeyl- .
glyein® . . . . ... .| 0.1050 0.0260 0.0037 0.0207 0.0305 85.2 94.1
A R-aminobutyl- dx»glycyl—glycm . {1 0.1006 0.0241 0.0022 0.0263 0.0292 , 82,5 00.1
A | R-nlanyl-di-glycyl-glycin ! 0.1012 0.0270 0.0040 0.0310 0.0309 §7.4 100.3
A R-alanyl-di-glyeyl-glyein . . . [ 0.1008 0.0267 0.0017 0.0284 0.0308 86.7 02.2
A Leucyl-di-glycyl-glycin? . , . [ 0.1008 0.0239 0.0030 0.0269 0.0265 90.2 101.5
A Leueyldi-glycyl-glyein . . , . 0.1015 0.0234 0.0024 0.0258 0.0267 8§7.6 06.6
1 Filtered without boiling to decompose carbamino salts,
; PrerroNEs, ETC. B
R \ Molecular
Substanco. Tt | Sioie. | CuOinppt. | JTeishtr
tal Cu0.
“Witte’s” peptone 0.1025 0.0041 0.0000 1520
“Witte's” peptone 0.1046 0.0042 0.C000 1982
“Witte’s” peptone 0.1014 0.0039 0.00C0 2070
“Roche” peptone . . 0.1110 0.0302 0.0173 186
“Merck’ peptone . . 0.1020 0.0044 0.0002 1765
Meat peptone . . ... 0.1007 0.00G0 0.0002 o o
“Ereptone” . . . . .. 0.1005 0.0064 0.0133 £06 !
1 This caleulation is based on the assumption that one molecule of ?eptone, {
as in the case of the peptides, combmea with only one molecule of copper
hydroxide.




224

APPENDIX II

OPTICAL SPECTRA OF Cu(II) AMINO ACID, PEPTIDE, AND PRO-

TEIN COMPLEXES

According to Kober and Haw (58)
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APPENDIX III

CALCULATED DISTRIBUTIONS OF Cu(II) IN GLYCINE, GLYCYL-
GLYCINE, AND DIGLYCYLGLYCINE SOLUTIONS.

According to Dobbie, Kermack, and Lees (31)

According to Dobbie, and Kermack (32, and 33)
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