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Abstract: Detailed investigations of the influence of glycine, alanine, histidine, glycylglycine, imidazole, and 1,10-phenanthro-
line on the Cu(ll) catalyzed rates of decarboxylation and enolization of oxaloacetate have been performed. At amine concen-
trations comparable to those of the metal ion, large rate enhancements of decarboxylation are observed under certain condi-
tions. Concurrently, enolization rates are inhibited. The effect of the amine is to surpress the formation of inactive dinuclear
oxac complexes by reducing the metal ion activity in solution and to form mononuclear mixed ligand complexes. Except with
phen, the oxac?~ in these mixed ligand complexes appears to be in an environment similar to that found in the binary complex,
Cu(oxac). The ternary complex, Cu(phen)oxac, undergoes decarboxylation and enolization at a faster rate than the other
Cu(ll)-oxac?~ complexes, and also has a higher equilibrium enol content, owing to the effects of II back-bonding. Coordinat-
ing groups likely to be found at the active site of an enzyme do not significantly influence coordinated oxac?~. Calculations
show that many of the differences observed between metal ion catalyzed enzymatic and nonenzymatic decarboxylation of
oxac?~ can be accounted for almost entirely by increases in the stabilities of the known complexes in the environment presented
by the enzyme. The required stabilizations can be brought about in part by the presence of a low dielectric region at the enzyme

active site.

It has been recognized for a number of years that various
complexing agents produce diverse effects on the metal ion
promoted rates of decarboxylation of oxaloacetate (oxac) and
its derivatives. Steinberger and Westheimer? reported that the
Cu(l11l) promoted rate of decarboxylation of a,a-dimethyl
oxaloacetate is faster in pyridine buffers than in citrate or
acetate buffers. Subsequent studies®# have further shown that
it is possible for 1,10-phenanthroline and its derivatives to
enhance the activities of metal ions toward a,a-Mejoxac.
Munakata® and his co-workers in investigating the effects of
many different kinds of ligands on the activities of Mn2*, Co?*,
Ni2*, Cu?*, and Zn** toward oxac?~ found that most ligands
inhibited reaction rates but a,a’-bipyridyl (bdpy) and 1,10-
phenanthroline (phen) enhanced the kinetic activities of all
metal ions except those of Cu(Il) where inhibition was ob-
served. These authors report enhanced Cu(II) promoted rates
only in the presence of histidine and its derivatives. In contrast,
Yamane® et al. report that the presence of bpy, phen, or eth-
ylenediamene (en) increases decarboxylation rates of
Cu(l1)-oxac?~ mixtures. Bontchev and Michaylova’ also
found activation of Cu(oxac) decarboxylation by pyridine and
picoline but none by methylamine and piperidine.

These ligand effects have been interpreted?-8 as arising from
electronic interactions in mixed ligand, Cu(L)oxac, complexes,
where L represents a ligand other than a water molecule. Im-
plications toward requirements at the metal ion binding site
of metallodecarboxylases have been drawn from these obser-
vations;2-5-7% however, it has been pointed out? that such
conclusions must be regarded as tentative until the exact in-
teractions in these model systems are known.

A recent detailed study® of the behavior of binary
Cu(l1)-oxac?™ mixtures has demonstrated that the inhibition
of decarboxylation, which occurs at higher pH and Cu(II)
concentrations, arises from the formation of an inactive di-
nuclear enolate complex, Cux(H_,oxac)*. One effect of a
second ligand will be to alter the distribution of oxac2~ between
the active mononuclear complex and the dinuclear complex,
Cuy(H-joxac)* + L + H* = Cu(oxac) + CuL. Another
possible effect would be to induce changes in the enol content
of the mononuclear complex by shifting the equilibrium

K enolCulox

Cu(L)oxacgeo <= Cu(L)oxacenq

in one direction, or the other. It is the keto form that undergoes
decarboxylation while the enol form is inactive.2!0-!

In this study we have endeavored to sort out these thermo-
dynamic factors from the kinetic and to obtain the absolute
values of the rate constants for the decarboxylation of the keto
forms of the ternary mixed ligand complexes,

k_COZCuLox
Cu(L)oxackeo, —> CO; + products

It is only from a comparison of these values with the corre-
sponding value obtained for the binary complex that legitimate
conclusions can be drawn regarding the intrinsic influence of
coordinated L on the decarboxylation of coordinated
oxac?~.

Experimental Section

Oxaloacetic acid, glycine, alanine, histidine, glycylglycine, and
imidazole were obtained from Nutritional Biochemical Corp. 1,10-
Phenanthroline was purchased from the G. Frederick Smith Chemical
Co. Stock solutions of these reagents were prepared by weight, those
of oxac being freshly prepared prior to use. Analysis of the oxac by
titration with standardized NaOH indicated a purity of 97.7%.
Copper(11) chloride stock solutions were prepared from J. T. Baker
Chemical reagent grade material and analyzed by the method of
Schwarzenbach and Flaska.!?

Kinetic determinations were initiated by mixing two solutions, one
containing Cu(l1) and amine, the other oxac. Low levels of acetic acid
and sodium acetate were present in both solutions to help maintain
the pH constant at the desired value. Variations in pH were made by
adding NaOH or HC] solutions to the Cu(ll) solutions. The actual
pH was measured at the end of a reaction using a Radiometer Model
25 pH meter.

In order to obviate complications arising from the formation of
Cu(oxac);?~ either an excess of Cu?* over oxac?~ or very dilute so-
lutions were employed. Rate determinations employing the reverse
order, oxac?™ > Cu(ll), may be complicated by a change in the dis-
tribution of the solution species from one containing appreciable
quantities of Cu(oxac);?~ in the beginning of the reaction to one in
which this species is almost totally absence as oxac?~ disappears.

Most kinetic experiments were run at 0.0025 M Cu(1l), 1 X 10~4
M oxac. Variations in Cu(l]) concentration were made, however, to
better define the influence of polynuclear species. The range of amine
concentrations and pH range employed for a given amine were de-
termined in part from a consideration of the Cu(l1)-amine stability
constants. It is most desirable to run reactions under conditions where

Journal of the American Chemical Society | 99:7 | March 30, 1977



Scheme I

2189

Cu(L)oxackew—% CO, + other products
slow

JLf ast

P————

CuL, == CuL == Cu**

ol

- 1 5
+ oxac’,, === Cu(oxacl,, — CO, + other products
fast slow

slow”‘t
fast =+

+ oxac’™ -—‘—2—"— Cu(oxac),ne -f'——-" Cuy(H.oxac)* + H*

ast

fastjf Hfast

2+

Cu(L)oxac,p, -f-ci—* Cu(LYH_,oxac) + HY

ast

pos

Cuy(L)A(H_0xac)

fast . fast
H* + L === HL, HL + H* == H,L
H* + oxac®™™ === Hoxac™, Hoxac™ + H* === Hyoxac

fast

1:1 Cu(ll):amine complexes prevail (not necessarily where the ratios
of the total concentrations are unity). With the exception of phen and
his, which form very stable complexes with Cu(l1), the amine con-
centrations lay in the range 0.004-0.03 M, with the pH being varied
from 3.8 to 6.0. A total of 29, 27, 18, and 20 data points were deter-
mined, respectively, for the gly, ala, glygly, and im systems. With his
a concentration range of 0.001-0.02 M was used at pH 3.2-5.2, 46
data points, while the phen concentrations were 0.00057-0.0016 M
at pH 3.1-4.1, 23 data points. The ionic strength of all solutions was
adjusted to 0.1 by the addition of KCI. All experiments were run at
25°C.

A Durrum-Gibson stopped flow spectrophotometer was used to
measure the enolization rates, which are complete in about 20-30s.
Slower decarboxylation was followed spectrophotometrically using
a Cary 14 spectrophotometer. Wavelengths of 290-300 nm were
employed. Pressure changes arising from release of CO; were followed
in some experiments. A Texas Instruments Precision Pressure Gauge
Model 145-01 was used, the output being recorded on a strip chart
recorder. Experiments were performed using reaction solutions con-
taining 0.015 M Cu(l1), 0.015 M amine, and 0.006 M oxac at either
pH 3.5 (1,10-phen, his), or 4.0 (gly™). Biphasic pressure changes were
noted in the presence of all of these ligands.

Nonlinear least-squares curve fitting analyses were performed using
a computer program developed in our laboratories, CORNEK 11. This
program is similar to the original version which was developed to fit
rate constants to labile complex ion systems,!? but has been modified
to fit equilibrium constants, also. The present data were treated in
essentially the same manner as those obtained previously.® The in-
clusion of the binary and ternary complexes into the analysis was easily
accomplished owing to the generality of the computer program.

Analysis of the Data

The interactions which occur in Cu(II)-oxac?~ solutions
in the absence of a second ligand, L, are depicted in Scheme
| within the portion enclosed by the dashed lines.

Initially, oxac?~ is present to greater than 90% in the keto
form. When Cu(lII) is added, complexation and proton redis-
tribution reactions occur very rapidly. Following this initial
stage three distinct and slower reactions are observable: eno-
lization (paths 3 and 4) and fast decarboxylation (path 5)
which together make up a single relaxation, 7, requiring about
20-30s; protonation of the Cu(1I) pyruvate enolate that is the
immediate reaction product of 5; and, slow decarboxylation,
73, over a period of 10-30 min.? The process giving rise to 7,
is manifested through pH changes and was not followed in this
study. 73 arises from the decarboxylation along 5 of the low
steady state or quasi-equilibrium concentration of Cu(0xac)ke(o
that remains after the 7, phase. As this complex decarboxy-
lates, its concentration is replenished by the reketonization of
Cu(oxac)enol-

The effective pseudo-first-order rate constant for the slow
decarboxylation of Cu(oxac) (1/73) is related to the true rate

d[oxacenol] 2

fast
constant by the relationship,

1/7'3 =fCu(oxac)kelok—COZCU(ox) (1)

where fCu(oxac)e, 1S the fraction of total oxac?~ present in the
form of the keto complex. In a ternary complex, either one, or
both, of fculoxacke, aNd k -co,%uo% may differ from that of the
binary complex.

When the rate constants for the enolization/ketonization
reaction are sufficiently faster than that for decarboxylation,
as is the situation with many metal jons and is close to that with
Cu(II), then a preequilibrium condition essentially exists and
eq 1 takes the form,

|
l_:meoxack_Conoxac (2)
€no

where fMoxac 18 equal to the fraction of oxac bound as Moxac
(both keto and enol forms). The value of fyoxac is Obtained
using the macroscopic equilibrium constants which encompass
both keto and enol forms.

As a reasonably good first approximation eq 2 can be applied
to the Cu(II) mediated reactions; however, following the earlier
treatment,” exact relationships describing the near equilibrium
kinetics (NEK) of two coupled reactions were employed here.
The NEK equations are identical with the earlier ones, except
for suitable modifications described below to take into account
the presence of L.

The addition of L to Cu(II)-oxac?~ solution will bring about
the formation of binary Cu(II)-L and ternary Cu(l1)-L-
oxac?~ complexes. The additional species and reaction paths
expected are shown in the expanded part of Scheme 1. Because
the reactions of L with the various Cu(11) speciesand H* are
fast, the presence of L does not change the number of rate
equations which characterize the rate processes of interest.
Only two independent rate equations can be written. Choosing
these to describe the rate of CO; loss and the rate of enol for-
mation yields the following,

dCO, _
dt

I/73=

k -co,Cuoxa9)[Cu(oxac)]

+ k_co,cutora¢[Cu(L)oxac]
+ k_co,H*2¢[Hoxac™] + k_co,”**[oxac®™] (3)
ar = k) [H*][Hoxackeo] + ka[H*][oxackeio® "]
+ k3[HOAc] [oxackero>™] + ka[H¥][Cu(oxac)keio]
+ ks[Cu(oxac)yeo] + ks[H*][Cu(L)oxacketo]
+ k7[Cu(L)oxacyeo] — k-1[H¥][Hoxaceng] — - . -
+ analogous terms involving [HL] and [L] catalysis (4)
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Table I. Equilibrium Constants for Cu(11)-oxac?~-Ligand Ternary Systems: 25 °C, [ = 0.10

Log overall formation constant

HL. H,;L,2 Cul,? Cul,,2  Cu(L)oxac, Cus(L)(H-joxac), Cus(L)2(H- o0xac),

Ligand M-! M-2 M-2 M-2 M-? M-2 M-3 Kenol?
H,0 — — — — 4.15 2.55 (ref 9) — 12 (fit)
Glycine 968  12.01 8.27 1519 12.02 (fiv) 10.42 (est) 17.6 (fit) 11 (fit)
Alanine 9.59 12.12 8.22 15.07 11.87 (est) 10.27 (est) 17.2 (fit) 12 (fit)
Histidine® 9.08 15.06 10.21 18.53 14.48 (fit) 12.88 (fit) 21.8 (fit) 11 (fit)
Glycylglycine? 8.0 11.06 5.43 8.64 Negligible Negligible Negligible —
Imidazole 7.09 — 4.26 7.87 Negligible Negligible Negligible —
1,10-phenanthroline  4.96 — 8.82 15.39 13.42 (fit) 11.82 (fit) 20.0 (fit) 30 (fit)

2 Reference 29. # Cu(L)oxackeo = Cu(L)oxacenql < In addition the following species were included (log 8): (Hhis)Cu(oxac) (18.41) (fit,
assuming the pK, is the same as that of Cu(his)H?* (14.13), Cu(his);H+ (23.65), Cu(his),H,2* (26.85). It was also assumed that
k-co,CutHhivoxue = g Cuthisioxae 4 Cu(glygly),H-~, log 8 = 4.57; Cu(glygly)H-,, log 8 = 1.43.

where,

[oxacenot]y = [Ha0xacena] + [Hoaceno ] + [Oxaccnolz_]
+ [Cu(oxac)ena] + [Cu(L)oxacena] + [Cur(H-joxac)™)
+ [Cux(L)(H-joxac)] + [Cuy(L)2(H-joxac)] (5)
Owing to the pseudo-first-order condltions used, in which
all components were present in excess of oxac, it is convenient
to express the concentrations of the oxac species in fractional
form,
d(CO»)
dr

+ k —CO;CULOXHCfCu Loxac.kelo + k —COzHoxucfHoxuc.kclo
+ k—Cozomcfoxuc.kclo) [Oxackcto] v (6)

= (kl[H+]fHoxuc.kclo +...

+ k4[H+1fCu(oxuc).kclo + .. )[oxackaolx
= (k- [H+V0X£IC.Cn01 + .. .)[0Xacenol] s
+ catalytic [HL] and [L] terms (7)

= (k-co, MO ¢y (oxac) keto

d[oxacena] s
dt

[oxacke o] s represents the total amount of oxac in the keto
form. The values of [0xac.ne] s, [0XaCkero] s, and the fractions
are calculated for the steady state condition that exists after
the completion of the 7| phase. This is the region for which the
macroequilibrium constants have been determined.

The fractional distribution of oxac is calculated by first
solving the three macroscopic mass balance and 8 + N equi-
librium equations which apply to a given set of experimental
conditions. The mass balance equations are,

Cuy = [Cu?*] + [Cul] + [CuL,] + [Cu(oxac)]
+ [Cu(L)oxac] + 2[Cu>(H_- oxac)*]
+ 2[Cux(L)(H-j0xac)] + 2[Cux(L),(H- oxac)] (8)

oxacx = [Hroxac] + [Hoxac™] + [oxac?~] + [Cu(oxac)]
+ [Cua(H-joxac)*] [Cu(L)oxac] + [Cuaz(L)(H_,oxac)]
+ [Cux(L)2(H-joxac)] (9)

Ly=3% [H/L]+ [L] + [CuL]

+ 2[CuL,] + [Cu(L)oxac]
+ [Cuaz(L)(H-joxac)] + 2[Cux(L)>(H-j0oxac)] (10)

The constants for the formation of the binary species are
readily available from the literature. The values used in this
study are given in Table 1. The formation constants of the
mixed ligand complexes are not known initially, but values
were estimated using approaches outlined by Sigel.16:17 At-
tempts to improve these values by fitting them to the data were

made using CORNEK 11. With a given set of constants and
specified total concentrations it is possible to solve the set of
equations for the equilibrium concentrations of the macro-
scopic species. The microscopic concentrations of the keto and
enol isomers of the various forms of oxac?2~ were then obtained
using expressions of the type,

Xoxac

[Xoxacena] = [Xoxac] Kena

1+ KenolXoxac (1 1)

and

1
1+ Kenolxoxac

where KnoX9%¢ is the equilibrium constant for the general
reaction, X0XacCketo = X0XaCeno and [Xoxac] is the macro-
scopic concentration. Values of Kcnoi©U0%2¢ are not known
initially and these, too, must be estimated, and refined when-
ever possible.

The fractional distribution of oxac2~ is then obtained, and
the results substituted into the NEK equations derived from
eq 6 and 7.° However, before the iterative curve-fitting pro-
cedure could be begun initial guesses of the rate constants for
the reactions of the mixed ligand complexes had to be provided.
These were then fit to the data. The starting values were usu-
ally taken to be the same as those for the analogous reactions
of the binary Cu(l1)-oxac2~ species, but in successive runs
these initial values were often varied to determine the effect
on the final result and conclusions.

In no case, were the constants which we report here obtained
from a single computation. Various models were tested using
different values of mixed ligand,equilibrium and rate constants.
Reaction paths and complexes were made dominant, or
omitted entirely. Sometimes the inclusion of a given path or
complex was found to improve the fit slightly, but the uncer-
tainty in the associated parameter was shown to be comparable
to, or larger than, the value obtained. This was taken to mean
that the experimental data did not define this species, or re-
action, sufficiently well to warrant its inclusion in further
computations. Fortunately, it was found that the inclusion, or
omission, of such paths had little influence on the values de-
termined for the dominant reactions. It was also found that the
best results were obtained by treating the 7, and 73 data si-
multaneously. The concentration-rate profiles for both sets
of these data are determined by the same macroscopic for-
mation constants. This redundancy hastens the convergence
of the computations to the best fit.

(12)

[Xoxackero] = [Xoxac]

Results

At the lower concentration levels examined, the addition of
each of the amines investigated was found to cause an increase
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Figure 1. The influence of glycine on the experimental first-order rate
constant for the first set of rate processes (0.0025 M Cu(ll), 1 X 107*M
0XaCy): - - -, calculated for the simple model; —, calculated including
mixed ligand complexes. Enolization is the primary reaction, but fast
decarboxylation also contributes to the rate.
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Figure 2. The influence of glycine on the experimental first-order rate
constant for slow decarboylation (0.0025 M Cu(l1), 1 X 10™* M oxacy):
- - -, calculated for the simple model; —, calculated including mixed ligand
complexes.

in 73, the rate of slow decarboxylation, and a decrease in 7,
largely enolization. At the higher amine concentrations, the
effects were reversed with decarboxylation inhibited and
enolization activated. These effects'can be seen in the rate-
amine concentration profiles for data obtained at pH 4.0
(triangles) and pH 5.0 (circles) in Figures 1-4. The intercepts
along the vertical axes of these figures indicate the rates at zero
amine concentration. The marked influence of amine is ap-
parent by comparing the observed trends with these inter-
cepts.

To determine the extent to which the observed effects arise
solely from the formation of CuL and Cul,, thereby altering
the relative amounts of Cu(oxac) and Cu>(H_joxac)™ in the
reaction systems, computations were made neglecting the
formation and reactivities of any mixed ligand complexes. In
these calculations all of the stability and rate constants nec-
essary to calculate theoretical rates were known initially. The
results for 7y and 73 based on this simple model are shown
plotted as the dashed lines in Figures 1-5. The calculated
changes in oxac?™ distribution accompanying the addition of
gly™ as a typical ligand at pH 5.0 are shown in panels A, B, and
C of Figure 6.

It is readily seen in these curves that the addition of gly~ to
the Cu(II)-oxac?~ solution does indeed bring about a marked
decrease in the fraction of oxac?~ present as Cuy(H-joxac)*
with corresponding increases in the proportions of Cu(oxac)
and free oxac2~. The Cu(oxac) concentration reaches a max-
imum at about 10 mM gly~. The rate of slow decarboxylation
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Figure 3. The influence of histidine on the experimental first-order rate
constant for the first set of rate processes (0.0025 M Cu(l1), 1 X 1074 M
oxacyq)): - - -, calculated for the simple model; —, calculated including
mixed ligand complexes.
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Figure 4. The influence of histidine on the experimental first-order rate
constant for slow decarboxylation (0.0025 M Cu(l1), 1 X 10=¢ M oxaci):
- - -, calculated for the simple model; —, calculated including mixed ligand
complexes.
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Figure 5. The influence of glycylglycine and imidazole on the experimental
first-order rate constant for slow decarboxylation (0.0025 M Cu(il), |
X 1074 M oxac,q,, pH 5.0): - - -, calculated for the simple model.

increases as Cu(oxac) increases, but because proton catalyzed
rates of enolization are faster for uncomplexed oxac?~ enoli-
zation rates become slower. Above 10 mM, gly™ competes
more successfully with oxac?~ for Cu(Il) and extensive
amounts of free oxac?~ are liberated. Decarboxylation rates
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Figure 6. The influence of glycine on the distribution of oxac (0.0025 M
Cu(I1), I X 10=* M oxac,y): - - -, calculated for the simple model; —,
calculated including mixed ligand complexes.

decrease and those for enolization increase. Theoretically rates
calculated on the basis of this species distribution are shown
as the dashed lines in Figures 1 and 2. Generally, poor agree-
ment with the observed data points for both enolization and
decarboxylation processes is obtained, although, qualitatively,
the calculated curves exhibit some of the trends which are
observed. Similar discrepences were also obtained between
observed and calculated rates for the influence of alanine,
histidine (Figures 3 and 4), and 1,10-phenanthroline on the
Cu(Il)-oxac reactions. Only with imidazole and glycylglycine
was this simple model found to adequately account for the
observations (Figure 5). In the case of the other ligands it was
found necessary to include the formation and reactivity of the
mixed ligand complexes which are shown in Scheme 1, as well
as, the binary complexes.

Owing to the large number of unknown equilibrium and rate
constants introduced by the inclusion of the mixed ligand
complexes it was felt not feasible to try to evaluate all the pa-
rameters which would appear in general rate equations written
for these systems. From a consideration of the earlier results,
several simplifying assumptions seemed warranted. In par-
ticular, most of the large number of catalytic paths potentially
available for enolization do not appear to be important.

It had been found earlier that proton catalyzed paths for the
enolization of Cu(oxac)ye, are important at low pH, but the
uncatalyzed (or H,O catalyzed) paths becomes dominant
above pH 3. Similarly, the low levels of acetate buffer em-
ployed in these studies permitted HOAc and OAc™ catalyzed
pathways to be neglected. Thus, under the conditions where
mixed ligand complexes are formed (pH >3) the dominant
path for the enolization of the mixed ligand complex was as-
sumed to be the uncatalyzed path,

L,
Cu(L)oxacgero l“<—‘e—$l Cu(L)oxaceno
keto

The inclusion of only this path in the rate expression for path
4 was found to account reasonably well for the observed rates.
However, at the higher amine concentrations used, deviations
occurred which were suggestive of catalysis by the protonated
forms of the amines. These contributions were not sufficiently
important to permit them either to be resolved into the com-
ponent terms or even to be accurately evaluated, so a single rate
constant was assumed to apply to the catalyzed enolization of
both the aquo and mixed ligand complexes,

kHLc ol
Cu(oxac)gero + HL = Cu(oxac)enq + HL

kHLyero

and,

kHLe ol

Cu(L)oxaCkero + HLk:{-——; Cu(L)oxacene + HL
kelo

Values of kHL,,. were found to fall in the range of 5-10 M~!
s~ 1 over all of the amines investigated, except with phen where
this type of catalysis was not observed. This last result arises,
at least in part, to the lower ligand concentrations employed
with phen and does not necessarily imply that neither Hphen*
nor phen are inactive in this respect.

The results of measurements of the pressure changes from
CO; evolution in the ternary mixtures also permitted a re-
duction in the number of parameters to be evaluated. These
pressure changes were found to be biphasic just as was observed
in the binary Cu(11)-oxac mixtures.? The biphasic pressure
change is observed when the absolute rate of decarboxylation
along path 5 is approximately the same as that for enolization
along paths 3 and 4. When Cu(11) and oxac? e are mixed,
0Xac?~ o disappears along all of these paths, giving rise to a
burst of CO, as well as to enol formation during the 7
stage.

The volume of CO; released in the 7, stage was found to
correspond to 20 + 2% of the total volume evolved by the end
of the reaction when all of the oxac had undergone decarbox-
ylation, regardless of the presence of glycine, histidine, or
1,10-phenanthroline. This is the same percentage as was found
for Cu(oxac) alone® and shows that the ratios of the initial fast
rates of decarboxylation to enolization of Cu(L)oxacye, are
fairly independent of L. Accordingly, for the mixed complexes
the ratios of the rate constants k _co,u1-0%¢ / k g Culoxac were
assumed to have the same value as was found for Cu(oxac)yetos
0.46, permitting k —co,"°*3 to be expressed as a function
of kl-¢nor. Thus, with these simplifications and estimates of the
mixed ligand complex formation constants attempts were made
in the preliminary calculations to fit only the three parameters,
kL enots KM or, and Keng€Ulo%2¢) to the rate data.

The initial trials indicated the existence of a major incon-
sistency between the observed results and the assumed reaction
model. This appeared to have its origins in the formation
constants chosen for the bis dinuclear complexes, Cus-
(L)2(H-,0xac). The values as estimated according to Sigel'6:17
appeared to be too high, and molecular models showed that two
coordinated L molecules can sterically interfere with each
other. Therefore, in subsequent computations best least-
squares values of the formation constants of the Cuy(L,)-
(H-,oxac) complexes were also obtained, giving up to four
parameters to be determined for each ternary system. By fitting
the results for both the slow and fast processes simultaneously,
ample data points were available to yield good values for all
the constants determined. Indeed, in the experiments with phen
and his the data were sufficiently sensitive to the concentrations
of the Cu(L)oxac complexes that it was found possible to ob-
tain least-squares values of their formation constants. The
calculated values were found to agree with the estimated values
within the uncertainties in the latter. The results of all these
calculations are given in Tables I and II and the theoretical rate
curves obtained using them are shown plotted as the solid
curves in Figures 1-5. Good agreement between observed and
calculated values is seen to have been obtained. The calculated
distribution of oxac?~ when mixed complexes are formed is
shown in panels D, E, and F of Figure 6. The most important
change is the conversion of oxac?~ to Cu(gly)oxac™.

Discussion

Figures 1-5 show that the presence of a second ligand, L,
has a marked effect on the velocities of both the fast and slow
processes. Glycylglycine, which is a tridentate ligand, and
imidazole, which forms weak monodentately bound complexes
with Cu(I1), do not form significant concentrations of mixed
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Table I1. Rate Constants for the Enolization and Decarboxylation of Cu(L)oxac: 25 °C,I = 0.10

A. Enolization Rate Constants

kenolqa

M-1s lors™! Ref
0XaC? e + HY 1.4 X 103 9
0Xac? ke + HOAC 5.7 9
Hoxac geo + HY 7.5 9
Cu(oxac)eto 0.37 9
Cu(oxac)keto + H 280 9
Cu(gly)oxac™yero = Cu(gly)oxacenor 0.2 This work
Cu(ala)oxac™yeo — Cu(ala)oxaceno 0.2 This work
Cu(his)oxac™yero — Cu(his)oxaceno 0.35 This work, keno™ = kepott's
Cu(phen)oxacye, —> Cu(phen)oxacen 0.83 This work

B. Decarboxylation Rate Constants?

103k _co, (s7H)° Ref
oxac?~ 0.017 11
Hoxac 0.057 11
Hsoxac 0.0011 11
Cu(0xac)keto 170 9
Cu(gly)oxackeo 100 This work
Cu(ala)oxackeo 100 This work
Cu(his)oxackeo 160 This work, k_co,Cuhisonac = k_ - CuHhis(oxac)
Cu(phen)oxacieo 380 This work

4 The values obtained in this work are least-squares results.

ligand Cu(Il)-oxac2~ complexes under the conditions em-
ployed in this study. Nevertheless, even these ligands were
found to enhance the rates of decarboxylation by factors of
4-5-fold (Figure 5). Enolization rates are decreased, but by
smaller factors. The ligand effect in these cases is indirect and
is entirely attributable to the suppression of the formation of
inactive dinuclear enolate complexes. These results dramati-
cally demonstrate that large changes in rate can be produced
which do not have their origins in electronic effects transferred
from one ligand to another via a metal ion in a mixed ligand
complex. Since this type of behavior is expected for any ligand,
in general, corrections for these thermodynamic effects must
be made before it is safe to draw conclusions regarding the
kinetic behavior of the mixed ligand complex. The results for
glycylglycine (Figure 5) also show the inhibition of decar-
boxylation which arises from the displacement of oxac’~ from
the Cu(II) coordination sphere as the Cu(Il)-glygly~™ com-
plexes are formed in increasing amounts. This effect of excess
ligand is, also, expected to be general,

When glycine, alanine, histidine, or phenanthroline was
added to Cu(ll)-oxac?~ solutions, additional rate effects
atrributable to the formation of mixed ligand complexes were
observed. The presence of these complexes has a marked in-
fluence on the distribution of oxac?~ as shown by the solid lines
in Figure 6. In this case the addition of glycine to the reaction
mixture is seen to convert a solution in which 90% of the oxac?~
is initially bound as inactive Cu,(H - oxac)* to one in which
relatively high concentrations of active Cu(gly)oxac™ are
formed. Large excesses of glycine still cause free oxac2~ to be
liberated, but higher concentrations of gly~ are required than
in the case where ternary complexes are not formed. Even
though Cuy(H_ 0xac)* has been assumed to bind gly~ with
the same affinity as Cu(oxac), it is seen that Cus(gly)-
(H-,oxac) is not a major component. The observed low
stability of the higher gly~ dinuclear complex, Cus-
(gly)2(H_ oxac) ™, further aids the conversion of inactive di-
nuclear to active mononuclear species.'® Ala, his, and phen give
similar behavior. While minor quantitive differences were
found to exist in the distribution curves for these other ligands,
the general shapes are the same as those shown in Figure 6.

With ternary complexes containing glycine, alanine, or

histidine the ratios of Cu(L)oxaceno/Cu(L)oxacke,, were found
to be identical, within the accuracy of the measurements, to
that of Cu(oxac), itself (see Table I). This is not a surprising
result since as large a change as substituting Zn(1I) for Cu(11)
causes a change of only a factor of 2 in the Moxacgna/Mox-
aCkero ratio. On the other hand, 1,10-phenanthroline coordi-
nation yields a mixed complex having a significantly higher
enol content than Cu(oxac). Increased rates of decarboxylation
of Mesoxac?™ 3 and high mixed ligand complex formation
constants in the presence of phen!® have been attributed to I1
back-bonding. The increase in enol content appears to be an-
other manifestation of this effect.
The forward rate constant for the uncatalyzed reaction,

kLCnO
Cu(L)oxackeo - Cu(L)oxacenq

was found to be the same as that of Cu(oxac)yco when L is
histidine, but slightly smaller values were found for glycine and
alanine. The last values are known with less accuracy, so not
much significance should be attached to the quantitative dif-
ferences observed between the values shown in Table | for these
three ligands. Although, these values are somewhat similar,
Cu(phen)yeio once again shows deviating behavior with a sig-
nificantly higher rate constant for enolization.

The independence on L of the ratio of Cu(L)oxackei, which
decarboxylates to that which enolizes on first forming the
complexes demonstrates that the rate constants for these two
processes lie in a fixed proportion to one another. Therefore,
the trends noted above for enolization pathways are paralleled

in the rate constants for CO; loss. Gly, ala, or his coordination

yields values that are comparable to that for the decarboxyl-
ation of Cu(oxac)yero, but a higher value is found with 1,10-
phenanthroline coordination. While the last result is in
agreement with earlier observations concerning the effect of
phen on the decarboxylation rates of a,a-Mejoxac?=,34 it
should be noted that, because phen coordination increases
Kenol, the net increase in CO- loss observed with oxac is less
than expected solely on the increase in the value of
k_co,tulphen)oxac Equation 2 shows when KepgiCuloxae > 1,
as is the case for Cu(II), increases in both k _co,Cuto*ac and
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Figure 7. The influence of Mn(11), Cu(11),and Zn(I1) concentrations on
the fraction of oxac present as the active complex (0.0037 M oxac,,. pH
5.0): panel A. curves calculated using the experimentally determined
formation constants of Moxac and M»(H—-joxac)™*: panel B, curves cal-
culated assuming enhanced complex stabilities (see text).

K enoi€uL-o%2¢ will tend to cancel. 1t follows that this effect will
be less for metal ions having Kenot < 1.

1t is now possible to understand the apparently contradictory
results reported by Yamane® and Munakata® concerning li-
gand effects on slow decarboxylation rates. In the former study,
sufficiently high Cu(11) concentrations were employed that
appreciable quantities of the inactive dinuclear complexes were
formed. Thus, the addtion of any coordinating ligand, even
ethylenediamine, should cause an increase in the rate of the
slow CO; evolution process. In the latter study, very low metal
ion concentrations were used, together with a large excess of
oxac?~ over metal ion. Under these conditions, concentrations
of the dinuclear complex are calculated to be negligible, and,
in addition, Cu(11) is likely to be bound as the bis complex,
Cu(oxac),2~.'% Since the rate data given in ref 5 suggest that
Cu(oxac)»"~ has roughly twice the kinetic activity of Cu(oxac),
replacement of an oxac2~ by a phen should cause a slight de-
crease in the CO» evolution rate, as was observed, owing to an
increase in the amount of enol. The addition of other saturated
ligands is also expected to yield inhibition.

Considering the previously published results and those of
this work, there is little evidence that the groups likely to lie
at the active site of an enzyme are capable of conferring on a
metal ion special electronic properties that aid the decarbox-
ylation of oxac. Even if a phenanthroline-like environment were
present, any gains from this source are expected to be modest
compared to other effects the enzyme environment could exert
on the distribution of oxac between active Moxac and inactive
Ms,(H-oxac)*. Changes in the relative amounts of these
species can have marked effects on the rates.

Decarboxylation rate-concentration profiles for metal ion
catalyzed reactions of oxac?~ have been determined by Speck20
in the presence and absence of parsley root decarboxylase. The
curves for both sets of reactions tend to exhibit maxima, the
positions and heights of which are highly dependent on the
nature of the metal jon. In the case of the enzyme the maxima
lie at lower metal ion concentrations. Also, Mn(II) was found
to be a particularly good enzyme activator in contrast to its low
activity in the nonenzymatic reactions. Zn(II) showed the
highest nonenzymatic rates.

Qualitative arguments based on the existence of primary
(activating) and secondary (inhibiting) metal ion binding
modes, both of which follow the Irving-Williams order of
stabilities, have been proposed?!2? to explain the metal ion
dependent rate profiles. Results obtained for stability deter-
minations of the mononuclear Moxac®-!"23-24 and dinuclear
M,(H - oxac)* 92324 complexes have confirmed these sug-
gestions, showing that the stability order for both types of

complexes is indeed, Cu(II) > Zn(1I) > Mn(I1) > Mg(II).
Regarding the high enzymatic activity of Mn(II), it is signif-
icant that the stability differences between the dinuclear
complexes have been found to be appreciably greater than
those between the mononuclear complexes, i.e.,
Mn,(H_ oxac)* is much less stable relative to Cux(H - oxac)*
than Mn(oxac) is to Cu(oxac). Thus, inhibition by Mn(II) is
less apt to occur than by a metal ion such as Cu(ll) or
Zn(l1).

To a good approximation, the shapes and positions of the
rate-concentration profiles are determined essentially by the
SMoxac termin eq 2. Using the formation constants determined
in these laboratories for Mn(II), Cu(II), and Zn(II), values
of fMoxac Were computed as a function of metal ion concen-
tration assuming the same conditions as employed by Speck.?®
The results are plotted in Figure 7A.

A strong resemblance exists between these curves and the
corresponding nonenzymatic rate profiles shown in Figure 1
of ref 20. The difference in the relative heights of the curves
in these two figures arises from the influence of the terms
k_co, and Kcno of eq 2. Noteworthy, here is the relatively
small proportion of Mn(oxac) shown to be formed, except
when fairly high concentrations of Mn2* are attained. Com-
paring the three different metal ions it is also seen that the more
stable is the Moxac complex, the lower is the metal ion con-
centration at which the maximum is found and the smaller is
the proportion of Moxac present at the maximum. Only be-
cause of the high value of k- co,“*(***) is appreciable activity
of Cu(oxac) observed.

Striking resemblances to the enzymatic rate-concentration
profiles reported by Speck (Figure 4 of ref 20) are borne by the
curves shown plotted in Figure 7B. These values of fyoxac have
been calculated by using formation constants for Moxac and
M, (H_;oxac)™ which have been multiplied by factors of 102
and 104, respectively. Compared to the curves in panel A the
maxima are shifted to lower concentrations, roughly corre-
sponding to those actually reported for the enzymatic reactions,
and an appreciably greater fraction of Mn(oxac) is formed
than is the case with Mn(II) and Zn(I1). Thus, all the parsley
root enzyme need do to yield many of the major features of the
observed rate behavior is to stabilize the metal ion-oxac*~
complexes relative to the solution phase.?

This model shows that Mn(11) occupies a propitious inter-
mediate position. Cu(ll) and Zn(I1) exhibit higher values of
decarboxylation rate constants, but the benefit gained is more
than offset by the large tendency of these ions to form inactive
enolate complexes. An ion such as Mg(1I), which is on the
other end of the scale, does not readily form enolate complexes,
but also has a low decarboxylation rate constant. The slight
increase in fmoxac that is possible with Mg2+ is counteracted
by a slow decarboxylation rate. These factors can be balanced
in Mn(II) to yield optimum activity. All that is needed to
achieve this is an environment which increases the stabilities
of the complex,

No unusual interactions need be brought into play in order
for an enzyme to stabilize a bound complex. A region of low
dielectric constant near the active site would bring about an
increase in the formation constants of both the mononuclear
and dinuclear complexes, the latter to a greater extent than the
former, as assumed in the model.2¢ The effect here would be
electrostatic in nature. Also, present and likely to be involved
would be the usual enzyme-substrate interactions that lead
to efficient substrate binding.2® Thus, the behavior of parsley
root decarboxylase is consistent with a more, or less, normal
metal ion function superimposed upon a more, or less, normal
enzyme function.

Supplementary Material Available: Decarboxylation relaxation (7
pages). Ordering information is available on any current masthead
page.
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Frank P. Bossu, K. L. Chellappa, and Dale W. Margerunt*

Contribution from the Department of Chemistry, Purdue University,
West Lafayette, Indiana 47907. Received August 16, 1976

Abstract: Electrode potentials are measured for 40 Cu!'!-peptide couples (including peptide amides) in aqueous solution.
The potentials are very sensitive to changes in the nature of the ligand and §pan a range from 1.02 to 0.45 V. The values of E°
decrease with an increase in the number of deprotonated-peptide groups. Bound hydroxide groups in the place of equatorial
carboxylate groups and C-substituents in the chelated amino acid residues also decrease the value of E?, but to a lesser extent.
Histidine-containing peptide complexes have relatively high values of E. The additivity of the individual ligarid effects allows
the electrode potential of a copper complex to be estimated on the basis of the nature of the ligand. The triply deprotonated
peptide complexes and the highly C-substituted tripeptide complexes of copper have effective potentials at physiological pH
such that O, oxidation to Cu(III) is thermodynamically possible. From a correlation between the potentials and visible absorp-
tion maxima of the copper(11) peptides it is concluded that the relative gain in the crystal field stabilization energy for the
change from d® Cu(1I) to d® Cu(III) is an important factor in the overall thermodynamic stability of the Cu(III)-peptide com-

plexes.

Trivalent copper has generally been considered to be an
uncommon oxidation state, although a limited number of
Cu(III) compounds have been identified in the solid state!:2
and a few complexes have been prepared in nonaqueous solu-
tions,>* In aqueous solution Cu(IlI)-aquo and Cu(III)-amine
complexes, generated by pulse radiolysis, are transient species
which decay rapidly.’ In the work of Levitski, Anbar, and
Berger,® IrClg2~ was used to oxidize Cu(II)-tetra-L-alanine
toa Cu(III) complex which was proposed as an intermediate
species prior to further oxidation and fragmentation of the
peptide. Bour and Steggerda? isolated crystalline Cu(III)
complexes of biuret and oxamide, providing some of the first
evidence that Cu(III) could be stabilized by deprotonated
amide groups. The copper(II) complexes of oligopeptides
promote ionization of the peptide hydrogens upon complexa-

tion and the resulting deprotonated-peptide groups are strong
in-plane donors. Systematic studies of the solution behavior
of oligopeptide complexes using potentiometric and spectro-
photometric methods have given copper(II)-peptide stability
constants and have provided evidence for coordination of the
deprotonated-peptide group.’-13

The copper complexes of diglycine, triglycine, and tetra-
glycine were studied by infrared (D,O solutions) in addition
to the other techniques and also gave evidence for deproto-
nated-peptide nitrogen bonding.!6-'# ESR has been used to
study several copper(Il)-peptide complexes,!°-21 while
ORD-CD has been used to examine nickel(II)-peptide com-
plexes.22 In addition both divalent nickel and copper complexes
have been studied with proton NMR.23 In a complex with li-
gands such as tetraglycine as many as three deprotonated-
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