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Abstract: Earlier interpretations of 'H NMR line broadening effects in Cu(II) amino acid and peptide systems are chal-
lenged on three grounds: (i) the Cu(II)-containing entities involved in the line broadening have not been properly identified,
(ii) exchange lifetime broadening has not been adequately distinguished from other relaxation effects; and (iit) the relative
contributions of contact and dipolar interactions to the relaxation mechanism have not been established. In this study of the
Cu(II)-glycine system we have used spectrophotometry to show that the species CuHG2+, CuHG,*, and CuG;~ exist in ad-
dition to CuG* and CuGs; under conditions typical of the NMR experiments. We have developed a model to explain the line
broadening results over the range 0 < pH < 11 using the Swift and Connick theory for the effect of chemical exchange on
NMR spectra. The model involves first-order ligand exchange with each of the species CuHG2+, CuHG;*, and CuG;~, and
second-order ligand exchange with the major species CuG2. The system is found to be in “slow exchange” over several pH
units, contrary to the general assumption of “fast exchange™ in such systems. Measurements of 7 and T indicate that dipo-
lar interactions make negligible contributions to the line broadening. Some results on the Cu(II)-sarcosine system are in-
cluded to test inferences drawn from the glycine studies. We conclude that the 'H NMR line broadening technique is not
generally useful for obtaining structural information about such complexes in solution.

Several authors have claimed that it is possible to eluci-
date the Cu(II)-binding sites and structures of Cu(lII)
amino acid and peptide complexes using the selective
broadening of the ligand 'H NMR spectrum.? These claims
are based on assumptions that: (i) Cu(Il) is a *“labile’ ion
and rapid ligand exchange transmits the effects of the
Cu(II) ion from the bound ligand molecules to those in the
bulk phase; and (ii) a dipolar relaxation mechanism is oper-
ating, allowing structural information about ligand mole-
cules in the complex to be obtained from the r~¢ depen-
dence of the transverse relaxation times measured for the
various ligand resonances. The complex species for which
such structures have been proposed are typically species
such as CuL or CuL; which are found in normal potentio-
metric titration studies.

The assumptions stated above are open to question.
Amino acid and peptide complexes such as CuL and Cul,
have high stability constants. It will be shown later that the
lifetimes recorded for such complexes® are far too long to
account for the observed magnitude of the line broadening
at low Cu(II) concentrations. Moreover, the values of the
transverse relaxation times (7,p) of protons on coordinated
ligands can be obtained from line broadening measurements
only if the “fast exchange™ condition is satisfied. This con-
dition has not been verified experimentally in any of the an-
tecedent NMR studies. Finally, even if the values of Tam
for the various relaxing species could be measured, no geo-
metrical information about the bound ligand can be ob-
tained unless it is shown that the dipolar interaction is dom-
inant. The relative contributions of contact and dipolar in-
teractions to the relaxation time of each proton have not
been determined in previous line broadening studies.

In view of these doubts, we have reinvestigated the
Cu(11)-glycine system. Visible spectroscopy was employed
to establish the stoichiometries and stability constants of
the species present under the conditions of the 'H NMR
line broadening measurements. The line broadening results
were analyzed with the aid of the Swift and Connick theo-
ry? for the effects of chemical exchange on NMR spectra.
T, and T, measurements were used to determine the rela-
tive contributions of the dipolar and contact interactions to
the measured relaxation times.

Theory

The theory of the effects of paramagnetic ions on 'H
NMR spectra has been described elsewhere.4-® The fol-
lowing concepts and equations are essential for the present
work.

The resonance absorption of a proton is characterized by
the longitudinal relaxation time T, the transverse relaxa-
tion time T, and the chemical shift w. The values of these
parameters can be changed by a paramagnetic ion. Direct
dipole-dipole coupling between the electron spin of the
metal and the nuclear spin of the proton decreases with the
distance r of the proton from the metal ion. Fermi contact
interaction transfers unpaired spin density from the metal
ion to the proton and is characterized by a coupling con-
stant a.

The dipolar contributions to Ty~ and Tyy~! are ap-
proximately equal.’-? The contact contributions can differ
significantly depending upon the value of the electronic re-
laxation time. When Tay~! is considerably larger than
Ti1m™!, it can be inferred that the relaxation mechanism is
dominated by the contact term rather than the dipolar
term.’

Chemical exchange of ligands between the coordination
sphere and the bulk environment provides a mechanism for
the transfer of the effects of the paramagnetic ion to the un-
coordinated ligand molecules. A theoretical treatment of
this process has been given by McConnell!® and applied by
Swift and Connick* to the specific case where complex ions
(the paramagnetic environment, M) are present in low con-
centration compared with the free ligand molecules (the
diamagnetic environment, L).’

The effect of a paramagnetic ion is to decrease T from
TN to Ty and cause a corresponding increase in line width
(wAvy /2 = T,7!) defined as Top™!.

Tpp~! = Ty ™' — Ton™! (1

The effect depends upon the type of relaxation mecha-
nism and the rate of chemical exchange. When a ligand
undergoes exchange between the paramagnetic metal ion
environment and the diamagnetic free ligand environment,
relaxation may occur by “Aw™ or “Tam” mechanisms.
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These mechanisms involve changes in the precessional fre-
quency w and the transverse relaxation time of the ligand
proton, respectively. For the limiting case of the T2m mech-
anism alone, the general expression for 7T2p~! is:

Top~' = 1.7 'rm/(rm + Tam) (2)

The concentration dependence of the exchange process
depends upon the mechanism of the exchange reaction. For
a first-order ligand exchange process,

k¢
ML,~=ML,_, +L (3)
ke

the lifetime 71 of the ligand molecule in the bulk ligand en-
vironment and the lifetime 7up of the ligand molecule in the
metal ion coordination sphere are given by:

7L = [L)wotat/ k/[ML,-1][L] 4)
and
™ = kr—l (5)

For such a process, the measured relaxation time is directly
proportional to the concentration of the relaxing species
(ML,).

For a second-order exchange reaction,

k
ML, + *L =ML, *L +L 6)

the lifetimes 71 and 7 are given by:
7L = [L)totar/k [ML,][L] (7
and
™ = (k[L])™! (8)

If the system is in slow exchange (rm > Tam), Tap~ ! is
proportional to the product of the concentration of the re-
laxing species (ML,) and the free ligand concentration (L):

T2p~! = k[ML,][L]/[L)total 9)

For the fast exchange limit (1M <« TaMm), T2p™! is simply
proportional to the concentration of the relaxing species:

Tap~! = [ML,]/[L)total * T2m (10)

Finally, the expression for Tip~! is similar to eq 2 be-
cause Awps does not contribute to this relaxation mecha-
nism. %1112

T~ ' =17 lrm/(rm + Tim) (11)

Complex Equilibria

The complex equilibria present in solutions of amino
acids or peptides containing Cu(II) ions are conveniently
described by the general equation:!3

pPMZ* + gH* + 7L~ = M, H,L,eP+3»0*  (12)
The corresponding overall stability constants are defined as:
Bpgr = IMpHyL,]/[M]P[H]9[L]" (13)

For glycine, it is necessary to consider only forms of the li-
gand (G™) with ¢ = 1 or 2. In the present study, p = 1 be-
cause we are concerned with high ligand concentrations
where [L]iotal 3> [M]iotal and only monomeric species are
important.!3> With p = 1, the mass balance equations for
[M]:ota1 and [L]iorar yield:

= [M]total
M T T 61 (ATILT 1o

and
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[L]total
1+ 3 Bog1[H)?
q

Thus at any [H] it is possible to calculate the free ligand
concentration [L] and subsequently the free metal concen-
tration [M]. The validity of the above approximation has
been tested by an iterative solution of the complete mass
balance equations using the method of Ingri and Sillén.'

(L) = (15)

Spectrophotometric Determination of Stability Constants

The spectrophotometric data for the Cu(Il)-glycine sys-
tem required two different methods of analysis, depending
on the pH range. At high pH, the system behaved as though
only two major species, differing by one unit in r, were
present. Such an equilibrium is described by eq 3 with a
stepwise equilibrium constant

K, = [CuH,G,}[CuH,G,-]"![G]™! (16)

Visible spectra recorded as functions of pH and [G]iotal
should show an isosbestic point, and the system may then be
analyzed by standard methods.!?

At low pH, the spectrophotometric data for the Cu(II)-
glycine system required the presence of major complex
species which differed with respect to both ¢ and r. The
possible species are Cu?*, CuH,G!!'*9* (¢ = 0, 1), and
CuH,G29% (¢ = 0, 1, 2). The species with g = 0 have been
well defined by potentiometric titration.'®!” However,
when the glycine concentration is high and [G)ioa >
[Cu)iotal, additional species exist along with CuG™t and
CuG,. We have characterized these additional species by
extending a method previously used to obtain acid ioniza-
tion constants from spectrophotometric data where overlap-
ping equilibria exist.!® Up to two additional species can be
treated at a time.

Results and Discussion

Spectrophotometric Identification of Cu(II)-Containing
Species. The visible absorption spectra of Cu(II)-glycine
mixtures were recorded as functions of the pH at constant
total ligand concentrations (Figures 1 and 3), and of the
total ligand concentration at constant pH (Figure 5).

The absorbance-pH profile at 780 nm ([G)iora1 = 1.0 M,
[Cu(I)]iotar = 0.025 M) is presented in Figure 1. The
dashed profile in Figure 1 was calculated on the assumption
that the only Cu(II)-containing species were Cu?*, CuG*,
and CuG.,.!° The poor agreement between the observed and
calculated profiles suggests that additional complex species
are present.

In the range 0 < pH < 5, species CuHG?*, CuH,G,?*,
and CuHG,* were considered in addition to Cu2+, CuG*,
and CuG;. The best agreement between the experimental
and calculated profiles was obtained when only CuHG?+
and CuHG,* were included as major additional species. In
this range there exist two pH's at which the absorbance has
the same value. Beer’s law and eq 14 lead to two simulta-
neous equations relating the absorbance to the 8's and €'s of
all the species. In the particular case of two complex species
x and y with overall stability constants 34, 8y and extinction
coefficients e, ¢, these simultaneous equations may be
solved for terms containing the unknowns (¢ — €8x and (¢
= €)By, where & = (OD)A[Culiora™" for a 1-cm cell. This
leads to expressions of the form:

t= e + XBy! (17)
t=¢ + Y8, (18)

The observable ¢ is plotted vs. the calculated quantity X for
several pairs of pH points. The slope and the intercept of
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pH

Figure 1. Dependence of the absorbance at 780 nm upon the measured
pH in the Cu(ll)-glycine system. Experimental points (@) were re-
corded with [Gliga1 = 1.0 M, [Cu(ID]ioa1 = 1.5 X 1072 M, u =20 M
(KNO3), T = 30°C, solvent H,0, and 1-cm path length. The dashed
curve was calculated assuming that Cu?*, CuG™*, and CuG: are the
only Cu(Il)-containing species. The solid curve was calculated with
CuHG?*, CuHG;*, and CuG;™~ as additional species, using the con-
stants listed in Table I.

40

-19
-Xx10

Figure 2. Graphs of & (1. mol~! cm™!) at 780 nm vs. X (O) and ¥ (@).
The & values are from the data of Figure 1 in the range 0 < pH < 5.
The expressions for X and ¥ are given in footnote 20.

Table 1. Values of Thermodynamic Constants for the
Cu(I)-Glycine System

Quantity Value Ref
Log Bo1. 9.62 (H,0) 17, this work
9.82 (D,0) This work
AH(Bo1) —11 kcal mol~'® 29
Log Bos: 12.052 17
AH(B,,.) —12 kcal mol™'® 29
Log 8,0, 8.3¢ 17
AH(B,,,) —6 kcal mol™'® 29
Log B,o, 15.2¢ 17
AH(B,o0) ~13 keal mol™'b 29
Log 8114 10.52 £ 0.04¢.4 (H,0) This work
Log B2 18.48 £ 0.05¢.d (H,0) This work
K, 1.7:04M'cd (H,0) This work
1.9 £ 0.2 M~'¢.4 (D,0) This work
1.70 £ 0.03 M 'c.e (H,0) This work
Log 810 15.43 (= K,8,0,) This work

aPotentiometric titration with glass electrode. & Calorimetric de-
termination. ¢ Spectrophotometric determination. ¢ pH titration
with constant total ligand concentration. € Total ligand concentra-
tion variation at constant pH.

the straight line plot yield B« and ¢, respectively. Similarly,
a plot of € vs. Y yields 8y and ¢. Deviations from linear re-

780

oD

pH
Figure 3. The dependence of the absorbance at 780 nm upon the mea-
sured pH at various total ligand concentrations. The [G)ioal values are
1.0 M (@), 0.5 M (O), 3.0 X 10~2 M (m), and 1.5 X 10~2 M (D).
Other experimental conditions were identical with those of Figure 1.
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Figure 4. Absorption spectra (e in 1. mol~! em™!) in the range 400 < A
< 800 nm for the species Cu?* (1), CuHG?* (2), CuG™* (3), CuHG,*
(4), CuGa (5), and CuG3~ (6). Curves 1 and 5 are taken from spectra
recorded with solutions containing effectively only Cu?* or CuGs, re-
spectively. The remaining curves are calculated from the data of Fig-
ures 3 and 5 and the constants listed in Table I.

lationships between & and X and Y indicate that the model
is inadequate.

Expressions for X and Y were derived for the above
model which contains the species Cu?t, CuG*, CuG,,
CuHG?*, and CuHG,*.29 Graphs of € vs. X and evs. Y are
shown in Figure 2 The resulting values of 81, and 8,3 are
included in Table 1.

The observed and calculated absorbance-pH profiles for
a range of total glycine concentrations are compared in Fig-
ure 3. The good agreement at all glycine concentrations
confirms that the main species have been correctly identi-
fied. The calculated visible absorption spectra of the species
CuHG?2* and CuHG,* in the range 400 < A < 800 nm are
presented in Figure 4. There is good agreement between the
Amax values observed for CuHG?* (~790 nm) and CuHG,*
(700 nm), and the values (800 and 695 nm, respectively)
which can be predicted?! if HG is coordinated through its
carboxyl group and G~ is chelated via its carboxyl and
amino groups.

In the range 7 < pH < 11, the absorption spectra record-
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Figure 5. The dependence of the change in absorbance at 760 nm upon
the total glycine concentration at a constant pH of 11.0. Experimental
points (@) were recorded with solutions [Cu(II)]ioa = 1.025 X 1072
M, u=20M (KNO3), T = 30°C, solvent H,O. A solution containing
effectively only the species CuG, was used as reference. Solid curve
was constructed with constants obtained from the linear A(OD)7¢07!
Vvs. [G]loml_l plot.

ed at several pH values for [G)iotal = 1.0 M and [Cu}ioral =
0.025 M showed an isosbestic point at 615 nm. The major
species present in this pH range is CuG, whose stability
constant and extinction coefficients are known.!° The
monotonic absorbance-pH profile at 760 nm (cf. Figure 1)
was treated as described above.!'S The additional species is
identified as CuG3™ since its concentration increases when
the total ligand concentration is increased at constant pH
(Figure 5). The values of K3 calculated from the data in
Figure 1 (constant ligand concentration, variable pH) and
Figure 5 (constant pH, variable ligand concentration) are
1.7 + 0.4 and 1.70 £ 0.03 M~!, respectively. A similar
value of K3, 1.9 & 0.2 M~!, was obtained by repeating the
experiments of Figure | in DO instead of H>O. The visible
spectrum of CuG;~ is included in Figure 4.

Species distribution curves showing the degree of forma-
tion of each species as a function of the pH were calculated
for two sets of conditions: [Glioa1 = 1.0 X 1072 M (Figure
6a) and [Gliwa = 1.0 M (Figure 6b). In both cases,
[Cu(ID}otar = 5.0 X 1073 M. The additional species
CuHG?*, CuHG,*, and CuG;~ are in low concentration
under conditions which are typical!” of potentiometric titra-
tion experiments (Figure 6a). However, under conditions
typical of NMR line broadening experiments (Figure 6b),
these additional species predominate.

Previous '"H NMR line broadening studies of Cu(II)-
amino acid and Cu(I1)-peptide systems2-22-2 have been in-
terpreted in terms of the species detected by the usual po-
tentiometric titration procedures. The present work shows
that extrapolation from potentiometric titrations in dilute
solutions is not justified since additional species may be
formed under the conditions of high ligand concentration
which are used for the NMR experiments.

Interpretation of the pH-Dependent Line Broadening. The
'H NMR spectrum of glycine in D,O solution consists of a
single resonance whose chemical shift wn is pH depen-
dent.?0 The broadening of this resonance caused by the ad-
dition of Cu(II) ion to a 1.0 M glycine solution over the
range 0 < pH < 11 is shown in Figure 7. The broadening
has been normalized by dividing (év;/2)p by the total
Cu(II) concentration. The dependence of the broadening
upon the total Cu(II) concentration has been found to be
linear in those systems where it has been exam-
ined. 2:22-24.31.32 We have confirmed the linearity at pH 11
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Figure 6. Species distribution curves for the Cu(II)-glycine system cal-
culated with the stability constants from Table 1. The degree of forma-
tion of each of the species Cu?* (1), CuHG?* (2), CuG™ (3), CuHG,*
(4), CuG; (5), and CuG;~ (6) is plotted as a function of pH for two
total ligand concentrations: 8(a), [Gliwa = 1.0 X 1072 M, 8(b),
[Gliotal = 1.0 M. In both cases [Cu(II)]iorm1 = 5.0 X 1073 M.,
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Figure 7. Dependence of log ((Av)/2)p[Cu(I)]ioa™!) upon the mea-
sured pH in the Cu(Il)-glycine system. Experimental points (@) re-
corded at 100 MHz with [Glioa = 1.0 M, u = 20 M (KNO3), T =
30°C, and D,0 solvent. Solid curves 1, 2, 3, and 5 represent the calcu-
lated contributions of first-order ligand exchange processes of the
species CuHG?*, CuHG,*, CuG;™, and CuG,, respectively. Curve 4 is
the calculated contribution of the second-order ligand exchange pro-
cess of the species CuG,. Curves were constructed with the constants
listed in Tables I and II1.

for the Cu(II)-glycine system over the range 2.5 X 10~ M
< [Cu(ID))ioral € 6.0 X 1075 M. Further, (Avy/2)p is inde-
pendent of the observation frequency (60 or 100 MHz), and
no shift in the resonance of the free ligand was observed
even at the highest Cu(II) concentrations that could be em-
ployed (6 X 1073 M at pH 11). The absence of chemical
shift effects is consistent with observations on other Cu(Il)-
containing systems.32 We conclude that a Aw mechanism in
the fast exchange limit is not responsible for the observed
line broadening. Consequently, eq 2 can be applied to this
system.

Kinetics measurements on the Cu(II)-glycine system?-33
have shown that the first-order dissociation rates k—, of the
species CuG* and CuG, are of the order of 10 and 100
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Table II. Summary of Literature Values for the Dissociation Rate
Constant (k;) and the Corresponding Lifetime (7) for the Species
CuG™ and CuG,

Species kp (sec™t) 7 (sec) Ref
Cu(Gly)* 34 29 x 1072 33
23 4.3x 107 3

Cu(Gly), 50 20x 1072 33
120 8.3x 1072 3

sec™!, respectively (Table II). The residence times of gly-
cine molecules in these species are therefore of the order of
107! and 1072 sec, respectively. However, the data of Fig-
ure 7 at pH 11 lead to a calculated value of 1.9 X 107% sec
for the term (7 + Tam). This value represents an upper
limit of both the quantities 7 and Tym of the species re-
sponsible for the relaxation process. The complexes CuG™*
and CuG; have lifetimes which are three to four orders of
magnitude greater than this calculated upper limit. Accord-
ingly, first-order dissociation of CuG* and CuG; cannot be
a major cause of the line broadening.

The Swift and Connick equation (2),* summed over all
the Cu(Il)-containing species known to exist in this system,
was used in conjunction with the mass balance equations
(14 and 15) to interpret the observed line broadening-pH
profile (Figure 7). The general expression is:

[G] total 7I'(A"l (2)
[CuMlom 12

2;. 2:. (v + Tam)1g-~'Bigr [H)9[L])"
1+ %: z:. Bigr[H])9[L])"

(19)

where the term T,o™! is a correction for bulk magnetic sus-
ceptibility and long-range dipolar interactions.'!

The simplest model which we have been able to fit to the
entire observed (Av,2)p-pH profile, and which is compat-
ible with the known equilibrium and kinetic data, involves
the following major processes:

CuHG?* = Cu?* + HG )
CuHG,* = CuG* + HG ()
CuGs- = CuG, + G- (1)

k

CuG; + *G~—= CuG*G + G~ av)
The line broadening data at higher pH's (>5) are not ade-
quately described by any combination of simple first-order
ligand exchange processes (eq 3, steps I, 11, and III). For
example, if a value of (p + Tam) for the species CuG3™ is
calculated from the experimental value of K3 (1.7 M~!,
Table I) and the line broadening results at pH 11, the corre-
sponding calculation of the broadening at pH 7 is over an
order of magnitude too small. Similarly, if the model is con-
strained to fit the data at pH 7, the calculated broadening
at pH 11 is much greater than that observed. Increasing K3
by an order of magnitude only marginally improves the cor-
respondence between the observed and calculated line
broadening.

A second-order ligand exchange mechanism with CuG;
(eq 6, step IV) in which Ty is greater than Ty for all pH
values26 is formally equivalent to a first-order exchange
with CuG;~ and suffers from the same difficulty as de-
scribed above. A satisfactory fit to the data can be obtained
only by mtroducmg a second-order ligand exchange mecha-
nism with CuGj; in which vy > Tam at pH values <9 and
™ < Tam at pH values >9 (cf. eq 8). That is, at pH <9 the

Table IIl. Values of Constants Used in the Line Broadening Model
for the Cu(Il)-Glycine System
Species Quantity Value

Tzo 2.0X 1072 sec
CuHG?*t (TM + TZM) 5.3 X 107*sec
CuGH ™ 4.4 X 107 sec?
CuHG,* (™ + Tam) 4.0 X 107*sec
CuG, ™ 8.3 X 107 % sec?
CuGy” (rm + TaMm) 1.4 X 107° sec
CuG, Tom 3.4 X 107° sec
CuG, k (eq 6) 15X 10" M " sec™t

a@Taken from ref 3.

lifetime of a ligand molecule in the CuG, coordination
sphere determines the magnitude of the line broadening (eq
6, slow exchange). The line broadening is therefore directly
proportional to the free ligand concentration at these pH
values. However, at pH >9, 7y becomes less than Tam and
does not influence the magnitude of the line broadening (eq
6, fast exchange). The broadening is then simply propor-
tional to the concentration of CuGs,;.

The concentration of CuG; decreases at high pH due to
the formation of CuG;~ and so the second-order process
alone is not sufficient to explain the data. First-order ex-
change from CuGs™ is required to make a contribution
which increases as the pH is raised.

The contribution of each of these processes to the overall
line broadening is shown in Figure 7. Also included (but
making a smaller contribution) is the first-order ligand ex-
change reaction with CuG., calculated using a published
value of 7m.> The contribution of first-order ligand ex-
change with CuG* is several orders of magnitude smaller
than the observed line broadening and is omitted from Fig-
ure 7. Values for the constants T10,3* (vm + Tom)igr
(T3Mm)102. and k used to calculate the component curves in
Figure 7 are listed in Table II1. The stability constants 84,
are given in Table I. No attempt was made to refine the
constants in Table I11 because the number of parameters in-
volved in fitting the model to the experimental data is large.

Despite the complexity of this model, it fails to account
entirely for the magnitude of the line broadening in the
range 3.5 < pH < 6. There are at least two possible expla-
nations. Firstly, the published value? of 7 which was used
to calculate the contribution of first-order ligand exchange
with CuG; may be too large. If the value were ca. 3 X 1073
sec (instead of 8.3 X 1073 sec), then a good fit to the data in
the range 3.5 < pH < 6 would be obtained. Secondly, a
weak species with stoichiometry CuHG; may exist®> and
undergo a ligand exchange reaction

CuHG;3; = CuG; + HG (20)

The distribution of CuHG3 as a function of pH would be al-
most identical with that of CuGa, except at high pH, where
[HG] can no longer be treated as constant. The additional
broadening from pH 3.5 to pH 6 could thus be caused by
CuHG: instead of CuGs.

The validity of the model was tested by comparing the
experimental and calculated line broadening over a wide
range of conditions. The observed and calculated dependen-
ces of (Avi/2)p upon [G)ioral at pH 11 are shown in Figure
8. Similar good agreement was obtained at pH 2.5, The
constants used in the calculations are listed in Tables I and
111

An essential feature of the proposed model is the “slow
exchange” condition in the middle pH range. In order to
test this condition further, we have extended the present
study to the Cu(II)-sarcosine system in which the ligand
has more than one proton resonance. We have confirmed
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Figure 8. Plot of (Av1,2)p[Cu(ll)]io™! as a function of [G)ie at pH
11.0. Experimental data (@) were recorded at 60 MHz with [Cu-
(ID)iota1 in the range 1.0 X 107510 5.0 X 10~3 M, T = 30°C, u = 2.0
M (KNO3), and D,0 solvent. Solid curve was calculated with the con-
stants from Tables I and I11.

that the Cu(II)-sarcosine and Cu(II)-glycine systems have
absorbance-pH and (Av;;2)p-pH profiles which are quali-
tatively similar (even though they differ in quantitative re-
spects). The sarcosine 'H NMR spectrum consists of two
uncoupled resonances due to the methylene protons and the
N-CH3 protons, respectively. At pH 11, these resonances
are differentially broadened by Cu(Il) ions (T,p~! (CHa3)
= 3T,p~! (CH3)). This observation is consistent with the
two sets of protons having different Ty values. At pH 7,
the two sarcosine resonances are equally broadened by
Cu(Il) ions. This strongly suggests that the system is in
“slow exchange”™ and that 7y > Tam (CH3), Tanm (CHy).

Temperature Dependence. The effect of temperature
upon the equilibria in the Cu(lIl)-glycine system can be
predicted using mass and charge balance relationships to-
gether with the constants®® given in Table I. When the tem-
perature of a sample of Cu(lIl)-glycine at pH 7 is raised,
the pH decreases by approximately one unit over a 40°C
range, whereas the concentrations of free ligand and the
species CuG; remain unchanged. The same is true for the
Cu(I)-sarcosine system at pH 7.37

In our line broadening model, at pH 7, the second-order
exchange mechanism (reaction I1V) dominates. Since [G]
and [CuG;] remain constant as the temperature is raised:

Top~ ' < k (21)

Thus, the line broadening is expected to increase with in-
creasing temperature in the same manner as the rate con-
stant k. This increase was confirmed by measurements on
both the Cu(II)-glycine and Cu(Il)-sarcosine systems.
Furthermore, in the Cu(II)-sarcosine system the broaden-
ing of both resonances is the same, giving additional evi-
dence that the system is in “‘slow exchange™ over this tem-
perature range. The experimental results for sarcosine are
presented in Figure 9. The value of AH derived from the
plot ?f log ((Api;2)p[Cu(ID)]~!) vs. 771 is 8.5 + 1.0 keal
mol~!.

At pH 11 the line broadening decreases with increasing
temperature in both the Cu(Il)-glycine and sarcosine sys-
tems. This is again consistent with our model which predicts
that the broadening is dominated by the species CuG;~ at
pH 11. When the temperature is raised, the stability con-
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Figure 9. Plot of log ((Av;,2)p[Cu(1])]iowai™!) as a function of temper:
ture for the CH; (@) and CH3 (O) resonances of sarcosine in the pre:
ence of Cu(lIl) ions at pH 7.0. Temperature range 37-77°C, [C:

(ID]iowa1 = 2.5 X 1073 M, total sarcosine concentration = 1.0 M wit
no KNO; added.
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Figure 10. Dependence of the inverse longitudinal relaxation time ¢
the glycine ~-CH,- protons, 711 ~!, upon [Cu]iom1. Each experiment:
point (@) was obtained by the 180°-7-90° pulse sequence at 90 MH:
Conditions: [Glioal = 1.0 M, pH 11.0, u = 20 M (KNO3). T = 25°C
and solvent D,O.

stant K3 decreases, the concentration of CuG;™ falls, an
the line broadening should be reduced.

T\ Measurements. Even if the values of Tapz for the var
ous species could be quantitatively determined, the dedu
tion of structural information from these values requires tt
further condition that the contribution of the dipolar rela:
ation to Tym predominates over the contact contributio:
We have tested this condition for the Cu(II)-glycine syste
by performing T, measurements at pH 11. The results al
presented in Figure 10. The value of 7,p~! [Cu(I)]\ora™!
(8 £ 1) X 10> M~! sec™! compared with the value «
T2p™ ' [Cu(ID)]sorai™! of (4.9 £ 0.3) X 105 M~ sec™! dete:
mined under identical conditions. Thus, T2p~: T p~! = 6l
This result is incompatible with a major contribution of tt
dipolar interaction to the observed line broadening. Th
conclusion has recently been confirmed independently i
the cases of several Cu(II)-containing systems.38

Conclusion

Our treatment of line broadening in the Cu(l1)-glycir
system shows that it is not possible to obtain Tan values d
rectly from these data. Firstly, the system is in “slow e
change” (rm > Tam) over a wide pH range and 7 mak«
an unknown contribution to the line broadening. Second!
even at high pH, where dissociation of the species CuG3~
the predominant broadening mechanism, it is not certai
whether the fast exchange condition (v « Tam) applie
This could be determined by independent kinetic measur:
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ments on the species CuG3;~.3° Only at the lowest pH's
(<4), where the effects of carboxylate-bound molecules are
being observed, can Tanm values be obtained in principle
from the line broadening data. This is because 7y values for
such carboxylate-bound species are typically ~1078
sec,3240 whereas the measured values of (ry + Tam) are
~1073 sec. However, the complicated equilibria present at
low pH in even this simple system cause difficulty in the
quantitative determination of individual T,y values. Such
determinations are also subject to the general criticisms
which apply to multiparameter curve-fitting procedures.

We conclude that there is a major difficulty in the mea-
surement of Tap values for Cu(II)-amino acid and Cu(II)-
peptide complexes using the NMR line broadening ap-
proach. The difficulty is that of “time resolution” which
applies to all forms of spectroscopy. In this case, the kinetic
processes of ligand exchange are occurring on the same
time scale as that of the detection method. Therefore it is in
general not possible to obtain values of the intensive factors
(T2m) using only NMR line broadening measurements.

This argument could account for many of the difficulties
which have been reported in determining binding sites in
some systems.2-23:41:42 For example, equal broadening of the
imidazole proton resonances in systems such as Cu(II)-his-
tidine and Cu(II)-carnosine does not necessarily imply that
the Cu(lII) ion is equidistant from both protons and there-~
fore bound at the N3 site. Instead, at the pH’s of these line
broadening experiments, the system may be in “slow ex-
change” with the Cu(II) bound at the N1 site or at the N3
site.

Apart from the difficulty in obtaining Tom values from
NMR line broadening data, there are several other prob-
lems involved in the interpretation of such data. Firstly,
most previous authors?-22-2% have attempted to explain the
observed line broadening in terms of the structures of the
major stable species which have been detected by normal
potentiometric studies on Cu(II)-amino acid and peptide
systems. We have already commented on the doubtful va-
lidity of the assumption that all the species present at high
ligand concentrations can be predicted from potentiometric
measurements on much more dilute solutions. In addition,
the results of a large number of kinetics studies show that
these stable Cu(II)-amino acid and peptide complexes have
ligand dissociation rates which are of the order of 10-103
sec™!.3.3343 Simple first-order dissociation of such com-
plexes cannot be the major exchange mechanism responsi-
ble for the line broadening results at low Cu(II) concentra-
tions.

To account for the line broadening reported in anteced-
ent studies, it is possible to invoke either second-order li-
gand exchange mechanisms (cf. eq 6), or the existence of
weak complexes which can undergo rapid ligand exchange.
Both cases have been found in the Cu(II)-glycine system.
In the former case, the “fast exchange’ condition assumed
in earlier studies is invalidated. In the latter case, any infor-
mation gained from the line broadening data will have little
relevance to the structures of the major species.

Secondly, as we have already indicated, in cases where
T, and T, measurements have been performed3238 it has
invariably been found that Tp~! > Tp~!. The r~¢-depen-
dent dipolar term can then net be the predominant cause of
relaxation. Thus it is unlikely that geometrical structural
information can in general be obtained from such line
broadening measurements, even if the species responsible
for relaxation can be identified and the values of T,y can
be found.

Experimental Section
Materfals. Glycine, sarcosine (Fluka, puriss.), KNO3 (Riedel-de

Haen A. G, A. R.), KOH (Merck, G. R.), and Cu(NO3),:3H,0
(BDH, AnalaR) were used without further purification. The
>99.8% D,O solvent employed in these experiments was obtained
from the Australian Atomic Energy Commission. The stock solu-
tion of Cu(NO3); used in all experiments was standardized by the
[Cu{en),][Hgls]gravimetric technique.*4

NMR Measurements. NMR spectra were obtained on 0.5-ml
samples in precision 5-mm tubes using Varian A-60, HA-100,
XL-100, and JEOL PS-100 spectrometers operating in the contin-
uous wave mode. The sample temperature was set to 30 £ 1°C
using standard procedures.#s Methanol and ethylene glycol were
employed as standards for the calibration of temperature control-
lers. Measurements of the peak width at half peak height (Av;,2)
were made from spectra recorded at either 50 or 100 Hz sweep
width (Varian) or at 27, 54, or 108 Hz sweep width (JEOL). Care
was taken to avoid saturation. Representative spectra were digi-
tized and fitted to a Lorentzian line shape function. The values of
Avi/y from the best fit of the data to a Lorentzian line shape
agreed with the values of Ay)/; obtained by direct measurements
to within £1%. The quantity (Ay;,2)p was found by subtracting
the (Av;,2)n for a particular glycine solution containing no Cu(II)
from the (Avy,2)L obtained with an identical glycine solution con-
taining Cu(II) ions.

Measurements of T for the glycine ~-CH>- resonance were per-
formed on a Bruker WH-90 pulsed Fourier transform NMR spec-
trometer. Values of T were obtained from linear plots of In (1 —
1,/1o) vs. 7, where Igand 7, are the initial peak height and the peak
height after a delay time 7, respectively.46

Visible Spectrophotometric Measurements. A Beckman Acta V
uv-visible spectrophotometer was employed for all visible spectro-
photometric measurements. A constant sample temperature of
30.0 £ 0.1°C was maintained with a Colora WK-5 thermostated
water bath and jacketed cell holders.

pH Measurements and Titrations. Measurements of pH were
made at 30.0 £ 0.1°C in a thermostated cell with a Radiometer
PHM 4c meter, using Radiometer electrodes GK2320C (com-
bined) or G202C (glass) and K401 (calomel). Electrodes were
standardized against standard phthalate, phosphate, and borax
buffers. The pH titrations and the determination of the pK, of gly-
cine were periormed with a Radiometer TTT2 Titrator and
ABUI12 Autoburette. The titration vessel was thermostated to 30.0
+ 0.1°C. All pH values quoted refer to the actual pH meter read-
ings at 30°C.

Treatment of Data. In general, where a nonlinear dependence of
the measured quantity (e.g., OD or line broadening) upon some
variable (pH, ligand concentration, etc.) was observed, the experi-
mental data were replotted in a form which produced a linear de-
pendence. Straight lines were fitted to the experimental data by
linear least squares. Errors in derived quantities are quoted to the
99% confidence limit as determined by Student’s ¢ test. All experi-
ments except the temperature dependence of the line broadening
were repeated at least once.

Procedures. Stock solutions employed in these experiments were
prepared in H,O or D;0 by direct weighing of glycine, KNOj3, and
KOH. Standardized solutions of HNOj; and KOH in either H,O
or D,O were used for pH adjustments. Cu(II) concentrations were
adjusted by adding known volumes of standardized Cu(NO;),
stock solution.

In experiments involving variation of the total Cu(II) concentra-
tion, two stock solutions were prepared with Cu(Il) concentrations
at each end of the range to be studied. The total ligand concentra-
tion, pH, and ionic strength were identical in both solutions. Cal-
culated volumes of these two solutions were added together using a
digital pipet (Digi-pet, 1 ml) in order to produce the desired Cu(II)
concentration.

In order to record the visible and NMR spectra as functions of
pH, pairs of solutions were prepared. The two solutions had identi-
cal total glycine concentrations, total Cu(Il) concentrations, and
ionic strengths, but had a high pH and a low pH, respectively. One
solution was titrated into the other until the desired pH value was
obtained. A spectrum was recorded. The procedure was repeated
for each point. Cu(ll)-free glycine solutions were titrated in the
NMR experiments to enable the natural glycine line width at each
pH point to be determined.

Solutions covering a range of total ligand concentrations were
prepared from known volumes of two solutions whose total ligand
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concentrations were at the extremes of the range. In both solutions
the pH was the same and the ionic strength was maintained at 2.0
M with KNO;. The Cu(Il) concentration was the same for both
extreme solutions in the spectrophotometric experiments, but was
varied in the NMR experiments to maintain easily measurable line
broadening (~5 Hz).

Potentiometric titrations of glycine in both H,O and D,0O were
carried out at 30°C to determine the operational values of B¢
under conditions typical of the NMR and spectrophotometric ex-
periments. The titrations were performed on 0.01 M glycine solu-
tions with ionic strengths of 2.0 M (KNOs). The average of two
values of 8o are given in Table I1I for H,O and D,O.
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