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Oxygen treatment of horse liver ulcohol dehydrogenuse EE isozyme substituted with Cull} ut the catalytic site leads to bleaching with consomitant

reduction ta Cu(l) of ~90% of total Cu(ll). The Cutll) of the remaining ‘minor speeies’ cannot be reduced nor does it interact with exogenous ligands,

.. 2-mercuplosthuncl, imidazale, pyruzole, or uzide jons, The EPR spestrum is axinl with a super-hyperfine splitting of 15.6 G indicating binding

of one nitrogen atom to Cutll). These duta us well as the energies and intensities of the sbvorption and CD speetra suggest the Cu(il) ion of the
minor specics to be located in the cutatytic site of HLADH in u position and geometry different from that of the major species,
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1. INTRODUCTION

The electronic structure of the copper(ll) ion substi-
tuted at the catalytic site of the horse liver aleohol dehy-
drogenase (HLADH) EE isozyme has been studied ex-
tensively with different spectroscopic techniques [1-6].
A characteristic feature of the specimens studied so far
is their similarity to type 1 copper centers in blue copper
proteins [1]. The coordination sphere of the metal ion
in HLADH can be perturbed by conformational
changes in the protein due to coenzyme binding or by
cxogenous ligand binding to the copper(ll) ion. These
perturbations cun be monitored spectroscopically,
which renders this system a universal model for blue
copper proteins,

The copper substitution in HLADH produces two
different species [4]: a major species with a rhombic
EPR spectrum and a minor species with an axial EPR
spectrum which accounts approximately for 109% of the
total copper. The major species is mainly responsible for
the spectroscopic features of the blue copper center.
This species is metastable and can be reduced (bleached)
in a process accelerated by oxygen or hydrogen perox-
ide; for a possible mechanism see [4]. In contrast, the
minor species cannot be bleached in this way. Also, the
Cu(lD) ion in the minor species was reported to be insen-
sitive towards the interaction with exogenous ligands,
suggesting a buried coordination site. However, no evi-
dence for or against its binding in the active site was
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given so far. In the major species all available data
support the replacement of the catalytic zinc ion by
Cu(il) in its coordination sphere with two cysteines, one
histidine, and one water molecule as ligands. As to the
minor species we now present data suggesting binding
of the Cu(ll) ion to the active site; however, in a position
different from that of the Cu(ll) ion in the major spe-
cies,

2. EXPERIMENTAL

Horse liver alcohol dehydrogenuse, EE isozyme (EC 1.1.1.1) was
prepuared (rom horse liver according to the method described carlier
[7)- All chemiculs used were of the purest grads commercinlly availa-
ble. The preparation of the cupric horse liver alcohal dehydrogenase
(Cufe)sZn(n), HLADH) wns deseribed earlier [1,6). All caperiments
were carried out in 28 mM TES/Na* buffer, pH 7.0. Absorption
specira were recorded on a Perkin Elmer Lambda 9 spectrophotome-
ter at 4-8°C. Thecireular dichroism spectra were taken on a Jusco J.20
recording spectropolurimater, Absorption eoelficients (¢ and 4s) val-
ues were calsulated on the assumption that 109 of the copper is bound
in the minor specics. EPR spectra were resorded with a Bruker FT»
EPR 380 spectrometer at 77 K.

3. RESULTS

The absorption, circular dichroism (CD) and electron
paramagnetic resonance (EPR) spectra of the major
species have been published ecarlier {4,6] and were re-
measured in order to compare them with previous data
and with the novel spectra of the minor species. All
spectra of the major species were obtained directly after
dissolving Cu(c); Zn(n); HLADH crystals under anaer-
obic conditions. The copper(II}-substituted HLADH
prepared in this investigation appeared to be rather
stable; 21° standing on open air was not sufficient to
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fully bleach the sumples, compared to about 6° reported
carlier [4]. Therefore direct treatment with oxygen was
necessury to obtain the minor species. Oxygen was
blown slowly over an open sample placed on ice and 3
h after this treatment full reduction of the major species
was achieved. During oxygen treatment the samples
developed some turbidity invisible to the eye, but indi-
cated by an apparent 15% increase of the absorption at
280 nm presumably due to denaturation of the major,
Cu(l) species. Therefore absorption specira were re-
corded directly after prepuration and repeatedly during
the oxygen treatment.

The absorption spectra obtained before and after ox-
ygen treatment are shown in Fig. 1. The major species
has its main absorption bund at 624 nm and a less well
resolved shoulder at about 790 nm. The second and
fourth derivative of this spectrum reveal one more band
at 530 nim, which is hidden in the absorption spectrum,
The two other bunds at 443 and 377 nm are about five
times less intense than the band at 624 nm (Table I).

The absorption spectrum of the minor species, left
after oxygen treatment, has four bands of similar inten-
sity at 626, 530. 405 and 340 nm (Table [). Absorption
coelficients for these binds ure calculated on the as-
sumption that the minor species contains 10% of the
total copper. This is based on the integration of the EPR
spectra which reveals the minor species to contain 8-
10% of all copper ions. The bands at 620 and 530 nm
in the minor species are found at similar wavelengths as
those bands of the major species. They cannot be the
remains of the major form left after the bleaching proc.
ess, as can be seen from a comparison of their mutual
band intensities (Table I). In the minor form all bands
have comparable intensities. Bands at lower wave-
lengths are additionally affected by the slight increase
of the baseline around 300 nm, as a result of some
denuturation, indicated by a small increase of the pro-
tein band at 280 nm. The tail of this band is lifting the
bands at 300400 nm, which leaves the estimation of
intensities at these wavelengths rather unprecise. How-
ever, if one would assume that the transitions at 620 and
530 nm are only due to the remains of the major form.
not fully reduced, then the intensity at 624 nm after
bleaching should account for 20% of the major form
left. In such a case the intensity of the 530 nm band
should be equal to about 0.018, instead of observed
0.056, Additionally the EPR spectrum recorded for the
sumple treated 3 h with oxygen shows no signs of the
remains of the major form. Therefore we assume that
the minor form is absorbing at 626, 530, 405 and 340
nm, as shown in Table 1. The abserption intensities
given in the Table 1 are only estimates due to the above-
mentioned difficulties with protein denaturation and
lack of an independent metheod for measuring precisely
the concentration of the minor species.

The copper(ll) ion in the minor species does not bind
exaternal ligands, i.e. pyrazele, imidazole, azide, 2-mer-
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captoethanol, and it cannot be reduced by ascorbate.
The EPR spectrum of the minor form is shown in Fig.
2A. It is of the axial type with a hyperfing splitting of
10,4 mT. The magnitude of the hyperfine splitting as
well us the gJlA,| ratio are similar (o those of the binary
complex of the major species with pyrazole (see Table
11) which was suggested to be pentucoordinate {8]. The
EPR spectrum of the minor species also shows three
super-hyperfine lines with a spacing of 15,6 G which
could be due to one nitrogen atom coordinating to the
copper(kl) ion. The spectrum of the major species (see
Fig. 2B) was obtained via subtracting the spectrum of
the minor species from that of the sumple before osygen
treatment. A new simulation of this spectrum provided
data which differ slightly from those reported earlier.
The EPR spectrum of the major species has a rhombic
form with a high g/lA,l ratio, similar to other type 1
Cu(ll) in blue copper proteins, For comparison, Table
I1 includes the data for the binary complexes of the
major species with NADH and with pyrazole and its
ternury complex with NAD" and pyrazole.

Circular dichroism spectra of the main and the minor
species are presented in Fig. 3. One should notice that
both species have opposite signs of their Cotton effects
with exception of the band at the lowest wavelength.

An additional experiment was performed in order to
address the question of the possible location of the cop-
per(Il) ion in the minor species. Cu(ll) ions were added
slowly to the native Zn(¢),Zn(n), HLADI under anaer-
obic conditions. As can be seen in Fig. 4 the copper
binding to peripheral sites creates a species absorbing
at 476 and about 540 nm, vaiues distinctly different
from those of the minor species.

From the ratios Cu:protein for cach absorbancy in-
crement it can be seen that the Cu(Il) binding to periph-
eral sites is weak. At Cu:protein ratios larger than 5l
the protein started to precipitate, therefore a quantitas
tive evaluation of the number and intrinsic afTinities of
the peripheral sites was not possible.

Tuble |

Absorption band positions and molecular absorptivities for the major
und minor species

Alnm] gM™'em™']
‘miin species” ~790 sh ~1.400
~624 5,700
~530°
~443 980
~n 1.200
~280 19,200
‘minor speeica’ ~626 9,300
~530 8.100
~405 10,000
~340 16,5060

* ¥isible anly on the 2nd and 4th derivative of the spectrum
* Caleulated for 10% copper concentration
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Fig. |. Electronic absorption spectra of Cu(c)y 2n(n)y HLADH. of the main specics (1) and ufter oxygen treatment (b-¢), (the minor species (¢))
in 25 mM TES/Na“. pH 7.0 at 283 K. Enzyms concentrution 48.6 M.

4. DISCUSSION interesting novel copper binding site. The absorption
and CD band positions, as well as their high intensities

Qur data prove that the minor species represents an indicate thiolate~copper coordination. The spectrul
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Fig. 2. EPR spectra of cupric horse liver alcohol dehydrogenuse at 77 K. Concentration of enzyme 2 mM. (A) Esperimental specirum of the minor
species. (B) Experimental (upper trice) and simulated (lower trace) spectru of the main specics,
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Fig. 3. Circulur diehroism speetra of the major (a) and the minor (b) specics. Enzyme consentrations: (a) 373 uM (b) 25 4M.

data of Cu(ll) bound to peripheral sites of the native
enzyme seem (o exclude the location of Cu(ll) to those
sites in the minor species.

It is difficult to deduce the symmetry of the copper
coordination sphere in the minor species from the avail-
able spectroscopic data. Similar problems were faced in
the studies of other blue copper proteins, e.g. plastocy-
anin and azurin. By recent X-ray investigations [9-12)
their copper(lI) sites were found to be distorted tetrahe-
dral and pentacoordinated, respectively, despite of their
similar spectral properties [13].

Concerning the chemical behaviour of the minor spe-
cies, its copper(lI) site cannot be reduced by ascorbate,
obviously due to a higher oxidation-reduction potential
compared to the major species. The other feuture char-
a~eristic of the copper(ll) site of the minor species is its
inaccessibility to external ligands. These facts taken to-
gether suggest that in the minor species the Cu(Il) ion
is located in the catalytic site of HLADH, however with
different geometry and different chemical reactivity
gompared to the major species.

Two alternative structure models may be envisaged:
(i) the Cu(ll) site has a tetracoordinate structure, the
waler ligund being exchanged by an endogenous protein
side chain ~ glutamate-68 seems to be the closest candi-

date [14]; (ii) the Cu(Il) ion is pentacoordinate in a
distorted trigonal bipyramidal structure similar to azu-
rin. Either Glu-68 might provide two oxygen atoms as
ligands, or another ligand would have to be found
which is not exchangeable by external ligands. Even
water molecules in the interior of the catalytic site seem
to be possible candidates [13].

In both cases a nesessary conformational change
would hide the copper ion more deeply inside the pro~
tein. The circular dichroism spectra with similar band
positions but opposite signs for the major and minor
species support this idea of a protein conformation dif-
ference for both species. Exchange of the water ligand
for an oxygen atom of Glu-68 would change the chiral-
ity of the coordination sphere if the other ligands re-
main unchanged, and render the cogper ion inaccessible
for cxternal ligands.

The reason of the protein conformation change in the
minor species of Cu(ll)-substituted HLADH may be
understood after comparing the X-ray structure of apo-
HLADUH, i.e. HiZn(n)s HLADH with the structure of
the metal-substituted species. In the apo-zinc enzyme
structure the carboxyl group of Glu-68 is moved closer
towards the empty metal site {14]. It is conceivable that
in the minor species the copper is bound to the oxygen

Table 11
EPR parameters of different forms of Cu(ll) substituted HLADH
8. (A 8 (A) 8y (A) g/IA L

Minor species 2,16 (10.4) 2,02 2.02 22
Muin spesies 2,23 (2.5) 204 (B.T) 2,06 (3.2) 953
E - NADH [6] 2.19 (2.6) 342
E - NAD* - py (6] 2.20 {4.0) 550
E - py***[l] 220 (11.5) 191
*A vatues are given in mT (1 mT = 10 G).

“g /Al ratios are given in om in wrder Lo fucilitate comparison with older literature.

“**py, pyrazole; E, main species.
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Fig. 4. Effect ol Cu(Bl) ion addition to the native MLADH on the absarption spectra at 276 K. Enzyme concentration 120 4M.

atom of Glu-68 in such a fushion that the protein re-
mains in the “apo’-conformation. Attempts under wuy
in our laboratory to resolve both species on a prepara-
tive scale and to crystallize them should help answering
the open questions concerning the molecular structure
of the minor form of Cu(Il} HLADH.
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