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The formation of the species M(ATP)Trp)2; was
first shown [5] in 1974; its occurrence was subse-
quently confirmed by studies in several laboratories
using different methods [6].

To learn more about the factors which govern
the position of the intramolecular equilibrium (1),
we have now used the following simple systems,
since with them structural alterations are -easily

achieved:
4 \g ?/ \> 2t Q(C”z n-t00
=N N= n=0to5
Phen R-(CH,) ,-C00™

In 50% aqueous dioxane (I =0.1, 25 °C) the stacking
interaction is most pronounced for n=1; ie for
the ternary complex Cu(Phen)(C¢H;—CH,—COO)*
about 60 percent exists in the closed form. If phenyl-
acetate is replaced by 2+8-naphthyl)acetate the
concentration of the closed isomer increases to about
80 percent. Ligands R—(CH,),—COO™ with n=0
or n>1 form ternary complexes with a less pro-
nounced intramolecular stacking interaction. Varia-
tion of the solvent composition also leads to a change

in the percentage of [Cu(Phen)(C4Hs—CH,~—

C00)* ]

solvent H,0 30% 60% 90%
diox. diox. diox.

% closed isomer: 48 56 64 48

The observation of a maximal degree of formation for
the closed isomer in about 60% aqueous dioxane is
very surprising, because the stability of binary
adducts tike (Phen)(R—COQ™) decreases with increas-
ing dioxane concentration. Hence, two opposite
effects must be operating in the presence of metal
ions. This puzzling result is of interest for biological
systems, because in these the water activity may also
be altered, e.g, at the surface or in grooves of
proteins. Hydrophobic interactions are important,
e.g, in adduct formation between carboxypeptidase
A and the inhibitor g-phenylpropionate [7]. Presently
we are repeating the experiments in several ethanol/
water mixtures to provide a broader generalization.
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The so-called ‘noncovalent’ interactions [4]
between biomolecules are not only crucial for the
structural organization of high molecular weight
biological systems, but also determine to a large
extent the structure of amino acid and nucleotide
containing low molecular weight metal ion complexes
in solution. For example, the intramolecular equilib-
ria between different isomers of mixed ligand com-
plexes are well established for aromatic-ring stacking
and hydrophobic interactions [3, 5, 6]. Ionic inter-
actions between oppositely charged side-chains of
two amino acids coordinated to the same metal ion
are also known [7], but the extent of this interaction
has so far hardly been characterized [6]. Therefore,
the ionized forms of the following two amino acids
were selected for such a study:

(CH3)3I);I-CH2—CH2~77CH2~?H—COO_
NH,
DL-8N-Trimethylornithine (=TMO)

~0,3S-CH, —CHZ—C|H~COO*
NH,
DL-Homocysteic acid (=HC)

In the (CH3)3I:I-residue the positive charge is
somewhat shielded, but the advantage of this residue
is that no hydrogen bonds can be formed with
T03S-, as would have been the case with the more
common Hj3N- group. In addition, the latter group
and the use of a carboxylate group (instead of the
sulfonate residue in HC) would have led to additional
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proton equilibria, thus complicating the systems
significantly. For comparison DL-alanine (Ala) with
its non-reactive side chain was also employed. As a
representative metal ion, Cu?* was used, because it
forms rather stable complexes with the glycinate-
like structural unit. That ionic interactions between
the (CH;3)3N- and the ~O3S-residues are possible was
proven by 'H-NMR shift experiments with benzene-
sulfonate and the tetramethylammonium ion; the
binary adduct has a stability constant of 0.7 M~!
in aqueous solution at 34 °C (I =0.1, NaNO3).

The results for the binary amino acid parent sys-
tems are given in Table I [8]. There are indications
that the sulfonate group of HC interacts with an
apical position of the Cu?* coordination sphere and
that decreasing ionic strength and the addition of
dioxane favor this interaction. Such apical inter-
actions are also known for related ligands [10].

The percentage of the ‘closed’ isomer of the
ternary Cu(TMO)YHC) complex, ie. of the isomer
with an intramolecular ionic ligand-ligand inter-
action, was calculated [5, 6, 11] using the results
obtained for the Ala™/Cu®*/HC? system as a basis.
From Table II it is evident that the ‘intensity’ of the
ionic interaction increases with decreasing ionic
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strength and also with the decreasing polarity of the
solvent; in other words, with the decreasing water
activity. This result is exactly the behavior expected
for ionic interactions, and it also holds if the opti-
cally pure ligand systems are used. The described
jonic interactions are relatively weak (AG® =~ —
kJ/mol), but they are strong enough to allow ‘flexible
structural organizations’ in biological systems.
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TABLE 1. Negative Logarithms of the Acidity Constants for the Protonated Ligands and Logarithms of the Stability Constants for

the Binary Amino Acid Cu2?* Complexes (25 °C).

Solvent Ligand (A) ng2 A ng A log Kgﬁ A log K8322
H,0/1=0.1 Ala~ 2.39 9.81 8.23 6.82
TMO 1.94 8.81 7.41 6.29
HC?™ 2.22 9.04 8.03 6.47
H,0/1=0.01 Ala™ 2.36 9.86 8.42 6.95
TMO 1.882 8.71 7.25 6.16
HC?~ 2.33 9.19 8.36 6.47
60% dioxane (40% H,0; v/v) 1= 0.01 Ala™ 3.49 10.31 10.84 8.81
TMO 2.58 8.84 9.20 7.69
HC?*~ 3.65 10.06 11.30 8.18

aThis value was measured for experimental reasons at I = 0.02, NaClOg4.

TABLE II. Logarithms of the Stability Constants for the Ternary Amino Acid Cu?* Complexes and Percentage of the Isomer with

an Intramolecular Ionic Ligand-Ligand Interaction (25 “C).

Solvent Ligands A/B log B8 g alogKgy? % [CuABly
H,0/1=0.1 HC? /Ala™ 15.22 + 0.01 ~1.04
HC?~/TMO 14.57 + 0.01 —0.87 32
H,0/I =0.01 HC? /Ala™ 15.57 £ 0.01 -1.21
HC2?~/TMO 14.77 + 0.01 —0.84 57
60% dioxane (40% H,0; v/v) I =0.01 HC?>—/Ala™ 20.03 + 0.02 -2.11
HC?™/TMO 18.99 + 0.02 —1.51 75

24 log Ky = log B34 5 — (log KEa A + log KEUp) = log KEUAE — log KSUp (see [2, 3,5, 6, 11]).
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Rhus laccase exhibits ping-pong kinetics [1].
Though reductants do not bind, an apparent K.,
reflecting substrate-independent steps was reported
with a DMPD, a rapid substrate. This work examines
the effects of pH, D,0 and anions on reductant
substrate-dependent (k,) and substrate-independent
(kcat) steps.

Activity was measured with an O, electrode using
DMPD as the reductant. The pH dependency of k,
is bell-shaped indicating contributions from at least
two groups. The group required in its dissociated
form has an apparent pk, 7.55%0.12 as reported
previously [1], while the group required in its undis-
sociated form has an apparent pk, 8.43*0.23.
Anaerobic reduction data does not detect pH-depen-
dencies consistent with these pk, values and forms
[2, 3]. In particular, no group with pk, near 7.5
required in its undissociated form is detected. There-
fore, the pH-dependency of k, must involve enzymic
states specific to catalytic turnover. Both pH-depen-
dent steps are more likely associated with type 2
Cu than type 1 Cu reduction. Type 1 Cu(ll) reduc-
tion in laccase which has been activated by a
reduction-reoxidation cycle does not show these pH-
dependencies [4]. A recently derived steady-state
rate law implies that this also holds for type 1 reduc-
tion during turnover [4].

The pH dependence of k.,; is also bell-shaped.
The implicated pk, values were: pk, 591 +0.035
for an acid catalyst and pk, 8.99 +0.02 for a base
catalyst. Residual activity (0.22 maximal) at high
pH, which implies that the putative acid catalyst is
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not mandatory, was accounted for in the data fits.
While k, does not show a solvent isotope effect, koa¢
does. In 50% D, 0, pH 7.40, ky/kp is 1.36, in 100%,
2.12 + 0.038. The ratio of the pH independent k.,
is 148 in 50% D,0. Thus, proton(s) transfers are
implicated in a rate-limiting substrate-independent
step. Analyses of the D,0 concentration dependence
of k¢, at pH 7.4 are consistent with 2 proton trans-
fers. The isotope-exchanging group is most likely
functioning as the acid catalyst given the pk, of the
base catalyst and the magnitude of the effect at
pH 7.40.

Both F~ and N3~ inhibit laccase immediately
when they are added during steady-state turnover.
The inhibition patterns obtained indicate that both
F~ and N3~ inhibit both reductant-dependent and
substrate-independent steps. Laccase exhibits partial
activity for both the k, and k.., effects when
saturated with F~. ESR spectra of laccase at pH 6.0,
4 °C, show that both types 1 and 2 Cu are 30%
reduced during steady-state turnover. The concentra-
tion of reduced type 1 and 2 are significantly in-
creased when 40 mM F~ is added. Stopped-flow
experiments show that F~ does not affect type 3
reoxidation of O, binding. Thus, the ESR results
indicate that during steady-state turnover in the
presence of F~, the rate-limiting step is a substrate-
independent step affecting type 1 and type 2 Cu
reoxidation. These results also imply that F~ can
remain bound to the reduced type 2 Cu.
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Nitroxide induced perturbations of proton relaxa-
tion rates of compounds of established solution
structure has been shown to be mainly correlated to
the hydrogen solvent exposure and, hence, to the
molecular conformation [1]. The solution dynamics
and relaxation mechanisms involved in the nitroxide-



