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The binding of cadmium, zinc, and lead ions by diglycine, triglycine, and tetraglycine in aqueous solution has been investi-
gated by proton magnetic resonance spectroscopy. = The sites of metal binding depend on solution pH. At pH <4, each
of the metal ions studied binds to the C-terminal end of the polyglycine peptide while the amino nitrogen is still protonated.
At higher pH, binding is to both the C-terminal end and the N-terminal end. From chemical shift measurements, forma-
tion constants were determined for binding of each of the metal ions at the C-terminal end and at the N-terminal end of
each of the polyglycine peptides studied. Probable donor groups involved in binding at the two ends are discussed. It is
proposed that at pH >4 polynuclear complexes are formed with triglycine and tetraglycine through binding of the two

ends of the peptide to different metal ions.
have been measured in metal-containing solutions.
complexed by cadmium, zinc, and lead.

Introduction
Considerable interest has been shown in the binding
of metal ions by amino acids and peptides as models for
their interaction with proteins. Binding of divalent

cadmium, zinc, and lead by short-chain polyglycine

peptides has been characterized previously in terms of
formation constants, determined primarily by the pH
titration method.*~ The complexes detected and
characterized by this method involve complexation at
the amino group of the N-terminal glycine residue.
Simultaneous binding through a donor atom of the
neighboring peptide linkage has also been proposed.”—*
Coordination to the carboxylic acid group of the C-
terminal glycine residue has not been characterized,
however, presumably because the complexes are weak
and difficult to detect by the pH titration method.

Coordination of the C-terminal end of polypeptides to
these metal ions is of interest in view of the biological
activity of carboxypeptidase enzymes. Starting from
the C-terminal end, these enzymes digest polypeptide
chains to give the constituent amino acids.’®!! They
also catalyze the hydrolysis of esters. Their catalytic
activity is attributed to increasing the reactivity of the
peptide linkage toward hydrolysis through binding of
the C-terminal end of the peptide to the zinc atom at
the active site of the enzyme. Replacement of zinc by
cadmium, lead, or mercury results in complete loss of
catalytic activity toward cleavage of the C-terminal
amino acid residue although the resulting enzymes
still catalyze the hydrolysis of esters.2—14

In the present paper, results of a proton magnetic
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The rates of exchange of the peptide protons of triglycine with solvent protons
The peptide protons exchange more rapidly when the triglycine is

resonance study of the complexation of cadmium,
zinge, and lead by diglycine, triglycine, and tetraglycine
are reported. These systems have been investigated
in an effort to elucidate the binding of these metal ions
by simple peptides. Nmr is sensitive at the molecular
level to coordination and, thus, can provide information
on metal binding at each of the potential coordination
sites. From the dependence of the chemical shifts
of the methylene protons of the polyglycine peptides on
solution conditions, the complexes formed in different
pH regions have been identified and their formation
constants have been determined. Also, the rates of
exchange of the peptide protons of triglycine with
solvent protons have been measured for both free
and complexed triglycine to provide information on
the effect of coordination on the reactivity of the
peptide linkages.

Experimental Section

Chemicals.—Diglycine, triglycine, and tetraglycine (Nutri-
tional Biochemicals Corp.) and reagent grade metal nitrate salts
were used as received. A stock tetramethylammonium (TMA)
nitrate solution was prepared by titration of a 259, aqueous solu-
tion of TMA hydroxide (Eastman Organic Chemicals) with HNO;
to a neutral pH.

pH Measurements.—All pH measurements were made at 25°
with an Orion Model 801 pH meter equipped with a standard
glass electrode and a fiber-tip, saturated calomel reference elec-
trode. Saturated potassium acid tartrate and 0.01 M sodium
tetraborate buffers, pH 3.56 and 9.18 at 25°, were used to stan-
dardize the pH meter.

Nmr Measurements.—Nmr spectra were obtained on a Varian
A-60-D high-resolution spectrometer at a probe temperature of
25 £ 1°. Spectra were recorded at sweep rates of 0.1 or 0.2
Hz/sec for both chemical shift and line-shape measurements;
sweep widths of 50 or 100 Hz were used. For line-shape measure-
ments, each spectrum was recorded several times and the indi-
vidual spectra were averaged.

Solutions used in the nmr studies were prepared in triply dis-
tilled water from the requisite amounts of crystalline metal ni-
trate and peptide. KNO; was added to solutions containing only
peptide to give an ionic strength comparable to that of solutions
containing a metal nitrate. HNO; or KOH was added to bring
the solutions to the desired pH’s. TMA nitrate was added to
each solution as a reference compound. Chemical shift measure-
ments are reported relative to the central resonance of the TMA
triplet. The central resonance of TMA is 3.17 ppm downfield
from the methyl resonance of sodium 3-(trimethylsilyl)-1-pro-
panesulfonic acid (TMS*).

Results
Interpretation of the Spectra.—The chemical shifts
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Figure 1.—pH dependence of the chemical shifts of the methy-
lene protons of triglycine. Proton assignment: +NH;CHyy-
CONHCH; 5 CONHCH@)CO:~.  The smooth curves are the
theoretical chemical shift behavior predicted by the acid ioniza-
tion constants determined in this work and the chemical shifts
listed in Table I. Conditions: 0.20 M triglycine, 0.60 M KNOs,
25°. Chemical shifts are in hertz (measured at 60 MHz) relative
to the central resonance of TMA; negative shifts are downfield
from TMA.

and shapes of the resonances from the methylene
protons of diglycine, triglycine, and tetraglycine are pH
dependent and metal ion dependent in aqueous solution.
Only the interpretation of the spectra for the triglycine
system will be described in detail since the diglycine
and tetraglycine systems show similar results. -

Following the notation of Sheinblatt,’® the peptide -

and methylene groups of triglycine are labeled. as
follows

6:CCH,NHCOCH, NHCOCH, NH;
peptide group @ B8

methylene group a B Y
Resonances for the a- and §-methylene protons are
doublets or singlets, depending on the rate of exchange
of the a- or 8-peptide protons with solvent protons,
The peptide proton-methylene proton coupling con-
stant in all of the systems studied was 5.9 Hz. The
resonance for the y-methylene protons is a single line
except at pH <0 where exchange of the amino protons
is slow. ‘

The pH dependence of the chemical shifts of the
methylene protons, which is due to ionization of the
acidic protons, is shown in Figure 1. At pH 1, the
amino and carboxylate groups are both protonated.
As the pH is increased from 1 to 6, ionization of the
carboxylic acid proton to give zwitterionic triglycine
results in a large upfield shift for the adjacent a-
methylene protons and a much smaller upfield shift
for the 8-methylene protons. The chemical shift of the
v-methylene protonsisnot changed within experimental
error. A further increase in pH from 6 to 11 ionizes

(15) M, Sheinblatt, J. Amer. Chem. Soc., 88, 2123 (1966).
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Figure 2.—pH dependence of the chemical shifts of the methy-
lene protons of 0.20 M triglycine in the presence of 0.20 M
Cd(NOj;).. Proton assignments are as in Figure 1. The smooth
curves are the theoretical chemical shift behavior predicted by
the equilibrium constants determined in this work and the chem-
ical shifts in Table I; in this prediction it is assumed that co-
ordination at the amino end does not change the concentration
of carboxylate~coordinated complex. The dashed curves are the
chemical shift behavior of 0.20 M triglycine in the presence of
0.60 M KNO; (25°).

the amino proton which causes a large upfield shift
for the adjacent vy-methylene protons and smaller
upfield shifts for the B- and «-methylene protons.
From pH 1 to 11, averaged resonamnces are observed
rather than separate resonances for each of the species
present indicating exchange of the acidic protons is
rapid on the nmr time scale. .7

Addition of an equimolar concentration of cadmium
nitrate, zinc nitrate, or lead nitrate changes the pH
dependence of the chemical shifts of the methylene
protons, as shown in Figures 2-4. The shift of the a-
methylene resonance accompanying ionization of the
carboxylic acid proton occurs over a lower pH range
indicating displacement of the carboxylic acid proton
by the metal. Also, the chemical shift after the car-
boxylic acid is completely deprotonated is different in
the presence of the metal ions indicating different
chemical shifts in the complexed and uncomplexed
triglycine. The chemical shift of the vy-methylene
protons is pH independent up to approximately pH 4
in the presence of each of the metal ions, at which pH
ionization of the carboxylic acic proton is almost com-
plete. As the pH is increased beyond pH 4, the chem-
ical shifts of the y- and B-methylene protons change
indicating the metal ions are displacing the amino

(16) J. A, Pople, W. G. Schneider, and H. J. Bernstein, ‘' High Resolu-
tion Nuclear Magnetic Resonance,”” McGraw-Hill, New York, N. Y., 1959,
p 221, ]

(17) (a) E. Grunwald, A, Loewenstein, and S, Meiboom, J. Chem. Phys.,
27, 641 (1957); (b) D. L. Rabenstein, Can. J. Chem., 80, 1036 (1972).
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Figure 3.—pH dependence of the chemical shifts of the methy-
lene protons of 0.20 M triglycine in the presence of 0.20 M
Zn(NQy),. Proton assignments as in Figure 1. The smooth
curves are the theoretical chemical shift behavior predicted by
the equilibrium constants determined in this work and the
chemical shifts in Table I. The dashed curves are the chemical
shift behavior of 0.20 M triglycine in the presence of 0.60 M
KNO; (25°). :

protons and binding at the amino end of the peptide
chain. In the presence of cadmium and zinc, the
resonances for the y-methylene protons shift upfield
as the pH is increased whereas lead causes them to
shift downfield. With all three metal systems, the
resonances for the §-methylene protons shift downfield
upon complexation at the amino end. Rapid ex-
change of triglycine between the free and complexed
forms results in averaged resonances for each of the
methylene groups.

Owing to precipitation, it was not possible to reach
pH’s at which the chemical shift of the y-methylene
protons leveled off. Presumably the precipitates
are the metal hydroxides. The highest pH'’s reached
before precipitation for solutions containing 0.20 M
metal nitrate and 0.20 3/ triglycine were 7.3, 6.3, and
5.6 for the cadmium, zinc, and lead systems.

Complexation of each of these metals also causes a
decrease in the pH at which the doublet patterns for the
a- and B-methylene resonances begin to collapse to
single lines, indicating the rate of peptide proton ex-
change is faster when triglycine is complexed. Be-
cause of precipitation, it was not possible to observe
complete collapse of the resonances for the a-peptide
protons to single lines,

Determination of the Acid Ionization Constants.—
Observed chemical shifts in the pH regions over which
the carboxylic acid proton and the amino proton are
ionized are the sums of the chemical shifts of the pro-
tonated and ionized forms, weighted according to the
relative concentrations of each species.” The chem-
ical shifts of the methylene groups of the peptides in
their various protonated forms, obtained from data
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Figure 4.—pH dependence of the chemical shifts of the methy-
lene protons of 0.20 M triglycine in the presence of 0.20 M
Pb(NO3).. Proton assignments as in Figure 1. The smooth
curves are the theoretical chemical shift behavior predicted by
the equilibrium constants determined in this work and the
chemical shifts in Table I. The dashed curves are the chemical
shift behavior of 0.20 M triglycine in the presence of 0.60 M
KNO; (25°).

similar to those in Figure 1, arelisted in Table I. Using
methods previously described,’” the acid ionization
constants obtained from the chemical shift data are
Ko =742 X 10*and K, = 6.17 X 10~° for digly-
cine, Ky = 5.01 X 10~*and K,; = 7.94 X 10~* for
triglycine, and K,; = 4.90 X 10~ and K., = 8.91 X
10~?for tetraglycine where K,; and K., are defined as

[H*][HL*]

K. = 1

' [H.L+] v
[H+][L-]

- L 2

: [HL=] @

HL= is the zwitterionic form of the peptide. In each

case, the ionic strength of the solution was approxi-
mately 0.80. For comparison, literature values for
triglycine at an ionic strength of 0,16 are K,; = 5.01 X
10~*and Kgy = 1.10 X 10518

Determination of the Formation Constants.—Chem-
ical shift data in Figures 2-4 for the «- and y-methylene
protons of triglycine indicate that cadmium, zine, and
lead bind to the C-terminal end of the peptide in the
pH range 1-4 while the amino group remains fully
protonated. Similar results were obtained for the
diglycine and tetraglycine systems. When some com-
plex is formed, the observed chemical shift is the sum
of the chemical shifts of the various species present,
weighted according to the relative concentration of
each species, from which the formation constants can
be evaluated. Using methods previously described, 7?1

(18) W. L. Koltun, R. H. Roth, and F. R. N. Gurd, J. Biol. Chem., 238,
124 (1963).

(19) D. L. Rabenstein and R. J. Kula, J. Amer. Chem. Soc., 91, 2492
(1969).
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TaBLE
SUMMARY OF THE CHEMICAL SHIFTS OF THE METHYLENE GROUPS OF THE POLYGLYCINE PEPTIDES®:?

d

~——Diglycine—— —~———Triglycine Tetraglycine® —_—
Species a 8 3 8 h% o 8 k% 5
H.L+* 0.930 0.755 0.879 0.900 0.765 0.873 0.85 0.905 0.765
HL* 0.654 0.710 0.622 0.875 0.765 0.616 0.830 0.896 0.765
L- 0.627 0.210 0.615 0.836 0.252 0.615 0.827 0.864 0.250
+
Cd +—0.CCH,;NH(COCH,NH ),COCH,NHj 0.730 0.606 0.830 0,766 0.687 0.900 0.762
~0,CCH:NH(COCH,NH ),COCHsNH,-Cd?* / 0.416 0.615 0.912 0.420 0.614 0.830 0.443
+
Zn+t-0,CCH,NH(COCH,NH),COCH,NH; 0.717 0.653 0.870 0.765 0.660 0.904 0.762
-0,CCH,NH(COCH.:NH ),COCH;NH,~Zn?*+ / 0.416 0.615 0.928 0.446 0.614 0.830 0.450
+
Pb+-0;CCH;NH(COCH:NH),COCH.NH; 0.697 0.653 0.890 0.765 0.649 0.904 0.765
~0,CCH:NH(COCH,NH ),COCH.NH,-Ph?+ / ~0.82 0.615 0.900 0.823 0.614 0.807
e At 25°. b In ppm relative to the central resonance of TMA. - Positive shifts are downfield from TMA. ¢ ~0;CCHyayNHCOCH;z(g)-
NH;* ¢ ~0;CCHyyNHCOCH, 5 NHCOCH(vyNH;+. ¢ ~03CCHy(yNHCOCH(5) NHCOCH;(yNHCOCH;5NH;3*. 7 There is
probably some coordination to the carboxylate end also; see text for a more complete description of the amino-coordinated complex.
TABLE II
ForRMATION CONSTANTS OF THE CaDMIUM, ZINC, AND LEAD COMPLEXES OF DIGLYCINE, TRIGLYCINE, AND TETRAGLYCINE®
Diglycine Triglycine Tetraglycine————-——n—
e Log KN — Log KN ——Log KN —
Metal Log K{©? This work?® Lit. Log K{O % This work? Lit. Log K{O? This work? Lit.
Cd 1.04 +0.18¢ 2,76 £0.17 2.95%¢ 1.03+0.14 2,60+ 0.12 2.70¢ 1.14+0.13 2.71 £0.03 2.70¢
Zn 0.64+£0.24 3.13+0.09 3.6° 0.89 +=0.10 3.10£0.04 3.18 0.75+0.15 2,96 =0.07 3.18¢
Pb 1.30+0.17 ~3.0 3.23/  1.44+0.15 3.00+0.24 3.02¢ 1.40+£0.16 3.00 =0.03 3.02¢
s At 25°. P Tonic strength ~0.8. ¢ Uncertainties represent the range of experimental values. ¢ Ionic strength 0.15 (KNOs)*

¢ Ionic strength 0.01.8 / Ionic strength —0.¢
the formation constants of the carboxylate coordinated
complexes, defined as

[MHL2+]

nomELs )

‘M2T 4+ HL* == MHL?**; K° =
were determined from chemical shift data for the «-
methylene protons. Values obtained for K are -
listed in Table II.

Chemical shifts of the different methylene protons in
the carboxylate-coordinated complexes are listed in
Table I. Chemical shifts of the g-methylene protons
were obtained directly from the chemical shift vs.
pH curves; the chemical shift of the a-methylene
protons in each of the carboxylate-coordinated com-
plexes is the chemical shift at which the curve for the
a-methylene protons of the free peptide (indicated
by the dashed lines in Figures 2—4 for triglycine) inter-
sects the curve for the peptide solution containing
metal nitrate.'® Chemical shifts of the other methy-
lene protons in the carboxylate-coordinated complexes
were determined from the averaged chemical shifts in
the presence of the metal nitrate and the concentrations
of each species present. Concentrations were cal-
culated with the formation constants in Table II.

At pH’s greater than 4, the chemical shift of the
methylene protons adjacent to the amino group (e.g.,
the y-methylene protons of triglycine) changes when
the solution contains a metal nitrate indicating com-
plexation at the amino end. The chemical shifts of
the a-methylene protons indicate that at pH >4 there
is still some carboxylate coordination. As discussed
later, it is considered unlikely that the carboxylate end
and the amino end of a triglycine or tetraglycine mole-
cule are simultaneously coordinated to the same metal
ion, when the metal ion is cadmium, zinc, or lead.

However, coordination of the amino end of a carbox- -

ylate-coordinated peptide molecule to a second metal
ion and coordination of a carboxylate-coordinated
metal ion to the amino end of a second peptide molecule
could presumably take place. Considering this to be

¢ Ionic strength ~0Q.5

the case, complexation to the amino end is represented
as

M’ 4+ L' 22 ML; K& = [ML]/[M’][L/] (4)

where [M’] is the sum of the concentrations of totally
aquated metal ion and carboxylate-coordinated metal
ion, [L’] is the sum of the concentrations of free and
carboxylate-coordinated peptide, both having the amino
proton ionized, and [ML] is the concentration of pep-
tide coordinated at the amino end. Some coordination
of hydroxide by the metal ions may also be occurring,
particularly at the highest pH’s attainable before
precipitation; however the presence of such coordina-
tion could not be detected from the nmr data.
Formation constants for complexation at the amino
end were determined from chemical shift data for the
methylene protons adjacent to the amino group. The
observed chemical shift for these protons is the weighted
average of the shifts of the species present, as given by

(3)

where L’/ represents the sum of the concentrations of
free and carboxylate-coordinated peptide and ML is de-
fined as above. P represents the mole fraction of pep-
tide present as the species indicated (1 = Pr~ + Puv).
Combination of eq 5 and the equation for mole fractions
leads to

Vobsd = Provir + Purvmr

Vobsd — YL/’

Pyr = (6)

VML — VL7

The concentrations used to calculate the formation
constants were obtained from these relationships. The
concentration of ML equals Pyr[L:]. The concentra-
tions of M’ and L’/ were calculated from the total
metal and peptide concentrations by difference. The
concentration of L’ equals «[L’’] where a = K./
(Ka2+ [H*]).2

(20) H. A. Laitinen, ‘“Chemical Analysis,”” McGraw-Hill, New York,
N.Y., 1960, p 35.
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The chemical shift of the methylene protons ad-
jacent to the amino group in the amino-complexed
peptide is needed in the above calculations. way
could not be obtained directly from the data because
precipitation of metal hydroxide occurred before all
of the amino end was complexed, as shown in Figures
2-4 for the triglycine system. Therefore, a procedure
was used which permitted the simultaneous evalua-
tion of vy and KN. The chemical shift curves for
the methylene protons adjacent to the amino group
were extrapolated to high pH values to indicate the
region in which vyy was likely to occur. KN was
then calculated at each of the data points using »mr
values in these regions. The final value taken for
vyr was the value which gave the same KN for each
of the data points. The chemical shifts obtained in
this way are listed in Table I; the formation constants
are listed in Table IT.

The formation constants obtained in this work and in
previous work for coordination of cadmium, zine, and
lead at the amino end of polyglycine peptides were
determined by utilizing the competition between metal
and protons for the amino nitrogen. The relationships
used in evaluating these constants do not correct for
competition from the carboxylate end for the metal
ions., Therefore, these formation constants must be
considered ‘“‘apparent” formation constants for co-
ordination at the amino end.

Triglycine Peptide Proton Exchange Kinetics.—The
kinetics of exchange of the peptide protons of triglycine
with solvent protons were measured for both free and
complexed triglycine. Sheinblatt has previously re-
ported an nmr study of the exchange kinetics of un-
complexed triglycine at a lower ionic strength than
used in this work.® Our results differ somewhat from
those of Sheinblatt, even when the difference in ionic
strength is taken into account, and therefore our ex-
periments will be described.

Two possible reactions leading to exchange of a
peptide proton in the pH region where collapse of the
methylenic doublet patterns to single resonances
takes place when no complexing metal ion is present
arels,21—23

k1 _ +
RCONHR’ + H;0 == RCONR'’ + H;0O (7)
k11 - :
RCONHR’ + OH~ —> RCONR’ + H,O (8)

The kinetic parameter measured by nmr is the average
lifetime, =, of the peptide proton before transfer from
triglycine. The rate equation for the above reactions
in terms of this parameter is

1/7 = by + B [OH-] )

Lifetimes were obtained from experimental spectra
by comparison with computer-simulated spectra.
Spectra were simulated as a function of lifetime using
Bloch phenomenological equations modified for trans-
fer of magnetization by two-site chemical exchange.
This approach is valid because coupling of the peptide
protons to the methylene protons essentially is first
order.”* The treatment of McConnell and Meiboom

(21) A. Berger, A. Loewenstein, and S. Meiboom, .J. Amer. Chem. Soc.,
81, 62 (1959).

(22) M. Sheinblatt, sbid., 87, 572 (1965).

(23) M. Sheinblatt, 4bid., 93, 2505 (1970).

(24) E. Grunwald, A. Loewenstein, and 8, Meiboom, J. Chem. Phys.,
27, 630 (1957).

DarLras L. RABENSTEIN AND STEVEN LIBICH

was used to obtain the modified Bloch equations,?5.%

The 7% values used in calculation of spectra were
obtained from the widths of the resonances in the low-
pH region, 1.09 and 1.36 Hz for the a- and 8-methylene
protons. - These were considered to be the widths
corresponding to no exchange for the following rea-
sons, First, the widths are pH independent in the
low-pH region indicating that in this pH region ex-
change via the reaction represented by eq 8 is not oc-
curring on the nmr time scale. If exchange is occurring
via the reaction represented by eq 7, the amount of
exchange broadening should be temperature dependent.
Variation of the temperature from 10 to 60° at several
pH’s in this pH range caused no significant change in
the width of the methylene proton resonances. Second,
the width of the averaged resonance in the high-pH
region where exchange is rapid is the sum of the widths
in the absence of exchange, weighted according to the
relative intensities of each resonance.’®* The widths of
the averaged resonances for the «- and @-methylene
protonsare 1.09 and 1.35 Hz at pH 10.0.

Kinetic data for exchange of the peptide protons are
listed in Table II1I. Evaluation of these data by eq 9

TaBLE III

KINETIC DATA FOR EXCHANGE OF THE PEPTIDE
HyYDROGENS OF TRIGLYCINE®D

pH 1/78 pH 1/76 pH 1/7a pH 1/7e
3.83 0.6 5.02 9.1 6.35 0.5 7.19 11
4.09 1.1 5.18 10 6.38 1.1 7.35 16
4.19 1.2 5.23 15 6.57 2.1 7.38 17
4.30 2.8 5.33 17 6.63 2.0 7.80 35
4.41 2.6 5.47 36 6.75 3.3 7.90 56
4.53 3.4 5.49 31 6.84 4.0 8.03 77
4.62 3.7 5.72 59 6.96 5.3 8.26 125
4.76 5.0 5.92 110 7.06 6.9 8.42 190
4.81 5.9 6.15 150 7.18 12 8.50 200

5°. ? Ionic strength ~0.8; 0.20 M triglycine, 0.60 M

with standard least-squares methods yields the rate
constants given in Table IV. The upper limits given
for ki, and kg were set assuming an experimental
uncertainty of 0.1 Hz in the line widths. The rate
constants reported by Sheinblatt are also listed in
Table IV. The rate constants obtained in this work
at an ionic strength of ~0.8 M differ from those re-
ported by Sheinblatt for a lower ionic strength. Shein-
blatt’s plot of 1/7 vs. 1/ag+ (=[OH-]/K.) for the
a-peptide proton was nonlinear and was resolved into
krr. and ke for the triglycine zwitterion and the
triglycinate anion, respectively. The results in Table
I1I for «a-peptide protons in the solutions containing
0.60 M KNOj give a linear plot. Further, Sheinblatt
reported nonzero values for k1, and k1s. The study
was repeated using a lower ionic strength to deter-
mine if the differences between our results and those of
Sheinblatt were due to the different ionic strengths.
The rate constants obtained at the lower ionic strength,
also listed in Table IV, indicate that the differences
between the rate constants previously reported and
those measured in the present study cannot be at-
tributed solely to ionic strength effects. The nonzero
values reported by Sheinblatt for ki, and kg suggest
the line widths used for conditions of no exchange in

(25) H. M. McConnell, ibid., 28, 430 (1958).
(26) S. Meiboom, ibid., 34, 375 (1961).
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. TABLE IV
RATE CONSTANTS FOR EXCHANGE OF PEPTIDE PROTONS OF TRIGLYCINE®
Rate constant This work? Lit.© This work?
kia <0.3 sec™! ~2 sec™! <0.8 sec™!
kil 6.7 X 10" M~!sec? 8.4 X 10" M~'sec™! ) 7.9 X 10" Mt sec™!
k11 0.8 X 10" M~!sec™? 2.6 X 10" M~1sec™!
kis <0.3 sec™t 5 sec™! <0.3 sec™?
ki1g 1.1 X 101 M1 gec™? 6.7 X 10® M~1gec™! 1.0 X 10% M~lgec™!
e At 25°, b Jonic strength ~0.8; 0.60 M KNOj, 0.20 M triglycine. °© Reference 15; 0.15-0.589 M triglycine. . ¢ 0.20 M triglycine.

the previous work were less than the line widths used
in the present work. Sheinblatt's values for Zi,
and kg also do not appear reasonable when the relation-
ship between the forward and reverse rate constants
in eq 7 is considered. Since the rate constant for the
reverse reaction cannot exceed the diffusion-controlled
limits and pKa. of the peptide hydrogen is greater
than 14, k1, and k1g must in fact be <<<0.3 sec—1.%

The linearity of the plot of the kinetic data in Table
III for the a-peptide proton indicates that ki1, equals
k1. at this ionic strength. Thus ki, increases with
increasing ionic strength (see Table IV) whereas
k1. and kpig are ionic strength independent. This is
consistent with the known effect of ionic strength on
rate constants for reaction between like-charged species
compared to the effect on reactions between one charged
and one neutral species.?

Kinetic data for exchange of the «- and 8-peptide
protons of triglycine in solutions containing a metal
nitrate are listed in Tables V and VI, respectively.

TABLE V

KiINETIC DATA FOR EXCHANGE OF THE o-PEPTIDE PROTON OF
TRIGLYCINE IN METAL-CONTAINING SOLUTIONS®

1/7y
0.20 M 0.20 M 0.20 M 0.20 M
trig]ycine” triglycine triglycine triglycine
0.60 M 0.20 M 0.20 M 0.20 M
pH KNOs Cd(INOs)2 Zn(NOs)e Ph(NOs):
5.07 0.08¢ 0.8
5.19 0.10 1.4
5.30 0.13 1.7
5.43 0.18 2.3
5.50 0.22 2.4 3.0
5.60 0.26 3.5 3.3
5.75 0.30 1.7
5.95 0.60 4.2 2.3
6.32 1.3 9.1 5.1
6.60 . 2.6 12 10
6.69 3.1 13
6.92 7.5 22
7.09 8.3 31
7.27 12.3 48
¢ At 25°. ? Kinetic data in this column calculated from rate

constants in Table IV. ¢ In sec™l

Also listed is the inverse of the lifetime for the peptide
protons at these same pH's in the absence of a com-
plexing metal ion. These lifetimes were calculated
from the rate constants determined in this work in
solutions containing 0.60 M KNO;. Because of the
large number of species present in the pH regions where
kinetic data can be obtained, it was not possible to re-
solve the data in Tables V and VI into rate constants
for peptide proton exchange from individual triglycine
complexes. The data indicate, however, that the

(27) The authors are indebted to one of the reviewers for pointing this
out,

(28) K. J. Laidler, “Chemical Kinetics,”” McGraw-Hill, New York, N. Y.,
1965, p 221,

peptide linkages.

TABLE VI

KINETIC DATA FOR EXCHANGE OF THE B-PEPTIDE PROTON OF
TRIGLYCINE IN METAL-CONTAINING SOLUTIONS®

1/7g
0.20 M 0.20 M 0.20 M 0.20 M
triglycine? triglycine triglycine triglycine
0.60 M 0.20 M 0.20 M 0.20 M
pH KNOs Cd(NOs): Zn(NOs): Pb(NOs):
3.98 0.9¢ 2.0 1.7
4.12 1.3 3.0 2.9
4.30 2.0 3.6 2.6 4.0
4.43 2.7 5.5 4.8
4.60 4.0 7.7 5.0 8.3
4.92 8.3 14 11 14
5.21 16 30 20 22
5.35 22 42
5.44 28 50 32
5.50 32 63
5.55 35 40
5.60 40 . 50
5.97 93 135 125
6.25 178 250
6.32 209 240
6.58 390 500 477
¢ At 25°.  © Kinetic data in this column calculated from rate
constants in Table IV. ¢ In sec™.

rate of peptide proton exchange is enhanced upon co-
ordination.

Discussion

Structures of the Cadmium, Zinc, and Lead Com-
plexes of Diglycine, Triglycine, and Tetraglycine.—The
potential metal binding sites in the polyglycine peptides
are the carboxylate group, the amino group, and the
Binding of divalent metal ions to
the peptide linkage in aqueous solution has been pro-
posed wia the carbonyl oxygen,®??—% the protonated
peptide nitrogen,?®—4 and the deprotonated peptide
nitrogen.,3—3,4142  Tp the present work, the doublets
due to coupling of the methylene protons to the peptide
protons were not completely collapsed in metal-con-
taining solutions, indicating that in not more than a
fraction of the complexed peptide could the peptide
proton be ionized. Mass balance calculations on base
added are also consistent with titration of only the
amino and carboxylate protons, in agreement with
previous studies.*~” Therefore, any coordination of

(29) B. R. Rabin, Trans. Faraday Soc., 82, 1130 (1956).

(30) R. B. Martin, M. Chamberlin, and J. T. Edsall, J. Amer. Chem. Soc..
82, 495 (1960).

(31) B. R. Rabin, T'vans. Faraday Soc., 87, 785 (1981).

(32) M. K. Kim and A, E, Martell, J. Amer, Chem. Soc., 89, 5138 (1967).

(33) M. S. Michailidis and R. B. Martin, ¢bid., 91, 4683 (1969).

(34) G. K. Pagenkopf and D. W. Margerum, ¢bid., 90, 86863 (1968).

(35) M. K. Kim and A. E. Martell, ibid., 91, 872 (1969).

(38) E. W. Wilson, Jr., and R. B. Martin, Izorg..Chem., 9, 528 (1870).
(87) P. J. Morris and R. B. Martin, tbid., 10, 984 (1971).

(38) C. B. Murphy and A. E. Martell, J. Biol. Chem., 228, 37 (1957).
(39) M. K. Kim and A. E. Martell, Biochemistry, 8, 1169 (1084).

(40) M. K. Kim and A. E. Martell, J. Amer. Chem. Soc., 88, 914 (1988).

(41) H. Dobbie and W. O. Kermack, Biochem. J., 89, 246 (1855).

(42) W. L. Koltun, M, Fried, and F. R. N, Gurd, J. Amer. Chem. Soc.,
82, 233 (1960).
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cadmium, zine, or lead to the peptide linkages of the
glycine peptides in the pH regions studied in this work
must be to the protonated peptide linkages. Of the
two potential coordination sites in the protonated
peptide linkage, the carbonyl oxygen is considered the
more basic on the basis of nmr studies of protonation
of the amide linkage?! and crystallographic®®4* and
infrared”-® studies of binding to the peptide linkage.
Chemical shift data in Figures 2—4 indicate at pH <4
cadmium, zine, and lead coordinate to the C-terminal
end of the peptide chain. The carboxylate group is
coordinated as evidenced by displacement of the ioniza-
tion of the carboxylic acid proton to a lower pH
region. The a-peptide linkage might also be simul-
taneously coordinated via the carbonyl oxygen giving
a chelate system. The lack of any change in the chem-
ical shift of the methylene protons adjacent to the
aming group indicates the amino nitrogen is still
protonated. Thus I and II are possible structures

M—0,CCH,NHCOCH,NHCOCH,NH;
I

H, C——NH
Ox y N\ -
\c\ ﬁ—H2CNHCOCH2NH3
O +
~n

I

for the complex formed with triglycine at pH <4. Of
these, I is considered the more likely. Coordination
to the carbonyl oxygen would be expected to affect
the chemical shift of the neighboring B-methylene
protons more than observed. Also a seven-membered
chelate ring as in II is not normally stable.s Further,
the formation constants for coordination to the C-ter-
minal end of diglycine, triglycine, and tetraglycine
are approximately the same as the formation constants
of the acetylglycine complexes of these metal ions (log
K: = 1.22 for the cadmium complex of acetylglycine,
log K = 0.86 for the zinc complex, and log K; = 1.38
for the lead complex)™ suggesting that coordination to
the C-terminal end of the glycine peptides and to
acetylglycine involves the same ligand donor groups.
A comparison of the formation contants of a series
of carboxylic acid complexes of these metals with the
basicity of the carboxylic acids suggests there is little
chelation involved in the coordination of acetylglycine.*

At pH >4, the chemical shift behavior of the methy-
lene protons adjacent to the amino group indicates the
metal is binding to the amino end of the peptide chain.
The amino nitrogen is coordinated as evidenced by
displacement of the ionization of the amino proton to
a lower pH region. The peptide linkage adjacent to
the N-terminal amino group, known to be a site of
metal binding in the dipeptide and tripeptide com-
plexes of certain divalent metal ions,79:29,30.37,43,44
might also be simultaneously coordinated through the
carbonyl oxygen atom giving a five-membered chelate

(43) H. C. Freeman, Advan, Protein Chem., 22, 257 (1987).

(44) J. D, Bell, H, C. Freeman, A, M. Wood, R. Driver, and W. R.
Walker, Chem. Commun., 1441 (1869). .

(45) A. E. Martell and M. Calvin, “Chemistry of the Metal Chelate

Compounds,’” Prentice-Hall, New York, N. V., 1952, p 134.
(46) J. W. Bunting and K. M. Thong, Can. J. Chem., 48, 1654 (1970).
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ring (III). The downfield shifts of the resonances for
the a-methylene protons of diglycine, the 8-methylene
protons of triglycine, and the ~vy-methylene protons
of tetraglycine upon complexation of cadmium, zine,
and lead at the amino end are somewhat larger than
the downfield shift upon protonation of the amino end
supporting simultaneous coordination to the carbonyl
oxygen of the N-terminal peptide linkage when the
amino end is coordinated.

In the pH region where metal is binding to the amino
end of the peptide chain, the small change in the chem-
ical shift of the a-methylene protons of triglycine and
tetraglycine suggests the carboxylate group is still
metal coordinated. An alternative explanation for
the lack of a sizable change in the chemical shift of the
a-methylene protons might be that their chemical shift
is approximately the same in the C-terminal and N-ter-
minal complexes, both of which are different from that
in the uncomplexed peptide. If so, the resonance for
the a-methylene protons would be predicted to move
downfield upon coordination of the N-terminal end
rather than remaining constant or moving upfield
slightly as observed. Molecular models show that
with triglycine the amino nitrogen, the carbonyl
oxygens of the «- and B-peptide linkages, and the car-
boxylate group cannot all be coordinated simultaneously
to the same metal ion. However, the amino nitrogen,
the carbonyl oxygen of the B-peptide linkage, and the
carboxylate group could be, although the 10-membered
chelate ring formed by coordination to the latter two
groups would be expected to be unstable.*® Therefore,
simultaneous coordination of the amino end and the
carboxylate end must occur to different metal ions
resulting in polynuclear complexes. Competition by
the amino end for the metal coordination sites prob-
ably results in less coordination at the carboxylate end
which gives rise to the slight upfield shift in the «-
methylene resonance.

Evidence has been reported for polynuclear com-
plexes of the type proposed above. Kim and Martell
proposed, on the basis of selective broadening of the
various methylene resonances of triglycine and tetra-
glycine by Cu(II), that in neutral solutions Cu(II)
forms polynuclear complexes by coordination of the
amino and carboxyl ends to different metal ions.®
At higher pH’s, however, the peptide protons are
ionized and Cu(II) binds to the negative peptide nitro-
gens, the amino nitrogen, and, in the case of triglycine,
the carboxylate group to form mononuclear complexes.*!
Crystallographic studies have revealed several poly-
nuclear complexes in the solid state.4®* In the complex
[Cu(GlyGly)(Im),]C10,;, where GlyGly is diglycine
with only the peptide nitrogen protonated and Im is
imidazole, the amino nitrogen and the carbonyl oxygen
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are bonded to one metal ion and the carboxylate
group is bonded to a second metal ion.#* In the com-
plex [Cu(GlyGlyGly)Cl]-1.5H,0, where the peptide
nitrogens of triglycine are protonated, the amino
nitrogen and the catrbonyl oxygen of the g-peptide link-
age are bonded to one copper ion while the terminal
carboxyl group is coordinated to a second copper ion,
so that the structure consists of ~Cu-peptide-Cu-
peptide— chains: ¥

The o-methylene protons of diglycine, however,
undergo a downfield shift upon coordination of the
amino group which could be due either to binding to the
adjacent peptide linkage or to increased codrdination
at the carboxylate end. Thus no information about
the structures of the aminc-coordinated complexes
can be obtained from the chemical shift data.

Complexation Effects on the Reactivity of the Peptide
Linkages of Triglycine.—The reactivity of the peptide
linkages of triglycine is affected by coordination to
cadmium, zinc, and lead as evidenced by the increased
peptide proton exchange rates (Tables V and VI).

Pagenkopf and Margerum?®* observed that coordina-
tion of the carbonyl group of the a-peptide linkage of

(47) H. C. Freeman, G. Robinson, and J. C. Scloone, Acta Crystallogr.,
17, 719 (1964). '
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Cu(H-,L), where H-,L is triglycine with the 8-
peptide nitrogen deprotonated and copper coordinated,
labilizes the a-peptide proton. The peptide proton of
acetylglycine is also labilized upon coordination to
cadmium, zinc, and lead."® In the case of the cadmiiumi
complex, the proton exchange rate is 53 times faster
than that of free acetylglycine. In the present work,
it was not possible to resolve rate constants for specific
complexes from the data in Tables V and VI due to un-
certainties in the species presenit. The data indicate,
however, that both the «- and S-peptide protons are
labilized by coordination to these metal ions, with the
apparent degree of labilization being greater for the
a-peptide protons over the pH ranges where the kinetics
are accessible by nmr. This is likely due to the fact
that over these pH ranges coordination to the C-ter-
minal carboxylate group is at a maximum while there
is much less coordination at the amino end. Consider-
ing only the changes in charge, coordination of a di-
positive metal ion to the ionized C-terminal carboxylate
group is also predicted to enhance the rate of exchange
of the adjacent a-peptide proton more than replacement
of the amino proton by a dipositive metal ion is pre-
dicted to enhance the rate of exchange of the 8-peptide
proton.
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A simplified GQVFF model has beén used to calculate force constants for the anionic indium(III) halide complexes InX4~
(X = Cl, Br, or I), InCls?~, and InCle~ and for the recently prepared indiumn(I) species InX;?~ (X = Cl, Br, or I). The
primary stretching force constants for the indium(III) chloro anions decrease linearly with increasing coordination number.
The results for the indium(I) complexes are compared with those in the literatutre for isoelectronic tin(II) and antimony (III)

species. :

Introduction

One of the interesting featiires of the ecoordination
chemistry of indium is that three-, four-, five-, and six-
coordinate complexes can be prepared, in some cases
with the same ligand. In particular, recent preparative
work has shown that for anionic halide comiplexes, co-
ordination numbers four, five, or six can be obtained
with chloride, four or six with bromide, and four with
iodide. Slight changes in experimental coriditions
may bring about changes in the coordination number;
for example, both the four- and five-coordinate chloride
species are stabilized by tlie tetraethylammonium cat-
ion, depending on the solvent from which the complex
isrecrystallized. b2

A discussion of these phenomena is hampered both
by the lack of a reliable model of the bonding involved

* Address correspondence to this author at the Department of Chemistry,
University of Windsor, Windsor 11, Ontario, Canada.

(1) J. B. Ekeley and H. A, Potratz, J. Amer. Chem. Soc., 68, 907 (19386).

(2) J. Gislason, M. H. Lloyd, and D. G. Tuck, Inorg. Chem., 10, 1907
(1971).

and by the absence of appropriate energetic data, in
particular of bond strengths. As part of a general in-
vestigation of these problems, we have now carried out
force constant calculations for all those anionic indium-
(III) halide complexes for which complete vibrational
spectra are available. We also report the results of
similar calculations for the halide complexes of in-
dium(TI) recently prepared by us,? and thlie values ob-
tained are compared with those for some isoelectronic
species. In general, the results reveal somie interesting -
empirical relationships amornyg the force constants and
the oxidation state of the metal, the nature of the lig-
and, and the coordination number. Thlese relation-
ships are discussed in terms of the indium-halide
bonding interactions.

The calculations were based on a simplified general
quadratic valence force field model (GQVFF), which
has generally been accepted as a good approximation
for expressing the potential energy of small molecules.

(3) J. G. Contreras and D. G. Tuck, Chem. Commun., 1552 (1971).



