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PREFACE

The interplay between inorganic & biochemistry, molecular biology and medicinal
chemistry is the crux of the discipline of bioinorganic chemistry. In this Volume, we
present thirty-nine articles detailing many of the major developments in the chemistry of
copper ion as it pertains to biological systems, since copper plays a vital role in
organisms ranging from bacteria to mammals. Its major importance is as an essential
metalloenzyme active site “cofactor’? many of which are involved in bioenergetic
processes. Reactions catalyzed include electron transfer, dioxygen (O2) transport,
substrate oxygenation/oxidation coupled to O reduction to HoO» or water, and reduction
of nitrogen oxides. In excess, copper ion is a toxic heavy metal; there has been recent
progress in beginning to understand the control of its free ion concentration (i.e.,
homeostasis) through transport mechanisms and metalloregulatory processes. As a redox
active metal, copper ion is also known to be capable of mediating biochemical reactions
which generate toxic oxygen species. Copper complexes are capable of oxidatively
cleaving or hydrolyzing nucleic acids, and these chemistries either have already found or
may potentially provide for future applications in biochemistry and molecular biology.

It is our particular interest and approach to the field to present simultaneously in
one place, papers dealing with both the chemistry and biology of copper. There is an
increased realization that researchers from either subject critically need to learn about the
others' sub-discipline, in order to better understand their own. For example, in order to
accurately and usefully interpret biochemical or biophysical information determined for
enzyme or other biochemical systems, it is essential to further develop our understanding
of the basic coordination chemistry of copper. Yet, traditionally, the structural,
spectroscopic, reactivity and mechanistic aspects of copper chemistry as exists for low
molecular weight copper coordination compounds has been separated out from the more
biological scientific discussions, meetings and literature. Researchers from established
disciplines now find it necessary to join forces, in order to better develop our
understanding of copper in biology, determine structure-activity relationships, and
develop applications to molecular biology and medicine. A better knowledge of certain
biochemical processes may also contribute to the development of new copper chemistry
and thus new practical catalysts, e.g., for the mild, selective oxidation of organics, or
reduction of NOx pollutants. As can be seen in a number of the present contributions,
very chemical and biological studies may both occur in the same work.



Recent exciting advances in copper bioinorganic chemistry have been numerous,
and most of these are described here. For example, chemical and spectroscopic
investigations along with X-ray structural studies have now revealed the presence of
completely new (i.e., unexpected) structures, including a new binding mode for dioxygen
to copper, active site copper clusters, or novel cofactors. This Volume is divided into
eight parts. While each section contains a basic theme, there is however a considerable
overlapping of ideas and approaches and even the same exact chemical system or protein
may be discussed in articles from different sections. This in itself reflects the
considerable excitement and interdisciplinary nature of investigations by researchers
interested in copper.

The first article is by E. 1. Solomon, a leading figure in copper biophysical
chemistry, who overviews electronic structural aspects of copper proteins containing a
dinuclear (e.g., hemocyanin and tyrosinase) or trinuclear (e.g., laccase and ascorbate
oxidase) active site copper center. Solomon's work also highlights the importance and
interplay between detailed electronic structural elucidation of well-defined small
molecule complexes and the application of these results to aid the understanding of
protein structure and spectroscopy. Then, Peisach demonstrates how pulsed electron spin
resonance (EPR) spectroscopy can be usefully applied to elucidate subtle or detailed
aspects of the local environment around copper in proteins, such as ligand identification
and hydrogen bonding effects. Schugar follows with a detailed discussion of the
structures and spectroscopy of novel Cu(II) macrocycles possessing disulfide ligand
moieties.

The focus of the next section is the spectral and electron transfer properties of
"blue” protein or model compound Cu centers. Sanders-Loehr discusses electronic
structure of mutants of the protein azurin, using resonance Raman spectroscopy, while
Valentine actually generates "blue" copper proteins by site-directed mutagenesis, thus the
protein redesign of Cu-Zn superoxide dismutase. Sykes studies electron-transfer
properties and mechanisms using plastocyanin mutants, while electron transfer rates of
model complexes studied by Wilson and Stanbury are used to provide insights which may
apply to "blue" proteins. Aspects of "blue" copper also surface in later articles by Adman
(Ch. 31), Kroneck and Antholine (Ch. 33), Messerschmidt (Ch. 38) and Fee (Ch. 39).

Chapters 8-11 discuss aspects of the regulation, an area that is not necessarily
new, but one that has become exceptionally exciting, with the realization of important
direct effects of metals on gene expression. This topic has become much more molecular,
thus of greater interest to chemists. To start, OHalloran discusses the genetics and
regulation of copper resistance in E. coli, while Winge and Dance discuss Cu(l)-thiolate
clusters, emphasizing their basic chemistry, and their occurrence in biological
macromolecules which function in copper ion buffering, signal transduction and copper
ion storage. Culotta studies copper ion homeostasis in yeast, and Bashkin is interested in
a synthetic system that involves RNA hydrolysis by copper(I) complexes.

Chapters 12-16 outline exciting new advances in proteins involved in O2-binding
or monooxygenation of biological substrates. Firstly, Magnus, reports the long-awaited
unambiguous X-ray structural determination of oxy-hemocyanin, found to have a novel
side-on peroxo coordination, bridging the two copper atoms. This was actually predicted
from a model compound study of Kitajima (Ch. 20), attesting to the value of the synthetic
biomimetic approach. Klinman then describes an elegant study which provides a new
tool for detailed mechanistic investigations for systems which involve O2 binding to
metals or O-O cleavage processes; here the application is to dopamine B-monooxygenase.
Blackburn continues with structural (by EXAFS spectroscopy) and ligand-probe (e.g.,
azide or carbon monoxide bound protein derivatives) UV-Vis or infra-red spectroscopic
studies on the same enzyme, plus the pterin-dependent phenylalanine hydroxylase.
Critical new insights have been obtained and these also relate to the peptidyl-glycine o-
amidating enzyme, PAM, also discussed in Ch. 16. In Ch. 15, Chan breaks new ground
with a report that the membrane bound form of methane monooxygenase in
methanogenic bacteria is a Cu enzyme with a trinuclear Cu cluster active site. This is an
exciting finding, since it means that a trinuclear copper cluster is capable of mediating
either (i) Oz-reduction to water (i.e., in laccase and ascorbate oxidase), or (ii) Oz-

xiv



activation for cleavage of the very strong carbon-hydrogen bond in methane. As is found
for porphyrin-iron (i.e., heme) enzymes, nature appears to modulate certain repeating
structural motifs, in order to effect varying specific functions. In Ch. 16, Merkler
elaborates on the pharmacologically important enzyme PAM, now confirmed as a true
monooxygenase.

Beginning with Ch. 17, there is a change in emphasis to much more chemical,
with this and the subsequent two chapters being separated out as having a particular focus
on oxidative mechanisms. Margerum discusses oxidative decomposition reactions of
copper(IlT) complexes, the latter oxidation state being stabilized by the deprotonated
amide groups of peptide ligands. Free radicals cause many of the deleterious effects in
biological systems, and Goldstein and co-workers describe how reactions of organic
radicals R+ with copper(I) or copper(Il) ions can lead to transients with Cu-carbon bonds;
their subsequent decomposition may account for actual biological pathways observed.
The article by Sayre addresses detailed mechanistic pathways which may take place in
the oxidation of amines, such as are known to occur in a variety of published chemical
systems, as well as in enzymes like PAM.

The next eleven chapters deal with copper-dioxygen chemistry in synthetically
derived systems. As mentioned above, the chapter by Kitajima summarizes what might
have to be the most important chemical breakthrough in the field in many years,
pertaining to biological or chemical dioxygen utilization by copper ion. Model chemistry
developed by this research group actually confirmed an unknown binding mode for
dioxygen to copper, found subsequently to occur in the natural system. Zuberbiihler's
contribution surveys recent kinetic/thermodynamic studies on O2-binding to Cu(I)
centers, of critical fundamental importance to an overall understanding of biological O2-
utilization. We then survey our own contributions to the field, largely the identification
and characterization of chemical systems with reversibly bind dioxygen and/or activate it
for hydroxylation of an unactivated arene substrate. Casella has also discovered a variety
of dinuclear copper complex systems which undergo ligand hydroxylation, and the trends
observed provide additional mechanistic insights. Feringa considerably expands upon the
use of dinuclear Cu complexes involved in O2-activation, elaborating and characterizing
new systems (with Cu and Ni) which can be used for self-assembly of helical polymers,
oxidative demethylation and demethyoxylation or dehalogenation, catalytic
dehydrogenation, and in the generation of chiral molecules with potential practical uses.
Then, Martell describes very interesting variations in the chemistry when employing
dinucleating macrocyclic ligands, while Sorrell's focus is the new synthesis and resulting
chemistry of complexes with imidazole donor groups, an important pursuit because this is
the ligand found in the proteins. In Ch. 27, Réglier and Waegell describe a number of
novel copper-ligand complex systems, which further develop the chemistry related to O2-
activation by tyrosinase and dopamine B-monooxygenase. Yamauchi describes chemistry
of copper ion associated with the redox-active pteridine nucleus; this is a relatively
unexplored new area, but directly relevant to the Oz-activation chemistry of
phenylalanine hydroxylase. Martens and Feiters then report on new organic molecules
generated as host-guest systems, and designed as closer functional mimics for enzymes
effecting hydroxylation reactions. Finally, Speier describes dioxygenation chemistry,
which takes full advantage of oxygen atoms in O2, and mimics quercetin dioxygenase;
the chemistry involved appears to involve 'substrate activation', for attack by dioxygen.

The next section involves nitrogen oxide chemistry, a relatively speaking new and
exciting sub-discipline of bioinorganic copper chemistry. Anaerobic denitrifying bacteria
employ several copper-containing enzymes in the reduction of NOy species. In Ch. 31,
Adman describes the X-ray crystal structure of a nitrite reductase, which contains both a
Type 1 'blue’ (green) copper center for electron transfer, plus an anion binding,
presumably functional Type 2 Cu active site. Tolman then presents very new copper
coordination chemistry involving nitrite (NO2-) and nitric oxide (NO), including
reversible binding in the latter case. Nitrous oxide reductase (N2O — N3) is as yet a
relatively poorly understood but structurally and spectroscopically fascinating enzyme,
which has striking similarities to cytochrome ¢ oxidase (O2 — H20); Kroneck and
Antholine describe EPR studies, from which an intriguing mixed-valence dinuclear
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copper site model emerges, suggested to be common to both of these proteins. In the last
chapter in this section, Christodoulou describes some very different and novel chemistry,
with copper chelates as potential nitric oxide (NO) releasing agents. NO has just recently
been recognized as an important naturally occurring bioregulatory agent, critical to a
variety of processes and of pharmacological utility. This type of chemistry seems surely
destined for considerable elaboration, since NO is well known to readily react with
copper proteins.

The last section is on copper oxidases, enzymes which reduce dioxygen either to
hydrogen peroxide or water, while oxidizing some biological substrate. Villafranca starts
out by discussing mechanistic and spectroscopic studies of galactose oxidase and
phenoxazinone synthase; the latter catalyzes the last step in the biosynthesis of the drug
actinomycin D, and until now its copper make-up has not been characterized. Whittaker
focuses exclusively on galactose oxidase, summarizing his detailed spectroscopic and
chemical studies which lead to the prediction of the presence of an unusual radical
stabilizing cofactor; the results are compared to the actual active-site structure, now
known through a X-ray crystallographic study. Dooley reviews structure and reactivity
aspects of copper amine oxidases, determined largely through detailed spectroscopic
studies; these enzymes also contain a novel redox-active quinone cofactor, directly
involved in its function. Messerschmidt then details elegant X-ray crystallographic
studies on a number of ascorbate oxidase derivatives, all generated with chemistry
directly on single crystals. These provide great insight to both structure and possible
mechanism of action. Finally, Fee presents an extremely useful and concise overview of
the structure, spectroscopy and function of heme and copper containing cytochrome ¢
oxidase. Studies from bacterial enzymes have contributed greatly to recent advances and
new results bearing on the ligation at the so-called Cup and Cup sites are presented.

The idea of this Volume actually developed out of the Editors' interest in holding
an international get-together on the bioinorganic chemistry of copper; such a Conference
was in fact held at Johns Hopkins University in August of 1992. Thus articles from
invited speakers and others were solicited; with the obvious occurrence of so many new
and exciting developments in the field, the publication of a Volume such as this appeared
to be very favorable. We would like to acknowledge the sponsors of the Hopkins Copper
Conference, and it is their generous support which contributed to making both the
meeting and this book possible. Their interest further attests to the significant wide-
spread basic scientific interest in the discipline, and for the potential applications such as
in pharmacy and other industrial chemical applications. We are particularly grateful for
the backing of the International Copper Association, Ltd., since they have been
supportive of our efforts for the last twelve years. In addition, private and government
agency support for the recent meeting came from: Bioanalytical Systems, Inc., Bristol-
Myers Squibb Company, Chapman and Hall, Inc., ChemGlass, Inc., Desert Analytics, E.
I du Pont de Nemours & Co., General Electric Company, Hoechst-Roussel
Pharmaceuticals, Inc., ICI Americas Inc., Icon Services, Inc., Lab Glass, Inc./Wilmad
Glass, Mallinckrodt Medical Inc., Merck Research Laboratories, Millipore Corporation,
Molecular Structure Corporation, Monsanto Company, National Institutes of Health,
National Science Foundation, Office of Naval Research, On-line Instrument Systems,
Inc., Petroleum Research Fund of the American Chemical Society, Shimadzu Scientific
Instruments, Inc., Sterling Drug Inc., and Union Carbide Corporation.

We would also like to acknowledge the students and postdoctorals in the Karlin
research group at Johns Hopkins University, for their help in the smooth running of the
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INTRODUCTION

It has now been ten years since a §enera1 review of our Group's research in the field of
copper proteins has been prepared.! Over this period, our understanding of the electronic
structure of the active sites in these proteins has strongly evolved, and is providing
significant insight into the reactivity of these sites in biology. The first goal of my
sabbatical was to generate an overview of our present understanding of this field, which
has now appeared in Chemical Reviews 2 and will be summarized in two parts.3 Part I of
this summary is being published as our contribution to the Proceedings of the International
Conference on the Chemistry of the Copper and Zinc Triads, held in Edinburgh, Scotland
July 13-16, 1992. Part II is submitted for the Proceedings of the Symposium on Copper
Coordination Chemistry: Bioinorganic Perspectives, August 3-7, 1992.

Many of the most important classes of active sites in copper proteins exhibit unique
spectral features compared to simple high-symmetry transition metal complexes. These
derive from the unusual geometric and electronic structures which can be imposed on the
metal ion in a protein site. It has been the general goal of our research to understand these
electronic structures and evaluate their contributions to the reactivities of these active sites in
catalysis.

QOur contributions to four topics will be summarized. First, if one is to understand
the origin of unique spectral features, one must first understand the electronic structure of
normal high symmetry transition metal complexes. For us, square planar cupric chloride
has served as an electronic structural model complex. It is now one of the most well-
understood molecules in inorganic chemistry4, and its spectral features and associated
electronic structure will be briefly described in Part 133, Then the unique spectral features
of the blue copper active site will be addressed and used to provide insight into ground and
excited state contributions to long-range electron transfer in these proteins. In Part I13b of
this summary we focus on the coupled binuclear copper proteins, hemocyanin and
tyrosinase, which have similar active sites that generate the same oxy intermediate
involving peroxide bound to two copper(Il)'s. The hemocyanins reversibly bind dioxygen
while the tyrosinases have highly accessible active sites which bind phenolic substrates and
oxygenate these to ortho-diphenols. Their oxy sites exhibit unique excited state spectral
features which reflect new peroxide copper-bonding interactions which make a significant
electronic contribution to the binding and activation of dioxygen by these sites. Finally, the

From K.D. Karlin and Z. Tyekl4r, Eds., Bioinorganic Chemistry of Copper
(Chapman & Hall, New York, 1993).
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multicopper oxidases laccase, ascorbate oxidase and ceruloplasmin catalyse the four
electron reduction of Oz to water. Spectral studies on these enzymes will also be
summarized in Part IT which demonstrate that they contain a fundamentally different
coupled binuclear copper site (called Type 3) which, in fact, is part of a trinuclear copper
cluster which plays the key role in the multielectron reduction of dioxygen by this important
class of enzymes.

NORMAL COPPER COMPLEXES AND BLUE COPPER PROTEINS: SEE
PART I (ref. 3a)

COUPLED BINUCLEAR COPPER PROTEINS

We now turn to the binuclear copper proteins hemocyanin and tyrosinase which reversibly
bind dioxygen, and in the case of tyrosinase activate it for hydrmgylation of phenol to
ortho-diphenol and further oxidize this to ortho-quinone (Figure 1).5 Both proteins have
essentially the same oxy active sites62 which involve two copper (II) from X-ray absorption

+ Coupled Binuclear Copper Proteins

Hemocyanin: [Cu(hCu(l)] + Op ==| [Cu(I)Cu(I)]O,2

deoxy oxy
Voo =750 cm-!

Tyrosinase:  [Cu()Cu(l)] + O, == | [Cu(l)Cu(1)]O,%
deoxy oxy

[Cu(ll)Cu(lI)]Ozz' +phenol == [Cu(l)Cu(l)] + o-quinone + H,0
oxy deoxy

Unique Spectral Features — 0,2 — [Cu(Il)Cu(ll)] Bond
—» Binding and Activation of O,

Ground State

No EPR —  Antiferromagnetic coupling (#=-2J S1:S2)

_oz2 |
(cupncuiogr — 22, S0
H

Oxyhemocyanin Methemocyanin
J > 500 em1 J > 500 cm™!
Excited States

0,2 — Cu(ll) CT Transitions

=

(1-wo,.W) 2 g

Figure 1. Coupled binuclear copper proteins, ground and excited state spectral features.
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edgesb< (vide infra) and bound peroxide from the unusually low O-O stretching frequency
of 750 cm-! observed in the resonance Raman spectrum.” As will be summarized in this
section, the unique vibrational, ground and excited state electronic spectral features of this
oxy site are now well understood and generate a detailed description of the peroxide-copper
bond which provides fundamental insight into the reversible binding and activation of
dioxygen by this site.

The ground state of oxyhemocyanin exhibits no EPR signal which is understood
and involves a strong antiferromagnetic coupling of the two copper(I)'s (J > 500 cm-1)
hence its classification as a coupled binuclear copper site.8 Displacement of the peroxide
produces a met derivative which also has two Cu(ll)'s that are strongly
antiferromagnetically coupled (J > 500 cm-1).9 Thus there must be an endogenous bridge

Peroxide to Copper Charge Transfer
Transitions in Monomers and Dimers
End-on Peroxide-Cu(ll) Bonding| ©O,* — Cu(ll) CT Spectrum

6000

e(M'em?)
§

§

- Ox*

Transition Dipole Vector
Coupling Model
‘Monomer Dimer

¢ s=0Y I,

Figure 2. Charge transfer transitions in copper monomers and dimers: A) Orbital
interactions involved in end-on peroxide-copper bonding. and predicted charge transfer
transitions (thickness of arrow indicates relative intensity). B) Charge transfer absorption
spectrum of peroxide bound to a single Cu(I).13 C) Ground state and charge transfer excited
state splittings due to dimer interactions in a peroxide bridged copper dimer. K is the coulomb
dimer interaction, Jox is the excited state magnetic exchange, and I and L are the coulomb and
exchange contributions to the excitation transfer between halves of the dimer. D) Azide-to-
copper charge transfer spectra of model complexes and met azide hemocyanin. 14
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present in the met derivative, which from the crystal structure of the deoxyhemocyanin!0 is
hydroxide. With respect to the excited state spectroscopy, oxyhemocyanin exhibits a
reasonably intense band in the absorption spectrum at ~ 600 nm (€ ~ 1000 M-1 cm-1) and an
extremely intense band at ~ 350 nm (g ~ 20,000 M-1 cm-1). Displacement of peroxide on
going to the met derivative (solid to dashed spectrum in Figure 1 bottom) eliminates these
features as well as a band at 480 nm which is present in the CD but not the absorption
spectrum.11 These features can then be assigned as peroxide to copper charge transfer
transitions and will be seen to provide a detailed probe of the peroxide-cupric bond. We
are particularly interested in 1) the fact that there are three charge transfer bands, 2) the
selection rules associated with the presence of a band in the CD but not absorption
spectrum and 3) the high energy and intensity of the 350 nm band.

We first consider peroxide bound end-on to a single copper (IT) (Figure 2A). The
valence orbitals of peroxide involved in bonding are the 1t * set which split into two non-
degenerate levels on bonding to the metal ion. The n*¢ orbital is oriented along the Cu-O
bond and has strong overlap with the dx2.y2 orbital producing a higher energy intense
charge transfer transition. The peroxide n*y orbital is vertical to the Cu-O bond and
weakly & interacting with the copper thus producing a lower energy relatively weak
transition. Thus, end-on geroxidc bonding is dominated by the o donor interaction of the
022" n*5 orbital with  dyx2.y2. This predicted low energy weak/high energy intense charge
transfer spectrum is just what is observed experimentally for the complex prepared by Prof.
Karlin12 which has O22- end-on bound to a single Cu(II) based on isotope effects on its
resonance Raman spectrum (Figure 2B).13 One notes, however, that there are only two
bands in the model spectrum, and the n*q is at considerably lower energy (500 nm) and
weaker in intensity (€~ 5000 M-1 cm-1) than the 350 nm O32- charge transfer band in
oxyhemocyanin.

The fact that there are three peroxide to copper charge transfer transitions led us to
consider the spectral effects of bridging peroxide between two Cu(II). A transition dipole
vector coupling model was developed which predicts that each char%c transfer band in a
monomer will, in fact, split into four states in a dimer (Figure 2C).11.14.15 First, there is a
singlet/triplet antiferromagnetic splitting in the excited state just as there is in the ground
state but considerably larger. In addition, both the singlet and triplet states are further split
into two states which correspond to symmetric and antisymmetric combinations of the O52-
— Cu(Il) charge transfer transition to each copper in the bridged dimer. As the
antiferromagnetically coupled ground state is a singlet, only the two transitions to the
singlet excited states should have absorption intensity. This predicted splitting into two
bands is indeed observed14 in a series of azide model complexes prepared by Profs.
Sorrell16, Reed!7 and Karlin!8 (Figure 2D). Azide bound to a single Cu(II) produces one
charge transfer transition which is the equivalent of the n* g charge transfer of the peroxide.
As predicted, bridging the azide in a cis p-1,3 geometry between two copper(Il)'s results in
a splitting of this charge transfer transition into two bands, the symmetric (or A in the Cay
dimer symmetry) and antisymmetric (or B;) components of the ny charge transfer
transition. Note in Figure 2D bottom that binding N3~ to the met hemocyanin derivative
produces the same A1/B) charge transfer intensity pattern indicating that azide also bridges
in a cis p-1,3 geometry in met hemocyanin. 14

This transition dipole vector coupling model can then be applied to predict the
energy splittings and symmetries hence selection rules for the charge transfer spectrum of
peroxide bridged between two copper(ll)'s for different possible structures of
oxyhemocyanin. Initially the three end-on peroxide bridging structures in Figure 3 were
considered(u-1,1, trans p-1,2 and cis p-1,2), and only the cis p1-1,2 structure predicted
spectral features which could be consistent with oxyhemocyanin. This is also an attractive
structure as it involves replacing the cis p-1,3 N3- in met hemocyanin with a cis p-1,2
peroxide. However, in 1989, Prof. Kitajima obtained a new side-on bridging structure for
peroxide (u-n2n2) in transition metal chemistry.19 This structure also predicts and exhibits
spectral features very similar to those of oxyhemocyanin.20 For both structures bridging
the peroxide results in a splitting of the 022" 1*, level into a low energy component which
is electric dipole allowed and should appear in the absorption spectrum, but with limited
intensity as it is a m*y charge transfer transition. This can be associated with the 600 nm
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Oxyhemocyanin
Possible -0, Structural Models
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Figure 3. Possible structural models for xide bridged coppger dimers and corresponding

excited state spectral assignments for cis p-1,2 and p-n2:n2 possible structures for

oxyhemocyanin.

absorption band. The second component of n*y for both structures is predicted to be only
magnetic dipole allowed meaning it should contribute to the CD but not absorption
spectrum, and the 480 nm CD feature can be associated with this transition. For both
structures the n*q splits into two bands with the lower energy component having dominant
absorption intensity and this can be associated with the 350 nm absorption band in
oxyhemocyanin. Thus the transition dipole vector coupling model requires that the
peroxide bridge the two Cu(Il)'s. This produces the three observed charge transfer
transitions with one being present in the CD but not the absorption spectrum. However,
one must still account for the high intensity and energy of the 350 nm O22- n*g charge
transfer transition and the low vibrational frequency of the O-O stretch. Thus we proceed
to quantitatively evaluate the electronic structures associated with these end-on and side-on
peroxide bridging structures both theoretically and experimentally.

Broken symmetry-spin unrestricted-SCF-Xo-SW calculations were performed to
describe the electronic structures associated with both geometric structures.2] These
calculations are appropriate for antiferromagnetically coupled dimers.22 In Figure 4 we
focus on the interaction of the HOMO and LUMO, which are symmetric and antisymmetric
combinations of dxz-yZ orbitals on each copper, with the valence orbitals of the peroxide.

7
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For the end-on bridged structure the bonding is consistent with the qualitative description
presented earlier. The peroxide nt* is stabilized through a bonding interaction with the
LUMO on the coppers. Thus in the end-on bridged geometry the peroxide acts as a ©
donor ligand with one bonding interaction with each of the two coppers. A very different
bonding description is obtained for the side-on bridged peroxide. In this structure, t*g is
again stabilized hence involved in a ¢ donor interaction with the copper LUMO. In the
side-on structure the bonding/antibonding interaction of the nt*q is larger than in the end-on
structure as the peroxide now occupies two coordination positions on each of the two
coppers. Thus peroxide behaves as a stronger 6 donor in the side-on structure. Further
the side-on peroxide is predicted to have an additional bonding interaction with the dx2-
orbitals on the coppers which has not been previously considered for peroxide. This
involves stabilization of the HOMO through its interaction with the high energy unoccupied
o* orbital on the peroxide. This additional bonding interaction shifts some copper electron
density into the peroxide, thus it also acts as a © acceptor ligand using this highly
antibonding 6* orbital.

Electronic Structure of End-on and Side-on Models
of Oxyhemocyanin - SCF-Xa-SW Calculations

N 0=Q N N
~/7 \ N \ 0. 7/
Cu\ /Cu CI’I\CII
/ o7\ /7 o\
N H N N N

LUMO

HOMO

o T

LUM
LUMO Gy tday, /
/
g 4y s 4 -1-@)\
Cunte Gty HOMO | Cunlins Cugtny \
\ HOMO
_1/* O d‘::‘)"'b oI

. Side-on peroxide: stronger s-donor (ng) + n-acceptor (c*)

Figure 4. Electronic structures of the end-on cis p-1,2 (C2v) and side-on p-n2:n2 (Dyy )
models of the oxyhemocyanin active site: wavefunction contours of the HOMO and LUMO
and energy level diagrams showing dominant orbital contributions.
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It is next of critical importance to experimentally evaluate this unusual electronic
structure description for a side-on bridged peroxide and its relation to oxyhemocyanin.
This was accomplished throu 3gh a series of studles of the charge transfer and vibrational
spectral features of end-on23 and side-on20 bound peroxide-copper model complexes
prepared by Profs. Karlin24 and Kita t;1ma1 The ¢ donor ability of the peroxide can be
related to the intensity (and energy!5b) of the n*g—Cu charge transfer transition (Figure
5). The idea here is that as the wavefunction of the occupied 022- n*g orbital gains copper
character, @, its 6 donor interaction with the copper increases. This wavefunction results
in an expression for the ligand-to- metal charge transfer intensity which (along with some
geometric factors) is proportional to 02, Thus the peroxide m*q charge transfer intensity
increases as its ¢ donor interaction with the copper increases. If we normalize to the n*f
charge transfer intensity of the end-on peroxide monomer complex shown eatlier, the O2
charge transfer intensity of the Karlin trans p-1,2 end-on bridged complex increases by a
factor of two, consistent with peroxide binding to each of two coppers. While no cis
model complex exists, our Xo calculations indicate the peroxide binding in this geometry
should have a similar ¢ donor interaction with the coppers to peroxide bridged in the trans
complex. Alternatively, the side-on bridged complex of Kitajima exhibits an extremely
intense ®*g charge transfer transition, very similar to that of oxyhemocyanin, which
quantitates to ~ 4 times the 6 donor interaction of peroxide bound to a single copper(Il).
This is consistent with the X calculations and the fact that peroxide has four bonding
interactions with the two copper(Il). The extremely high intensity of the 350 nm band in
oxyhemocyanin also quantitates to having ~ 4 ¢ donor interactions with the binuclear
copper site strongly supporting the side-on peroxide bridged structure of the Kitajima
complex for oxyhemocyanin.

One can probe the © acceptor ability of the peroxide through a study of its intra-
ligand stretching force constant hence O-O bond strength, which is obtained from a normal
coordinate analysis of vibrational spectra (Figure 5). The idea here is that one would expect

Electronic Structures of End-on and Side-on
Models of Oxyhemocyanin - Experiment
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Figure 5. Electronic structures of end-on and side-on peroxide bridged models of
oxyhemocyanin: comparison of experimentally determined peroxide o-donor and n-acceptor

abilities.




Bioinorganic Chemistry of Copper

this force constant to increase as the 6 donor interaction of the peroxide with the copper
increases, as this removes the electron density from a  antibonding orbital on the peroxide
increasing its intra-ligand bond strength. This is experimentally observed in going from the
end-on monomer to the trans end-on dimer, where the O-O vibrational frequency increases
from 803 to 832 cm-! consistent with the latter having & donor interactions with two
coppers.23 However, on going to the side-on bridged peroxide, the O-O stretching
frequency goes way down as in oxyhemocyanin, yet in this geometry the peroxide is the
strongest ¢ donor from the high charge transfer intensity associated with four bonding
interactions to the two coppers. While the mechanical coupling in this geometry is
complicated, the normal coordinate analysis on the side-on bridged model complex gives a
significantly lower O-O force constant hence weaker O-O bond.20 This is direct
experimental evidence for the Xa calculated prediction that side-on bridged peroxide also
participates in a 7t acceptor interaction with the coppers which shifts some electron density
into the strongly antibonding o* orbital on the peroxide.

Having determined the unique electronic structure of the side-on bridged peroxy-
binuclear cupric complex and likely oxyhemocyanin and oxytyrosinase, it is now possible

Electronic Structural Contibutions to O, Binding
and Activation in Hemocyanin and Tyrosinase
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Figure 6. Electronic structural contributions to oxygen binding and activation in
hemocyanin and tyrosinase.
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to evaluate electronic structure contributions to the functions of these protein active sites21
(Figure 6). The combination of strong ¢ donor and & acceptor interactions with the
leads to a very strong dioxygen-copper bond in the side-on structure which would
contribute to reversible Oz binding and in particular stabilize the bound peroxide with
to decay to the inactive met site in hemocyanin. These bonding interactions further
provide an electronic mechanism of dioxygen activation in oxytyrosinase. The strong ¢
donor interaction with the coppers results in a less negative peroxide while the n acceptor
contribution to the bonding shifts a small amount of electron density into the peroxide o*
orbital which leads to a weak O-O bond activating it for cleavage. As pictured in Figure 6,
substrate coordination23 to the copper would then contribute electron density into the
LUMO, which is antibonding with respect to both the O-O and Cu-O bonds, and thus
further initiate oxygen transfer in catalysis.

MULTICOPPER OXIDASES

The final section of this Review focuses on the multicopper oxidases (Figure 7) which
utilize at least four copper ions, grouped into three types based on spectral properties, to

+ Multicopper Oxidases
4AH+0,; — 4A+2H0
# of Centers
Enzyme Type1  Type2  Type3
Blue Normal  Coupled
Binuclear

Laccase 1 1 1
Ascorbate Oxidase 2 2 2
Ceruloplasmin 2 1
Laccase Derivatives
Type 2 Depleted (T2D) 1 - 1
T1 Hg Subst. (T1Hg) Hg* 1 1

Spectral Features of

T3 (and T2) Centers

\
Fundamental Structural
Difference Relative to
Hemocyanin and Tyrosinase
v
Variation in
Biological Function

Figure 7. Multicopper Oxidases: Enzymes and derivatives.
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couple four one-electron oxidations of substrate to the four electron reduction of dioxygen to
water. Two of the coppers form an antiferromagnetically coupled pair which is referred to
as a Type 3 center. The Type 1 center is a blue copper site as discussed in Part 132 of this
review, and the Type 2 copper is "normal” in the sense of having a tetragonal Cu(II) EPR
spectrum (g > g1 > 2.00, Ay >140 x 104cm-!) and weak ligand field absorption features in
the visible spectrum.26 Laccase is the simplest of the multicopper oxidases containing one
of each type of center for a total of four copper ions in the native enzyme.1,2.27 This is still
a complex problem and two derivatives have served to simplify this system; the Type 2
depleted (T2D) form where the Type 2 is reversibly removed leaving the Type 1 and Type 3
centers28, and a Type 1 mercury substituted derivative g[‘ 1Hg) where the Type 1 is replaced
by a spectroscopic and redox innocent mercuric ion.29 The goal of our research on the
multicopper oxidases has been to determine the spectral features of the the Type 3 (and Type
2 centers), to use these to define geometric and electronic structural differences relative to
hemocyanin and tyrosinase, and to understand how these structural differences contribute to
their variation in biological function where the hemocyanins and tyrosinases reversibly bind
and activate dioxygen while the multicopper oxidases catalyse its four electron reduction to
water.

We start by defining the spectral features of each type of copper in native and Type 2
depleted laccase (Figure 8). The native enzyme exhibits two EPR signals (Figure 8A), one
with a large and a second with a small parallel hyperfine splitting associated with the Type 2
and Type 1 coppers, respectively. The Type 3 is EPR nondetectable as in hemocyanin and
tyrosinase, hence can be initially be considered to be a coupled binuclear copper site. The
absorption spectrum (Figure 8B) exhibits an intense thiolate S — Cu charge transfer
transition at 600 nm associated with the Type 1 center.32 The only spectral feature which
had been associated with the Type 3 center is an absorption band at 330 nm (€ ~ 3000 M-1
cm-1) which reduces in intensity with the addition of two electrons at the same potential.
This spectral region should contain histidine and hydroxide to Type 3 copper charge transfer
transitions.30 However, this assignment was complicated by the spectral features observed
for the Type 2 depleted derivative. The EPR spectrum is straightforward in that the Type 2
contribution is eliminated leaving a single Cu(li) signal with a small Ay value associated
with the Type 1 center.3! The absorption spectrum also shows that the 600 nm band
associated with the Type 1 remains. However, the 330 nm band is not present in T2D
laccase (Figure 8B) which led to much confusion concerning its origin. Early on we
discovered a key reaction which clarified this system. Addition of peroxide to T2D laccase
leads to the reappearance of this 330 nm band.32 This seemed to indicate that the Type 3
site in T2D laccase was in fact reduced even in the presence of dioxygen and oxidized by
peroxide. We were able to confirm this through X-ray absorption spectral studies (Figure
8C) at the Cu-K edge near 9000 eV.33 The Type 2 depleted derivative exhibits a peak at
8984 eV which is characteristic of Cu(l) in a three coordinate site and its magnitude could be
quantitated using a normalized edge method we developed to determine that the Type 2
depleted derivative had a fully reduced Type 3 site. Peroxide eliminates this 8984 eV feature
indicating that the site is fully oxidized (i.e., a met Type 3 center).

We were then able to study the Type 3 site in the absence of the Type 2 copper and
compare this to the coupled binuclear site in hemocyanin (Figure 8D). First, as
demonstrated from the X-ray edges in Figure 8C, the fully reduced Type 3 site is strikingly
different from that of hemocyanin in that it does not react with dioxygen.32.33 Peroxide
does oxidize the site and we can further compare this met Type 3 center in laccase to met
hemocyanin. For this derivative the sites are similar in that both are strongly
antiferromagnetically coupled?6 indicating the presence of an endogenous bridge which
must also be hydroxide for the Type 3 site in the multicopper oxidases based on the results
of crystallography.34

One-electron reduction of both met derivatives produces the mixed valent half-met
sites which exhibit dramatic differences (Figure 9). In particular, half-met hemocyanin has
very unusual coordination chemistry with respect to exogenous ligand binding. For
example, azide binds to this half-met active site with an equilibrium binding constant which
is more than two orders of magnitude greater than that of azide binding to aqueous
copper(II) and binds to produce quite unusual mixed valent spectral features.35 We have
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Figure 8. Spectral features of native and T2D laccase: A) EPR; B) visible absorption, and
C) x-ray absorption spectra of native, T2D, and T2D laccase following reaction with hydrogen
peroxide; D) Comparison of the reactivity and magnetism of deoxy and met hemocyanin and
the laccase type 3 copper sites.

Figure 9. Comparison of half-met hemocyanin and the half-met Type 3 laccase copper
sites: A) EPR spectra and binding constants of exogenous azide binding; B)
Spectroscopically effective structural models for exogenous ligand binding to the half-met
derivatives and their relation to differences in dioxygen reactivity.
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studied this unusual half-met hemocyanin chemistry and spectroscopy in some detail35 and
determined that these derive from the fact that exogenous ligands bridge between the Cu(Il)
and Cu(l) of this mixed valent site (Figure 9B, left). Alternatively, the half-met Type 3 site
in T2D laccase exhibits normal Cu(II) EPR spectra for all exogenous ligand bound forms
and has a normal equilibrium binding constant consistent with the exogenous ligand binding
terminally to the Cu(II) of the half-met Type 3 site.30 This difference in bridging vs.
terminal exogenous ligand binding modes directly correlates with differences in O reactivity
of these binuclear copper sites as described earlier in that only the hemocyanin site
reversibly binds dioxygen (Figure 9B).

The combination of the Type 3 with the Type 2 center does, of course, react with
dioxygen in the native enzyme and this led us to consider exogenous ligand interactions with
both the Type 3 and Type 2 coppers in native laccase. A most appropriate spectral method
to study the interaction of exogenous ligands with each center is low temperature MCD
spectroscopy as this allows us to correlate excited state features with ground state

MCD of Native Laccase
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Figure 10. MCD of native laccase: A) Transitions and band profiles associated with type
2 copper; B) Transitions and band profiles associated with type 3 copper. Note the difference
in temperature dependence of the MCD signal as described in the text.
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properties.36 In particular, the paramagnetic Type 2 copper will exhibit very different low
temperature MCD features relative to an antiferromagnetically coupled Type 3 center (Figure
10). For the Type 2 center, both the ground and excited states have S = 1/2 and split in a
magnetic field. The selection rules for MCD spectroscopy predict that there should be two
transitions to a given excited state of equal magnitude but opposite sign. As the Zeeman
splitting will be on the order of 10 cm-1 and absorption bands are on the order of a few
thousand cm-! broad these will mostly cancel and produce a broad weak derivative shaped
MCD signal known as an A-term. This is observed if both components of the ground state
are equally populated. However, as one lowers the temperature, the Boltzmann population
of the higher energy component is reduced, cancellation no longer occurs, and one observes
intense low temperature MCD signals known as C-terms. These can be two to three orders
of magnitude more intense than the high temperature MCD signals. Alternatively, for the
Type 3 center, the antiferromagnetic coupling leads to a S = 0 ground state which cannot
split in a magnetic field. Thus, this site cannot exhibit C-term intensity and the low
temperature MCD spectrum of native laccase will be dominated by the intense C-terms
associated with the paramagnetic Type 2 copper center.36ab

Low temperature MCD spectroscopy was used to probe azide binding to native
laccase.36a,b Titration of the native enzyme with azide produces two N3™—Cu(II) charge
transfer transitions, one at 500 nm and a second, more intense band at 400 nm (Figure
11A). The intensity of the 400 nm band as a function of azide concentration is plotted as a
dashed line in the titration figure (Figure 11C). One can use low temperature MCD to
correlate these excited states features to specific copper centers. The 500 nm absorption has
a negative low temperature MCD signal associated with it which increases in magnitude with
increasing azide concentration (Figure 11B). The intensity of this MCD feature is plotted as

Figure 11. Low temperature MCD of azide binding to native laccase: A) Difference
electronic absorption spectra at 298 K (See Ref. 36a); B) Difference MCD spectra at 4.9 K (5
T); C) Changes in EPR, LTMCD, and absorption intensities plotted as a function of
increasing azide concentration; D) EPR of laccase titrated with azide. Arrow indicates the
new signal present at g = 1.86 and 8 K.
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a solid line in Figure 11C. As the 500 nm absorption band has a corresponding low
temperature MCD signal, it must be associated with azide binding to the paramagnetic Type
2 center. There is also an MCD signal in the region of the 400 nm absorption band;
however, it does not exhibit the same behavior as the absorption intensity (Figure 11B).
The 385 nm MCD signal first increases, then decreases in intensity with increasing azide
concentration. Its magnitude is plotted as a broken line in Figure 11C. While the low
temperature MCD signal does not correlate with the 400 nm absorption band, it does
correlate with an unusual g=1.86 signal in the EPR spectrum (Figure 11D) which we have
shown to be associated with < 10% of the Type 3 sites which get protonatively uncoupled
on binding azide. Thus the intense 400 nm absorption band has no low temperature MCD
signal associated with it and it must correspond to azide binding to the coupled Type 3
center.

These low temperature MCD and absorption titration studies have determined that
azide binds to both the Type 2 and Type 3 centers with similar binding constants; a series of
chemical perturbations and stoichiometry studies have, in fact, shown that these are
associated with the same azide demonstrating that this ligand bridges between the Type 2
and Type 3 centers.362 Thus MCD spectroscopy first defined the presence of a trinuclear
copper cluster active site in biology. Recently, Messerchmidt, et al. have found from
crystallo&raphy that a similar trinuclear copper cluster site is also present in ascorbate
oxidase.

Having demonstrated that the Type 3 center must in fact be viewed as part of a
trinuclear copper cluster, including the Type 2 center, it was important to determine which
coppers are required for the reactivity of the multicopper oxidases with dioxygen. We had
already demonstrated using X-ray absorption edges in Figure 8C that a reduced Type 3 in
the presence of an oxidized Type 1 center does not react with 03.32.33 We next looked at
the reactivity of the fully reduced T2D [T1req T3req] derivative with O3 as this had been

Figure 12. Laccase copper centers required for dioxygen reactivity: A) XAS of deoxy T2D
laccase and deoxy T2D laccase following exposure to dioxygen; B) XAS of reduced T1Hg
laccase and reduced T1Hg laccase following exposure to dioxygen; C) Summary of the
reactivity of deoxy T2D, met T2D and reduced T1Hg laccase with oxygen.

16



Solomon et al. Electronic Structures of Active Sites in Copper Proteins

generally viewed as the combination of copper centers in laccase required for dioxygen
reactivity in the mechanistic proposals in the literature.37 From Figure 12A it is clear that
the 8984 eV reduced copper edge peak does not change on exposure of fully reduced T2D to
O3 indicating that the Type 2 center is required for dioxygen reactivity. Thus the T1Hg
derivative was investigated which contains a valid T2/T3 trinuclear copper cluster. From
Figure 12B the fully reduced trinuclear copper cluster site rapidly reacts with O3 eliminating
the 8984 eV peak and thus this trinuclear copper cluster is the minimum structural unit
required for O reduction.38

Since the mercuric ion is redox inactive, this derivative has one less equivalent
available for O2 reduction than native laccase and this property enabled us to stabilize an
oxygen intermediate in T1Hg laccase. A combination of low temperature MCD and XAS
has demonstrated that two coppers of the trinuclear cluster are oxidized in this
intermediate.39 Thus two electrons have been transferred to dioxygen and this species
corresponds to a peroxide level intermediate which can be compared to the peroxo-binuclear

Comparison: Oxygen Intermediates
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Figure 13. Comparison - oxygen intermediates: A) Electronic absorption spectra of the
peroxy-intermediate in laccase versus oxyhemocyanin; B) Proposed structural differences
between peroxide binding in oxyhemocyanin and oxytyrosinase relative to the peroxide
intermediate at the trinuclear copper cluster in laccase.
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cupric sites in oxyhemocyanin and oxytyrosinase. As is clear from Figure 13A, the
peroxide intermediate in laccase has a strikingly different charge transfer spectrum from that
of oxyhemocyanin and oxytyrosinase requiring a different geometric and electronic structure
for this peroxy-trinuclear copper cluster site.398 Detailed spectral studies on this
intermediate are presently underway. However, our most reasonable suggestion at this time
is that it corresponds to a hydroperoxide bound end-on to one oxidized Type 3 copper and
likely bridging to a reduced Type 2 copper center (Figure 13B) . This difference in peroxide
binding relative to hemocyanin and tyrosinase appears to play a key role in its irreversible,
further reduction to water at the trinuclear copper cluster site.

Summary

‘ At this point the unique spectral features associated with the major classes of active
sites in copper proteins are reasonably well understood and define active site electronic
structures which provide significant insight into their reactivities in biology. For the blue
copper sites we have determined that the unique spectral features derive from a ground state
wavefunction which has a high anisotropic covalency involving the thiolate ligand. This
provides a very efficient superexchange pathway for long range electron transfer. For the
coupled binuclear copper active sites we have seen that the unique spectral features of the
oxy site correspond to a new bridging peroxide electronic structure which has very strong
o donor and & acceptor properties. These appear to make significant contributions to the
reversible binding and activation of dioxygen by these active sites. In the multicopper
oxidases, our spectral studies have determined that the Type 3 center is fundamentally
different from the coupled binuclear copper site in hemocyanin and tyrosinase, that it is in
fact part of a trinuclear copper cluster and that this trinuclear copper cluster is the structural
unit required for O3 reactivity. We have now defined a peroxide level intermediate at this
trinuclear copper cluster site which is strikingly different from the peroxide bound in
oxyhemocyanin and oxytyrosinase. Our spectral studies presently underway should
provide important insight into the geometric and electronic structure differences which are
indicated by these spectral differences and their contribution to differences in biological
function.
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PULSED EPR STUDIES OF COPPER PROTEINS/

Jack Peisach

Department of Molecular Pharmacology, Albert Einstein College of Medicine,
Bronx, New York, NY 10461, USA

CONTINUOUS WAVE EPR AND ENDOR

For more than 30 years, continuous wave EPR spectroscopy has been used to
characterize active site structures of paramagnetic metalloproteins. For some metal
centers, attempts to identify metal ligands fro; Ir%correlative information derived
from EPR investigations of model compounds”™ constitutes some of the earliest
examples of how bioinorganic chemistry can be used to mimic physical properties
of metal-containing biomolecules.

An early method used to identify metal ligand structures in Cu(II) proteins4
is one where the relatlonshlp between the EPR parameters g | and A for Cu(II)
model compounds is related to equatorial metal ligand coxu»osmon d overall
charge. (Axial ligand effects on EPR parameters are much smaller and are ignored
in this treatment.) With the aid of this type of "truth diagram”, a number of
conclusions were drawn about copper protein structures that in many cases were
subsequently substantiated by X-ray crystallographic analysis. As originally noted,
a major shortcoming of the approach, though, is that it could not be used in
instances, such as for type 1 copper proteins, where the site symmetry of the metal
center deviates significantly from near square planar.

When Cu(Il) is coordinated to an atom with a nuclear spin, one can
sometimes observe superhyperfine splittings in the EPR spectrum that arise from
the magnetic interaction of the electron spin of the metal ion with the nuclear
magnetic moment of the coordinated nucleus. The superhyperfine pattern, then,
provides a signature for the kind and number of interacting nuclei. For endogenous
ligands in copper proteins, the only nucleus whose contributing magnetic inteﬁlction
has thus far been spectroscopically resolved in frozen solution samples is

IThis work was supported by United States Public Health Service grants RR-02853
and GM-40168.

From K.D. Karlin and Z. Tyeklér, Eds., Bioinorganic Chemistry of Copper
(Chapman & Hall, New York, 1993).
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(Interactions with protons are considerably weaker but their effects can be
recognized from line width differences in samples exchanged against D,0.) The
nuclear spin of 14N i unity and one expects to observe a splitting of individual
features of the EPR spectrum corresponding to the number of 4N nuclei
coordinated to Cu(II). For a single, equatorially coordinated 14N, one is entitled
to observe such splitting as a triplet having intensities in the ratio 1:1:1. For
multiple, equivalently coupled ““N, the patterns become more complicated. For
two such nuclei, a five line pattex}l is expected with lines having the ratio of
intensities of 1:2:3:2:1; for three 4N, a seven line 4pattem with the ratio of
intensities of 1:3:6:7:6:3:1; while for four 145 the intensities are
1:4:10:16:19:16:10:1.

Although the presence of supgrhyperfine lines in a Cu(Il) protein EPR
spectrum can be taken as proof of N coordination, quantifying the number of
interacting nuclei can be problematic. In some cases, spectral resolution is poor
because of strain broadening, but here, marked improvements are sometimes
achieved by making measurements a} microwave frequencies away from the
commonly employed X-band, 9 GHZ.

A second problem arises from the potential overlap of superhyperfine
patterns in the EPR spectrum, especially in the region of g ,, leading to erroneous
structural assignment. If the Cu(Il) site has a symmetry away from strict D 4, slight
differences in g_and g, will sometimes be sufficient to increase the apparent
number of supegrxp rfine lines at g, in the spectrum due to overlap of features.
For this reason, ““N assignments are best obtained from an examination of a g |
feature of the spectrum, where such ambiguities are not found. Another difﬁculky
in assigning structurf from an analysis of superhyperfine patterns comes about when
more than a single “N nucleus is coupled to Cu(II). The expected 52 7- or 9-line
patterns may suffer both in intensity and number of features when 14N couplings
are not equivalent. A unique interpretation of the spectrum may then not be
possible.

The ability to make structural assignment ultimately rests in the ability to
resolve spectral components. Even with a multifrequency EPR approach, one may
not always recognize superhyperfine contributions in the spectrum. The reason for
this is attributed, in part, to short intrinsic coherence times of many of the systems
under investigation leading to inhomogeneous broadening of the EPR line. Even
at low temperatures, where lattice relaxation times no longer effect line widths, this
broadening may preclude spectral resolution, especially in frozen solution samples.
Here, though, one may take other approaches, including ENDOR spectroscopy in
its continuous wave or pulsed formsgg , or electron spin echo envelope modulation
(ESEEM) spectroscopy.

With ENDOR, one can cllearly ifferentiate 74N from other nuclei having
a nuclear moment, in particular “H and ““C. (The latter is a minority species in
natural al bmdance but sometimes high enough in concentration to recognize by
ENDOR"".) By making measurements at different microyﬁwe freq}lencies, one can
differentiate overlapping spectral features arising from ““N and “H. For pulsed
ENDOR, with different spectrometer conditions (radio frequency power and pulse
widths) one can emphasize one or another spectral component’*™*~. In all these
studies, the regime of magnetic coupling useful for investigation is generally large
and the measurement cannot be easily used to determine the specific number of
nuclei coupled to Cu(Il).
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ESEEM SPECTROSCOPY

The problem of inhomogeneous line broadening as a consequence of loss of phase
coherence is endemic to continuous wave EPR and is overcome with pulsed EPR.
ESEEM spectroscopy with pulsed rather than continuous wave EPR is a
complement to ENDOR that is particularly well suited for examining weak electron
nuclear interactions. The method has been successfully employed in investigations
of nearly every paramagnetic center of biological interest and has also been used
to examme magneti mter ctio both na and exogenously added nuc1e1
including TH, 51}11, 13 14N, IOy, 2; a, >IP, Mo (as MoO,) and 7313

The details of a home built pulsed I;PR spectrometer used in many of these
studies have been described elsewhere! (It should be noted as well that a
commercial spectrometer is now available) In one procedure, two high powered
(~1kw), short duration (10 ns), microwave pulses, separated by time r, are applied
to a paramagnetic sample in an appropriate cavity (Fig. 1A).

A TRANSMI'ITER PULSES

2-PULSE ECHO

ﬂﬂ/‘\

8 TRANSMITTER PULSES

FIRST UNWANTED
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Fig. 1. (A) 2-pulse and (B) 3-pulse electron spin echo sequences. In (A), the echo
envelope is obtained by incrementing r and observing the echo intensity as a
function of r. In (B), r is set and T is incremented. The echo envelope is then
obtained from the observation of the echo intensity as a function of T+ 7. The
ESEEM spectrum is obtained by Fourier transformation of the echo envelope.

At time 7 after the second pulse, a spin echo is generated. As 7 is incremented,
the spin echo does not decrease monotonically but instead modulations in the echo
envelope are obtained. These arise from the magnetic interaction of the electron
spin of the paramagnetic with nuclear spins in the vicinity. The pattern of
modulations is related to the precession frequencies of these nuclei.

The modulation envelope obtained by this method consists of periodicities
that are related to a superhyperfine frequencies associated with the various electron
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spin states in a spin manifold. In the simplest case, with an S = 1/2 electron
interacting with an I = 1/2 nuclear spin, one observes two periodicities
corresponding to sum and differences (ENDOR) frequencies of the spin manifold.
The Fourier transformation of the modulation envelope obtained this way is the
ESEEM spectrum. For the case cited, the spectrum contains two lines arising from
nuclei coupled through a dipole interaction. These lines correspond to the nuclear
Zeeman interaction and twice this value.

A major shortfall of the 2-pulse method is that the phase memory is rather
short, thereby limiting the time when modulations can be obtained. In cases where
the periodicity is very slow or where the modulations are quickly damped, the lines
in the Fourier transform tend to be broad. With more than a single type of nucleus
coupled to the electron spin, spectral resolution may therefore be compromised.
Additionally, a small contact interaction may broaden lines. The spectra obtained
may thus be difficult to analyze.

An alternative procedure is one utilizing three pulses (Fig. 1B). Here, two
fixed microwave pulses separated by time r are applied to a paramagnetic sample.
A third pulse is applied at a time T after the second pulse, and the spin echo is
observed at time r after the third pulse. The value of T is incremented and the
echo intensity is once again modulated with periodicities related to the magnetic
interaction of the electron spin with nuclei in the vicinity. By setting the value of
1 corresponding to a whole number multiple of the periodicity of protons in the
sample, one can suppress their spectral contribution.

There are some advantages of the three-pulse over the two pulse procedure.
Most important is that the phase memory limitations associated with a two-pulse
experiment is largely obviated. Thus, periodicities in the echo envelope extend to
longer times, leading to narrower lines in the Fourier transform. Another
advantage is that the lines obtained correspond to the superhyperfine frequencies,
and not their sums and differences.

HISTIDINE IMIDAZOLE AS A Cu(I) LIGAND

For Cu(Il) proteins, ESEEM spectroscopy has proven useful in three types of
experiments, the first to identify and quantify the number of interacting imidazoles
at a Cu(II) site, the second to determine the effect of H-bonding or even metal
coordination at the remote or amino nitrogen of histidine imidazole coordinated to
Cu(Il), and finally, to identify an axially or equatorially coordinated water ligand
to Cu(ll). Only the first two will be addressed here.

ESEEM was used to verify the already known structures of azurin,
plastocyanin and superoxide dismutase and to predict the Cu(II)-hganﬁs}ructures
of laccase, dopamine B-hydroxylase, ceruloplasmin and stellacyanin .
original assignments of imidazole ligation at the type 1 and type 2 lpper sites of
ascorbate oxid and at the copper site of gal %e oxidase?! have been
subsequently verified by x-ray crystallographic ana]ysxs33 The recognition of the
zero field quadrupolar frequencies, near 0.7, 0.7 and 1.4 MHz, attributable to the
remote, protonated or amino nitrogen of imidazole in the ESEEM spectrum is the
single spectral characteristic that has allowed us to make the structural assignment
of an ndme side chain as a Cu(Il) ligand in both natural and artificial copper
protei (Flg 2A,B). Thus, the spectrum of stellacyanin bears %()jlg
resemblances to that of a Cu(ll) diethylenetriamine imidazole model
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(Nitrogen that is directly coordinated equatorially makes no spectral contribution
as the electron-nuclear coupling is large and is outside the range for ESEEM
observation.)

Fig. 2. ESEEM spectra of (A) the model compound Cu(Il) diethylenetriamine
imidazole (B) stellacyanin (C) the model Cu(Il) diethylenetriamine 2-
methylimidazole and (D) Chromobacterium violaceum phenylalanine hydroxylase.
The sharp, low frequency lines in the spfitra arise from the zero field quadrupolar
frequencies of the remote, protonated ““N of Cu(II)-coordinated imidazole.

Based on an analysis of ESEEM spectra, including those carried out by
spectral simulation, we have been able to determine the nuclear quadrupole
parameters for the remote ““N of coordinated imidazole (either N1 or N3) in a
number of Cy(II)-proteins. We have been able to show in Cu(Il)-imidazole model
compounds“/ that the nuclear quadrupole parameters can be altered by changes
in the local environment of the remote nitrogen, such as through hydrogen bonding,
we can reconcile the quadrupolar changes that occur with metal bridging, and have
suggested a mechanism for metal coordination to imidazole at N3 as determined
by structural features at N1. The mechanism is equally valid when Cu(ll) is
coordinated to N1, such as in Type 1 copper sites.

NUCLEAR QUADRUPOLE INTERACTION

As noted above, ESEEM is particularly well suited for the study of weak electron
nuclear coupling. For this reason, the interaction between Cu(Il) and an
equatorially coordinated imino nitrogen of imidazole, is too large to be ol}?rved
by this method, but can be studied by ENDOR“®, It is the remote ““N of
coordinated imidazole that makes its ESEEM spectral contribution as follows:
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Let us consider that the spin Hamiltonian for 1 4N contains three terms, the
nuclear Zeeman interaction, the electron-nuclear superhyperfine interaction and the
nuclear quadrupole interaction (nqi) (Fig. 3). For measurements made at X-band,

M2 :'"’ _—f: NQl lines
_ T . A\ 2
—_—
Ms‘--1/21,"— Broad line
T .
Zeeman  shf Nal

Fig. 3. Electron spin energy diagram for the remote 14N of Cu(IT)-coordinated
imidazole. The three low frequency lines in the ESEEM spectrum of Fig. 2C,D
correspond to the nuclear quadrupole transitions in the upper manifold. The broad
line near 4 MHz corresponds to a AM =2 transition of the lower manifold.

the nuclear Zeeman term is approxix&ately equal to one-half the electron-nuclear
superhyperfine term. For one of the ““N spin manifolds, the nuclear Zeeman term
is nearly canceled by the electron-nuclear superhyperfine term so that the energy
level splitting is dominated by the nuclear quadrupole terms giving rise to
transitions at v, v, v_, the nuclear quadrupole frequencies (Fig. 2C,D). For the
other manifold, the Zeeman and superhyperfine terms are additive and these, in
turn, add to the nuclear quadrupole term. Although in Cu(II)-doped single crystal
measurer%nts one observes individual AM=1 transitions from within this
manifold“”, because of their strong orientation dependence, they are not resolved
in a powder pattern spectrum, as might be obtained for frozen solution samples.
However, one does observe a AM=2 transition giving rise to a broad line in the
spectrum at approximately four times the nuclear Zeeman frequency. It is from an
analysis of the spectrum based on spectral simulation from which one obtains the
nuclear quadrupole interaction, eqQ, and an asymmetry parameter, n, which varies
from zero to unity, so that

w
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Other information that can be obtained by spectral simulationJ, in particular for
data collected at discrete points across the EPR line, includes the isotropic electron
nuclear coupling parameter, the effective distance between the unpaired electron
and its interacting nucleus and the re} jl e orientation of the principal axis of the
electric field gradient tensor of the ““N in question to that of the g tensor for
Cu(II). Further, from an analysis of nuclear quadrupole results, one u; &y ?;termme
the electron orbital occupancy of a partlcular bond associated with
For Cu(Il)-imidazole systems, it is fortunate that the magnitude of the
electron nuclear coupling is comparable to the Zeeman interaction at X-band, as
this allows for a simple explanation of the ESEEM spectrum. Nevertheless, for
systems where the magnitudes of electron nuclear coupling are considerably smaller,
such as for Cu(II)(benzac),(pyr), one can nevertheless determine the quadrupole
coupling constants as well as the electron nuclear coupling parameters by spectral
simulation, using a knowledge of the g tensor orientation with respect to the
structural axis and from a reasonable assignment of the directio; }bof the electric
field gradient tensor of the Cu(II)-ligated axial pyridine nitrogen
For the remote nitrogen of a Cu(II)-coordinated substituted mudazole, one
can radically alter the nuclear quadrupole parafnets? by making substitutions for
protons on the rlng carbons or on the remote . By and large, the greatest
gect one qQ is obtained with substitution of an alkyl or aryl group for the remote
N proton. Ring mtrogen substitution reduces n and concomitantly increases
e¢“qQ. These differences in quadrupole coupling parameters are a resultant of
alteration of the electric field gradient at the nitrogen leading to a reduction of
orbital occupancy of the remote N-H (or N-C) bond. For imidazole, nuclear
quadrupole parameters and thus electron orbital occupancy reflect the local
environment of the nitrogen in question.

ELECTRON ORBITAL OCCUPANCY AND HYDROGEN BONDING

The relation of orbital occupancy to the structure of imidazole can be easily
recognized in systems where nuclear quadrupole parameters can be related to
alteration of hydrogen bonding. In the simplest case, one may cite the large
differences in nu%ea; quadrupole parameters for imidazole in the gas phase and
in the solid state (Table 1). The parameters for pyridine show much less

Table 1 - Nuclear quadrupole parameters for nitrogen bases in the gas phase and
in the solid state.

Q%§ PHASE sgmp_ STATE
€q0 =n eq0 1

imidazole 254 0.18 142 0.99
pyridine 487 042 4.92 0.40

change33. Based on the Townes-Dailey theory34, it can be shown that the sp2
orbital occupancy of the N-H bond in imidazole, as assessed from the nuclear
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quadrupole parameters, is markedly increased in the solid state where imidazole
forms a hydrogen bonded structure. As pyridine is incapable of intermolecular
hydrogen bonding, the nuclear quadrupole parameters do not show as large a
change.

In another example, an infrared g NQR study was carried out on
crystalline Zn(I)(imid),X, (X = Cl, Br, 1y>>-%7. Here, the remote N-H of Zn(II)-
coordinated imid is in éose proximity to a halide on an adjoining molecule. The
infrared stretching frequency of the N-H bond increases with the size of the halide.
This has been interpreted as representing the effect of hydrogen bonding
capabilities of the various halides on the strength of the closeby N-H bond.
Chloride forms the best H-bond, thereby the weakest the N-H bond. From the
NQR measurement it was shown that the electron occupancy of the N-H sp2 orbital
is correlated with a decrease of the N-H stretching frequency. It may therefore be
argued that for imidazole, the magnitude of the N-H electron orbital occupancy is
directly related to the strength of the hydrogen bond that is formed. As a corollary,
it is suggested that the N-H bond length increases with electron orbital occupancy.
This idea is verified from neutron diffraction and NQR studies for a series of
crystalline imidazole-containing complexes, demonstrating the linear dependence
betwee% N-H valence orbital occupancy and the inverse cube of the N-H bond
length3 .

HYDROGEN BONDING IN PROTEINS

For some _Cu(Il) proteins, including gﬁlyctose oxidase?! , phenylalanine
hydroxylase>® (Fig. 2D) and amine oxidase!”, the low frequency lines in the
ESEEM spectrum (near 0.5, 1.0 and 1.5 MHz) are so far removed from those for
the Cu(Il)- diethylenetriamine imid model (Fig. 2A) as to suggest that there is a
change in the sp“ orbital occupancy of the remote NH of Cu(II)-coordinated
imidazole. In model studies, it was shown that such changes can come about from
chemical substitution on imidazole (2-methylimidazole is a model that mimics
features in the protein spectrum) (Fig. 2C)””, but structural alterations of this type
are not found in proteins. Another suggestion is that the local environment of the
remote nitrogen may be altered by local effects, such as th ; related to hydrogen
bonding. This suggestion was verified from model studies(f where it was shown
that in the presence of high concentrations of formate, a good hydrogen bonding
anion, the nuclear quadrupole frequencies of a Cu(JI)-coordinated substituted
imidazole are altered in a way indicative of increased sp“ electron orbital occupancy
at N-H. In contrast, in the presence of D50, the changes in the ESEEM spectrum
suggest reduced electron orbital occupancy, as would be expected as deuterium
bonding is weaker than hydrogen bonding. It would appear, then, that nuclear
quadrupole measurements of Cu(Il) proteins can provide information about
hydrogen bonding at the remote N-H of a Cu(II) coordinated histidine imidazole
side chain. Further, from an analysis of the ESEEM spectrum, one can relate
nuclear quadrupole parameters to electron orbital occupancy and further, relate this
to the N-H bond length.

The effects of N-H bond polarization brought about by hydrogen bonding
is expected to affect the association between Cu(Il) and N3 of coordinated
imidazole. Let us consider that when Cu(Il) binds to imidazole, N1 donates its
lone-pair electron to the metal ion and in this way acquires a partial positive charge
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(Fig. 4). This charge can delocalize onto the x system of the heterocycle. In the
presence of a nucleophile, the charge can delocalize further onto N1 through the
formation of a hydrogen bond whose presence polarizes the N-H bond. With
increased bond polarization at N1, there is an increased affinity for the metal ion

cuqln

401

Fig. 4. The effect of Cu(II) coordination to imidazole on N-H bond polarization.
See text for a description.

at N3. Where hydrogen bonding capabilities are reduced, the affinity of imidazole
for Cu(lI) is likewise reduced.

Other perturbants at the remote or amino nitrogen of Cu(II)-coordinated
imidazole affect the electric field gradient and thus, the nucle%r quadrupole
parameters. A case in point is Cu,Zn superoxide dismutase 0 where the
replacement of the proton by Zn(II) on the remote nitrogen of Cu(II)-coordinated
imidazole can be recognized as the alteration of the 0.7, 0.7, 1.4 MHz characteristic
spectrum so that the lines now appear at 0.4, 1.1 and 1.5 MHz. Under conditions
where imidazole is no longer bonded to Zn(II), either at low pH or where Zn(II)
is removed, the altered spectral features are not observed.

QUANTITATION OF LIGANDS

One of the strengths of the ESEEM method, as compared to ENDOR, is the ability
to quantify the number of coupled nuclei associate? 4with a paramagnetic center.
For example, where more than a single imidazole N is coupled to Cugl), the
result is the appearance of combination lines in the ESEEM spectrum””. For
example, when the electron spin of Cu(Il) is coupled to a single 2-methyl imidazole
(as in a Cu(II) diethylenetriamine complex), a four line spectrum is seen containing

29



Bioinorganic Chemistry of Copper

three zero field quadrupolar line and a broader component at higher frequency,
corresponding to a AM=2 transition (Fig. 2C). As the number of interacting,
equivalently coupled nuclei is monotonically increased from one to four, new lines
appear in the spectrum whose frequencies are the combination of the nuclear
quadrupole frequencies of the mono 2-methyl imid complex (Fig. 5). In addition,
one notes that the relative intensities of the AM =2 transition with respect to the
nuclear quadrupole transitions is altered as well.

Fig. 5. ESEEM spectra of Cu(IlI) coordinated to (A) two and (B) four 2-
methylimidazole molecules. Note the combination frequencies in A and B not
found in the spectrum from a single 2-methylimidazole coordinated to Cu(II) (Fig.
20).

Based on a comparison of ESEEM spectral data, one can determine the
number of equivalently coupled nuclei to Cu(II). This method is particularly quful
in differentiating populations containing a single as compared to multiple N
coordination. Differentiating between 2 and 3 or 3 and 4 nuclei becomes more
difficult as this is based on comparisons with appropriate models. The ability to use
ESEEM spectral simulations for structures not completely defined in solution as,
say, in the crystalline state where ligand rotations are hindered, introduces
ambiguities in the analysis. Nevertheless, even with these limitations, reasonable
structural assignments may be made.

Where inequivalent populations of 145 couple to Cu(II), one can recognize
their differences. For example, when Cu(Il) binds to isopenicilline synthase, the
continuous wave EPR spectrum, in particular in the regi&n of gi, exhibits
superhyperfine splittings attributable to N ligation_tp metal”*. In the presence
of substrate, the EPR spectrum is changed, but again 14N coordination is sustained.

The ESEEM spectrum of the Cu(II) protein contains lines characteristic of
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the remote 1 N of coordinated imidazole. In addition, one observes combination
lines indicative of multiple imidazole coordinatilo‘;\ (Fig. 6). The spectrum can be
simulated assuming coupling to two equivalent ““N. When substrate is bound to

Fig. 6. ESEEM spectra of Cu(II) isopenicilline synthase (A) in the absence and (B)
in the presence of substrate é-(L-a aminoadipoyl)-L-cysteine-D-valine. The spectra
contain combination lines indicative of multiple imidazole coordination. When
substrate is adldfd, new lines appear in the spectrum that are assigned to AM=2
transitions of ““N from populations of imidazole with different electron nuclear
coupling. Solid lines, Fourier transform of ESEEM envelopes. Dotted lines,
simulated spectra.

the enzyme, the change in the EPR spectrum is indicative of an altered structure
at the metal binding site. ESEEM indicates that the double imidazole structure is
retained. However, the electron-nuclear coupling has been altered so that the
binding to individual imidazoles is no longer equivalent. These can easily be
recognized from alterations in the AM = 2 transitions and can be verified by
spectral simulation.

CONCLUSIONS

In summary, we have shown how ESEEM spectroscopy can be used to identify
imidazole as a metal ligand in copper proteins and to identify the number of
imidazoles equatorially coordinated. Further, we note how the method is
particularl)' useful in describing the structure of the local environment of the remote
or amino 74N of coordinated imidazole, relating nuclear quadrupole parameters to
the extent of hydrogen bond polarization or to the N-H bond length.
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COPPER(II) COMPLEXES OF BINUCLEATING MACROCYCLIC
BIS(DISULFIDE) TETRAMINE LIGANDS

Stephen Fox, Joseph A. Potenza, Spencer Knapp, and Harvey J. Schugar

Department of Chemistry, Rutgers, The State University of New Jersey, New Brunswick,
NJ 08903, USA

INTRODUCTION

The few well-characterized examples of Cu(Il)-disulfide bonding are those involving
synthetic low molecular weight complexes. Suggestions in the chemical literature for the
existence of disulfide-containing copper protein active sites have been limited to
stellacyanin, a blue copper protein that is devoid of methionine residues and thus cannot
have the customary axial thioether ligation. This possibility of disulfide ligation has been
considered in detail and shown to be unlikely based upon a structural study of cucumber
basic blue protein, which shares considerable sequence homologies with stellacyanin.!
Spectroscopic studies have led to suggestions that an amide froup substitutes for the
usual methionine ligation,! and a recent pulsed endor study? of the high pH form of
stellacyanin indicates that the active site unit is Cu(II)[N(His)2]S(Cys)N(deprotonated
amide). Structurally characterized examples of Cu(Il)-disulfide bonding are limited to
three binuclear complexes3-5 and one polymeric complex that all feature Cu(Il) ions
weakly interacting with apical disulfide groups. The reported Cu(II)-S(disulfide) bond
distances are 3.057(10) and 3.138(9)A,3 3.16(1) and 3.28(10)A,4 2.721(3)A,5 and
2.678(2)A.6 On the basis of an electronic absorption at 330 nm assigned as
Cu(II)—disulfide CT, equatorial Cu(II)-disulfide bonding was proposed for the solution
complex formed from CuCly and bis[2-(2-pyridylmethylamino)ethyl]disulfide.” This
ligand is pentadentate towards Ni(II). The equatorial Ni-(S)disulfide bond distance is
2.472(5)A, and the sixth coordination site of Ni(II) is occupied by a chloride ion.8
Similarly-bound CI" in the Cu(Il) analogue is expected to result in a near uv CT
absorption9, and this possibility clouds the spectroscopic assignment described above.

This chapter deals with the synthesis, structure, and spectroscopic properties of
macrocyclic Cu(Il) complexes that provide the first fully characterized examples of the
short (approximately 2.5A) equatorial Cu(Il)-disulfide bonding.

From K.D. Karlin and Z. Tyekl4r, Eds., Bioinorganic Chemistry of Copper
(Chapman & Hall, New York, 1993).
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PRECURSOR CuN,S; COMPLEXES: TYPE I COPPER ALIPHATIC
THIOLATES

The syntheses of the macrocyclic bis(disulfide)tetramine ligands feature the oxidation of '
diaminodithiolate complexes by I2(Figure 1).

— CH,CN
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Figure 1. Overview of the synthesis of the mononuclear metal aminothiolates and
the binuclear macrocyclic bis(disulfide) tetramine ligands and complexes that are
the subjects of this chapter.

Our initial experiments utilized the Cu(Il) complex of ligand 1a (M=Cu). As examples of
redox stable crystalline Cu(II) aliphatic thiolates are rare, the reader may be interested in
the rationale of our ligand design. Also, the structural and spectroscopic properties of
four- and five- coordinate type II Cu(I)thiolate models allow some of the corresponding
features reported for the native type I blue protein sites to be placed in better perspective.
We have developed two strategies for obtaining Cu(ll) aliphatic thiolates that are stable
enough at room temperature for conventional crystallization and spectroscopic studies.
These strategies are based upon the premise that the redox decomposition of Cu(II)RS"
complexes to yield RSSR and two Cu(I) ions is a particularly facile two electron process
for bis(thiolato)-bridged Cu(Il) dimers. In one case, the kinetically non-labile Cu(II)
complex of the macrocyclic tetramine "tet a" was used so that addition of a single thiolate
such as 'SCHaCHzCOz' would afford the coordinatively saturated Cu(I)N4S species §
(Figure 2a).10 The likelihood of the second thiolate bond that is required for dimer
formation is most likely reduced by the completeness of the N4S donor set and the non-
lability of the N4 donor set. Solutions of the corresponding complex with "SCH2CO;" are
less stable, and deposit the novel persulfide chromophore Cu(I)N4 ((SSCH2CO27)6
(Figure 2b).11 The mechanism of this redox decomposition process is not understood, but
conceivably is associated with the type of constrained coordination geometry noted
above.
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Figure 2. (a) ORTEP view of 5.10 Two methanol solvate molecules have been
omitted for clarity. This approximately trigonal-bipyramidal complex has
equatorial Cu-N(1) and Cu-N(3) distances of 2.153(4) and 2.169(4)A,
respectively, and axial Cu-N(2) and Cu-N(‘R distances of 2.031(4) and 2.001(4)A;
the equatorial Cu-S distance is 2.314(2)A. (b) ORTEP view of 611, who
equatorial Cu-N(1) and Cu-N(3) distances are 2.128(13) and 2.125(12)A,
respectivek', and whose axial Cu-N(2) and Cu-N(4) distances are 2.009(13) and
2.000(11)A, respectively. The equatorial Cu-S(1) distance is 2.328A and the
S(1)-S(2) distance of the persulfide is 2.017(DA.

In a second case, the well-known redox instabilit?' of the Cu(Il)-cysteine system
was suppressed by linking two cysteine units together.2 The dimethyl ester of N,N'-
ethylenebis(L-cysteine) is a potent linear tetradentate N2S> ligand for Cu(II); it rapidly
and quantitatively displaces macrocyclic tetramines from their Cu(II) complexes (which
themselves have formation constants!3 exceeding 1028). The resulting chiral cis-
Cu(IT)N2S2 complex 7 (Figure 3) may be intrinsically so stable that there is no driving
force for further sterically-allowed ligation.

Figure 3. ORTEP view of 7. Noteworthy structural parameters include the Cu-
S(1) and Cu-S(2) distances [2.230(5) and 2.262(4)A], the Cu-S(1)-C(1) and Cu-
S(2)-C(6) angles [97.0(5) and 96.8(6)°], and the S(2)-Cu-S(1)/N(2)-Cu-N(1)
dihedral angle (21.0°).12
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The unusual stability of this cis Cu(I[)N2S2 complex led us to study complexes of other
linear tetradentate aminothiolate ligands whose preparation is outlined in Figure 4.
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Figure 4. Elaboration of dl-trans-1,2-diaminocyclohexane and 2,2-dimethyl 1,3-
diaminopropane to diaminodithiol ligands and their complexes.

The dialdehydedisulfide presursor 8 is easily obtainable in good yield by using a
published procedure.l4 Condensation of 8 with trans-1,2-diaminocyclohexane afforded a
crystalline macrocyclic Schiff's base 9a (Figure 5).

Figure 5. ORTEP view of 9a. Noteworthy structural parameters include the
S(1)-S(2) distance (2.0229(6)A), the C(9)-N(2) and C(2)-N(1) distances [1.254(2)
and 1.254(2)A], and the C(1)-S(1)-S(2)-C(10) torsion angle of 90.8(1)° which
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falls within the range reported (78.6-101°) for presumably unstrained acyclic
disulfides.13

The free diaminodithiol ligand 10a was obtained by reduction of 9a with LiAlHg4,
and was isolated as a pale yellow oil that crystallized slowly in the freezer. This ligand
may be stored under Ar in a freezer, but is best used promptly. Ligand exchange of 10a
with Cu(acac)s conducted in acetonitrile results in high yields of the racemic cis-
Cu(II)N2S2 complex 11a that deposited as well-formed crystals from the hot (70-80°C)
reaction mixture.16 The cis-Cu(fI)N2S2 unit present in this complex (see Figure 6)
structurally is similar to that produced by the linked cysteine analogue 7 (Figure 3).

ce) c(?)

Figure 6. ORTEP view of 11a. Noteworthy structural parameters include the
Cu-S(1) and Cu-S(2) distances of 2.2317(7) and 2.2296(6)A, respectively, the Cu-
N(1) and Cu-N(2) distances of 2.040(2) and 2.047 22.&, respectively, and the S(1)-
Cu-S(2)/N(1)-Cu-N(2) dihedral angle of 32.77(6)A. 16

The pseudotetrahedral twist as measured by the N-Cu-N/S-Cu-S dihedral angle is larger
for complex 11a (32.8°) than for complex 7 (21.0°). Despite the presence of two
aliphatic thiolate ligands, both Cu(II) chromophores exhibit nearly identical conventional
axial epr spectra; measured and simulated spectra for glassed solutions of 11a are
presented in Figure 7.17 .
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Figure 7. Measured (upper) and simulated (lower) epr spectra of 11a in glassed

methanol at 77°K.17 Parameters used in the simulation are: g, =2.113, g,

:2.0%8, Ay (Cu)=176x10-4cm-1, A (Cu)=40.1x10-4cm"1, and Ay (N)=7.0x10"
cm-1.

The half-occupied Cu(I) orbital for both complexes is x2 - y2, most likely
oriented with its lobes along the Cu-ligand bonds. The observed Cu-S-C angles 94.30(8)°
and 96.30(7)° for 11a and 97.0(5)° and 96.8(6)° for 7 suggest that the HOMO and
SHOMO of each sulfur are 6- and n-bonded respectively to the Cu(lII) d-vacancy (Figure
8). The "third" lone pair of sulfur (often depicted as an sp3-hybrid) actually is a stable
core-like orbital that is strongly localized on sulfur and has neither the energy nor spatial
extension required for prominent metal bonding interactions.18 The electronic-structural
implications of this situation are that a strong 6(S)—Cu CT band is flanked at lower
energy by a weaker n(S)—Cu CT band associated with the poorer overlap and
consequently less stabilization of the ®-symmetry sulfur lone pair. The electronic spectra
of the chiral cis-Cu(I)N2S2 chromophore 7 consist of a LF band at 18500 cm-!
accompanied by overlapping S—Cu(II) CT bands at 24600(sh) and 29200 cm-! and a
N->Cu(Il) CT absorption at approximately 40000 cm-1. Spectral deconvolution reveals
that the higher energy S—Cu(Il) band is approximately 3.9 times as intense as the low
energy shoulder, a result in harmony with the intensity/energy pattern noted above.
Furthermore, the assignment is supported by the CD spectra exhibited by 7. Both CT
bands are well resolved, and the measured Ae values mean that the Kuhn factor (Ag/€) of
the lower energy CT is approximately 2.6 times larger than that of the more intense
S—Cu(Il) CT band. As indicated in Figure 8, 6(S)—>Cu(II) CT involves a linear charge
displacement that imparts electric dipole allowedness and thus dominance of
conventional absorption spectra. On the other hand, n(S)— Cu(II) CT involves
substantial rotary charge displacement and thus magnetic dipole allowedness.
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Figure 8. A view of the chromophore 7 showing the interactions of the - and =-
symmetry S(thiolate) orbitals with the Cu(lI) d-vacancy. Ligand to metal charge-
transfer excitation originating from the o-thiolate orbital involves a linear charge
redistribution (electric dipole allowed), whereas that from the ®-symmetry orbital
involves a linear plus rotary charge-redistribution that confers prominence to the
CD spectra and thus the Kuhn factor.

We note several features of the type II Cu(Il)-aliphatic thiolate model complexes.
First thiolate ligation does not result in the large covalency reported for the type I blue
copper sites whose electronic ground states18 exhibit considerable S(thiolate) character.
Second, the presence of two a.liﬂhatic thiolate ligands does not transform the epr spectra
of the cis-Cu(II)N2S2 chromophores 11a and 7 into the type I spectra having unusually
small CuA ,, values. Third, as the coordination number of these type II models shrinks
from five éuN4S, 5), to four (cis-CuN32S2, 7, 11a), the Cu-S bond distance shrinks from
2.314 to about 2.24A (see Figures 2, 3, and 6). The effective coordination number for
type I Cu(ll) having a "trigonal N3S plus one" ligand set recently has been estimated as
approximately 3.3.19 The reported Cu(Il)-S(thiolate) distances for type I sites average to
about 2.15A, with an uncertainty of +/-0.2A.20 These bond distances are considered
abnormally short relative to those reported for type IT Cu(II)-thiolate models, and are said
to represent unusually strong bonding. Hovever, when corrected for the usual decrease of
metal-ligand bond length with diminishing coordination number, the reported distances of
about 2.15A seem normal. A ‘iimilar trend is exhibited by Cu(l) thiolates: Cu(I)-S bond
distances average about 2.27A for trigonal complexes and shrink to about 2.16A for
linear complexes.2! Tetrahedral Cu(I)-S complexes having various types of sulfur-donor
ligands exhibit average Cu-S distances of about 2.31A.22 Finally, a refined interpretation
of the type I S(thiolate)—Cu(II) CT spectra indicates they are unique in having an
intensity pattern opposite from that shown by type II models. The type I sites show the
strong CT band at low energy and the flanking band at higher energy. Combined single-
crystal epr, single-crystal electronic spectral, and calculational studies have been used to
substantiate a Cu(II)—S(thiolate) interaction that is summarized in Figure 9.18
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Figure 9. A representation of Cu(Il)-thiolate bonding for type I blue copper sites
where the major interaction is n-bonding between a S(3p) orbital and the Cu(II) x2
- y2 d-vacancy 18; the major Cu-S(thiolate) bonding interaction for type II (normal
copper) analogues is the -symmetry type shown in Figure 8.

The Cu(II) d-vacancy is positioned approximately in the plane of the trigonal N2S
donor set, and is rehybridized (reoriented) such that its dominant bonding interaction is
strong n-overlap with a sulfur lone pair. Since the Cu(II)-S bond distance seems to be
normal, the bonding view presented in Figure 9 becomes an even more attractive vehicle

for understanding the unusual covalency and spectroscopic features of type I protein
chromophores.

MACROCYCLIC BIS(DISULFIDE) TETRAMINE LIGANDS AND COMPLEXES

Oxidative coupling of the racemic cis-Cu(II)N2S2 complex 1a (Figure 1) with iodine in
acetonitrile affords the novel binuclear complex 2a [M=Cu(l)}, shown in Figure 10.23

Figure 10. ORTEP view of the isomorphous complexes 2a whose six-coordinate
metal ion sites are occupied by two Ni(II) or by two Cu(ll) ions; the two lattice I
ions have been omitted for clarity. Preliminary bond distances at R¢=0.08 are
compxnble for both complexes. Selected values are: M-S (2.52A), M-N(amine)
(2.05A), M-N(nitrile) (2.04A), M-I (2.77A).
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Noteworthy structural features include the twenty-membered ring macrocyclic
bis(disulfide) ligand, the unprecedented shortness (2.53A) of the Cu(I)-S(disulfide)
bonds, and the bridging roles of both disulfide groups. Further characterization of this
complex by spectroscopic and magnetic measurements has proven to be difficult. The
reaction solution deposited a mixture of well-formed shiny black crystals of which 2a
afpears to be only a minor component. This became apparent after the Ni(IT) analogue
(1a, M=Ni(II)) was oxidatively coupled by the same procedure to afford in good yield the
corresponding binuclear Ni(II) complex (2a, M=Ni(II)) as well-formed green crystals.
Careful microscopic examination revealed that this emerald green product is obtained as a
single crystalline phase, and a second complete crystallographic study established that
these binuclear Ni(I) and Cu(I) complexes are intimately isostructural.23 The single
ORTERP picture in Figure 10 serves well to represent both structures; selected bond
distances are listed in the caption and are rather similar for both complexes. The Ni(II)
version of 2a exhibited rich and intense x-ray powder diffraction spectra whereas those
obtained for the isostructural Cu(Il) analogue were considerably weaker. Apparently, the
Cu(Il) analogue represents only a minor component of the black crystalline reaction
product. These complications may arise from the redox instability of Cu(Il) iodides. To
characterize the spectroscopic features of Cu(Il)-disulfide chromophores, we attempted to
prepare analogues of 2a that are more stable and that can be obtained as single phases.
Even if the Cu(II) version of 2a could be obtained as a single phase, the strongly reducing
nature of the iodide ligand coupled with its large spin-orbit coupling might obscure
S(disulfide)>Cu(II) CT absorptions. While these absorptions could be identified in
analogues of 2a described below, we were unable to duplicate the bridging disulfide
feature and quantitate its mediation of magnetic coupling between the Cu(Il) ions, The
magnetic properties of the Ni(Il) version of 2a are summarized in Figure 11.23 The
magnetic moment per Ni(II) steadily decreases from 2.86up at 290°K to 0.284up at 5 °K,
and the susceptibility passes through a maximum at about 40°K. The data were fit to the
model based upon the usual H = -2JSA-Sz Hamiltonian including terms for interdimer
interactions and zero field splitting.24 Considerable exploration of parameter space
indicates that the best fits are obtained for g=2.06(2), J=-13.0(2)cm"!, TIP=130-300x10-6
cgs per Ni(Il), while allowing for the presence of 0.6 to 1.1% monomeric Ni(I) imqurity.
Owing to the strong correlation between the interdimer interaction (0.2 to -0.9cm-1) and
zero field splitting (4.4 to +7.3 cm-1), only the indicated ranges rather than absolute
values can be determined using this approach. The extent of magnetic coupling between
the Ni(Il) ions mediated by two bridging disulfide groups is substantial, and comparable
in magnitude to that generally reported for two halide or hydroxo bridges.2

42



Fox et al. Copper(ll) Complex CT Spectroscopy

Figure 11. Temperature dependence of the magnetic susceptibility per mole of
Ni(II) (%, open circles) and magnetic moment (i, solid circles). The circles are
the experimental values, and the curves are calculated using the parameters and
equations described in the text.

The free macrocyclic ligand 3a may be readily displaced from the Ni(Il) version of 2a
(see Figure 1) and obtained as colorless crystals in good yield (Figure12).2

Figure 12. ORTEP view of the free macrocyclic ligand 3a.

Reaction of 3a with two equivalents of Cu(ClO4)2:6H20 and four equivalents of
KOCN led in good yield to the binuclear Cu(II) complex 4a as blue crystals. Cyanate, a
linear pseudohalide counterion, was chosen because the OCN"—Cu(II) CT absorptions
should be well removed toward higher energy and because the structure of the binuclear
complex might be analogous to that of 2a, with cyanate replacing the ligating and lattice
iodides. However, the crystal structure of 4a (Figure 13) revealed that the Cu(Il) ions are
pentacoordinate rather than hexacoordinate, that all four cyanates are ligating, and that
the disulfide groups are ligating (Cu(II)-S(1), 2.505A) but not bridging (Cu(II)-S(2),
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3.253A).23 The electronic spectra of 4a and the homologous complex 4b are presented
below.

Figure 13. ORTEP view of 4a. Noteworthy structural parameters include; Cu-
S(1), 2.505(2)A; Cu-S(2), 3.253A; Cu-N(1), 2.032(5)A; Cu-N(2), 2.118(5)A; Cu-
NQ@3), 2.064(1)A; Cu-N(4), 1.928(6)A.

To probe the effects of the ring size on the coordination structure and electronic
spectra, the binuclear Cu(II) complex of the twenty two-membered macrocycle 3b was
synthesized and characterized. The Schiff's base 9b (Figure 4) was reduced to the
aminothiol 10b which then was converted to the Ni(I)N2S2 complex 1b (Figure 1).
Oxidative coupling with I afforded the macrocyclic bis(disulfide) tetramine complex 2b,
which was demetallated to the free ligand 3b. Remetallation with two equivalents of
Cu(Cl104)2-6H20 followed by addition of four equivalents of KOCN yielded 4b whose
structure is presented in Figure 14. The hexacoordinate Cu(II) ions of this binuclear
complex have highly distorted geometry. The Cu-S(1) and Cu-S(2) bonds (2.932 and
3.103A, respectively) are substantially longer than the perhaps limiting distance of
2.505A found for 4a. These cis apical Cu-S bonds impart a cis rather than the common
trans (tetragonal) distortion of the Cu(II) coordination geometry.

Figure 14. ORTEP view of 4b. Noteworthy structural parameters for refinement
to a Rg value of 0.04 are: Cu-S(1), 2.932A; Cu-S(R, 3.103A; Cu-N(1), 2.156A;
Cu-N(2), 2.163A; Cu-N(3), 1.872A; Cu-N(4), 1.862A.
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The solution electronic spectra of 4a and 4b in CH2Cl, are presented in Figures
15 and 16, respectively. The similarities between the band positions in these solution
spectra with those observed for mineral oil mull s a (not shown) of 4a and 4b
suggests that their coordination structures, as revealed by x-ray crystallographic studies,
are little changed in CH2Cl, solution. Frozen (80°K) solutions of 4a and 4b in CH2Cl2
exhibit broad featureless epr spectra (not shown) typical of binuclear Cu(Il) complexes
having intramolecular spin-spin interactions. A weak antiferromagnetic Cu(Il)- --Cu(II)
coupling for 4a was quantified by our analysis of the variable-temperature magnetic
susceptibility exhibited by the polycrystalline complex. The gradual decrease of the
magnetic moment per Cu(II) from 1.67up at 290°K to 1.60up at 5°K can be fit to the
usual dimer model for which g=1.91, J=0.52cm!, TIP=44x10&gsu, and the presence of
0.3% by weight paramagnetic (mononuclear) impurity.
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Figure 15. Electronic spectra of 4a measured in CH2Cl; at 298°K; A (max)
values are given in the text and €'s per mole of Cu(lI) are shown in the Figure.
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Figure 16. Electronic spectra of 4b measured in CH2Cl; at 298°K; A (max)
values are given in the text and €'s per mole of Cu(II) are shown in the Figure.
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Owing to the low symmetry of the Cu(Il) chromophores in 4a and 4b, a detailed
interpretation of their electronic absorptions can not be made from the available
sgectroscopic data. Regarding the general features of Figure 15, the lg(g)hest energy LF
absorption corresponds to the broad band centered at approximately 800 nm. The only
source of the near uv abso:'_lptions at 310 nm and approximately 380 nm is
S(disulfide)=>Cu(ll) CT. Disulfide and cyanate are spectroscopically transparent in this
spectral region, while amine — and cyanate — Cu(II) CT are well-removed towards
higher energies. The intensity pattern of these near uv CT bands is that of a relatively
intense G-symmetry absorption flanked at lower energy by a weaker n-symmetry
absorption. The electronic spectra of 4b differ from those of 4a in several interesting
ways. First, the highest energy LF absorption of 4b at approximately 670 nm (barely

parent on Figure 16) is weak (e=14). Second, the pattern of the overlapping near uv
absorptions is reversed, with the lowest energy absorption at 380 nm, assigned as above
to S5 Cu(ll) CT, carrying more intensity than the higher energy CT absorption at 320
and 250 nm. A more detailed analysis of these CT absorptions will require a full
description of the Cu(II) electronic ground states, spectral deconvolution of the uv region,
and perhaps preparation of chiral macrocyclic analogues so CD measurements ¢an be
made. Disulfide—Cu(Il) CT absorptions have not been reported for the four structurally
characterized Cu(II)-disulfide complexes described in the literature3-6. An absorption at
330 nm exhibited by solutions of CuCl> and bis[2-(2-pyridylmethylamino)ethyl] disulfide
has been assigned as S—Cu(Il) CT.7 As noted in the Introduction, this assignment is
complicated by the possibility of CI"—Cu(Il) CT in the same spectral region.
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INTRODUCTION

Resonance Raman (RR) spectra of type 1 Cu proteins (cupredoxins) show a
multiplicity of vibrational fundamentals between 250 and 500 cm-! that is
ascribed to kinematic coupling of the Cu-S(Cys) stretch with deformations of
the Cys and His ligand side chains. A similar set of vibrational frequencies is
observed for 11 different cupredoxins. These findings suggest that all
cupredoxins have a highly conserved Cu(His),Cys geometry including (i) a
trigonal planar array for the three Cu ligands and (15 a coplanar arrangement
of the Cu-S-C3-C,-N atoms in the Cu-cysteinate moiety.

A number of cupredoxin-type proteins have a strong absorption band near

460 nm in addition to their characteristic absorption near 600 nm. Excitation
within either absorption band yields a similar RR spectrum. Thus, both
electronic transitions are likely to have (Cys)S -» Cu(Il) charge transfer
character. Increased absorptivity at 460 nm in proteins such as pseudoazurin
and nitrite reductase appears to be signaling a more tetrahedral Cu site
eometry. It is accompanied by (i) decreased absorptivity at 600 nm, (ii)
increased rhombicity in the EPR spectrum, and (iii) a strengthening of the bond
between Cu and an axial ligand, thereby pulling the Cu away from the
Cu(His),(Cys) trigonal plane.

Molecular redesign of the copper site in azurin has been accomplished by
replacing the ccégper ligand, His 117, with glycine. Addition of monodentate
exogenous h’éan such as imidazole and chlornide regenerates a cupredoxin with
absorption, EPR, and RR properties characteristic of a type I Cu site. Addition
of bidentate exogenous ligands such as histidine and histamine converts H117G
to a non-blue copper protein with absorption and EPR properties characteristic
of a type 2 Cu site. ¢ intense RR modes previously at 360-430 cm! have
shifted to a lower energy range of 260-350 cm'l. These results suggest that
the conversion to a type 2 site by the addition of a fourth strong ligand is
accompanied by a lengthening of the Cu-S(Cys) bond.

From K.D. Karlin and Z. Tyekldr, Eds., Bioinorganic Chemistry of Copper
(Chapman & Hall, New York, 1993).
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CONSERVED STRUCTURAL FEATURES

In type 1 copper sites, the copper ion is coordinated to one cysteine and two
histidine ligands in a trigonal planar array.! These sites also contain one or
two weaker axial ligands (methionine S, peptide C=0) leading to an overall
geometry that is tetrahedral or trigonal bipyramidal, respectively. Since the
primary function of the type 1 copper site is to mediate long-range electron
transfer, proteins containing these sites are categorized as cupredoxins.2 All of
the cupredoxins possess a $-sheet structure with the type 1 Cu being located at
one end of the 3-barrel adjacent to a hydrophobic patch. There are now a
number of cases in which the electron-exchange partner is known to bind to
the hydrophobic patch, and the intervening histidine ligand clearly facilitates
electron transfer between the Cu and the surface of the protein (Figure 1). In
addition, the side-chain of the cysteine ligand has an extended conformation’
that leads to a second electron-transfer site (Figure 1). It is likely that the
cysteine ligand plays a role in facilitating electron transfer between the Cu and
this additional electron-transfer site.

A consequence of the Cpresence of only three stropg ligands in cu‘})redoxins
is a shortening of the Cu-S(Cys) bond to 2.13 X (z 0.05 A).7 This is
accompanied by the appearance of an intense (Cys)S - Cu(II) CT band near 600
nm and a characteristic narrowing of the EPR hyperfine splitting in the A
region.8 As will be shown below, several types of modifications of type 1 sit‘L,L
are possible. A strengthening of the bond to one of the axial ligands creates a
more tetrahedral site with a more rhombic EPR spectrum, but with a small A|
splitting still characteristic of type 1 Cu. Addition of a fourth strong ligan(!
from results in conversion to a type 2 Cu site. This is most likely due to a
lengthening of the Cu-S(Cys) bond and a tetragonal distortion of the four-
ligand set. Each of these types of structural change is accompanied by a
change in the (Cys)S - Cu(Il) electronic transitions that can be verified by
resonance Raman spectroscopy.

RESONANCE RAMAN SPECTRA OF CUPREDOXINS

Exposure of cupredoxins to laser excitation within their 600-nm absorption band
leads to remarkably rich resonance Raman (RR) spectra. Whereas a single Cu-S
stretching vibration would have been expected to be enhanced by the S - Cu
CT transition, more than 10 vibrational fundamentals are observed between 200
and 500 nm (Figure 2). Although the spectral peaks vary considerably in
intensity (due to variations in the extent of vibronic coupling), they occur at a
surprisingly similar set of frequencies. Thus, azurin and amicyanin each have
their four most intense Peaks between 375 and 430 cm'l and three of these
peaks are within 2 cm™! of one another (but with a marked difference in
intensity for the 411 cm™! peak). The constancy of vibrational frequencies
implies that similar copper site structures are involved. However, the structural
features responsible for the multiplicity of vibrational modes has been the
subject of much conjecture.

Normal coordinate analysis (NCA) calculations originally showed that the
multiplicity of RR modes in cupredoxin spectra could be explained by a
kinematic coupling of the Cu-S stretch with other ligand vibrations.!1 Copper
and deuterium isotope substitution experiments suggested cysteine-ligand
deformations and Cu-imidazole deformations as likely candidates for this
coupling.1213  For example, replacement of 63Cu by 65Cu in azurin causes at
least six vibrational modes to shift to lower energy by 0.5 to 1.0 cm! (Figure
3A). Since a pure Cu-S stretch would be expected to show a shift of -3 cm-1
in a single mode, these multiple shifts are indicative of coupled modes. We
have obtained definitive evidence for Cu-imidazole participation through the use
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Figure 1. Common features of type 1 copper sites in cupredoxins (plastocyanin
and amicyanin) and cupredoxin-like domains (nitrite reductase and ascorbate
oxidase). Dotted lines indicate electron donor or acceptor that is believed to
bind at the hydrophobic patch or the electron transfer site. Data from X-ray
crystallographic and chemical studies for plastocyanin,3 amicyanin,? nitrite
reductase,’ and ascorbate oxidase.6
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Figure 2. Resonance Raman
spectra of cupredoxins
obtained with 647-nm excitation.
Azurin from Alcaligenes
denitrificans® was at 90 K.
Amicyanin from Paracoccus
denitrificans10 was at 15 K.

of an azurin mutant in which the

histidine-117 ligand was replaced

with glycine.1%15 Addition of

exogenous imidazole regenerates

a type 1 Cu site whose RR

sgectrum is indistinguishable from

that of the wild-tyPe I\f;rotein.ls

Substitution of 15N-labeled

imidazole results in shifts of -0.5

to -1.0 cm™! in at least seven

different vibrational modes

(Figure 3B). However, production

of a type 1 site in the H117G

mutant by the addition of

chloride instead imidazole still

yields a RR spectrum similar to Figure 2 (upl;:er).15 This indicates that the RR
spectrum of azurin is derived mainly from the cysteinate moiety.

Figure 3. Shifts in RR frequencies upon isotopic substitution of Pseudomonas
aeruginosa azurin. A. H117G azurin reconstituted with 63Cu or 65Cu and
exogenous imidazole. B. H117G azurin reconstituted with normal Cu and 14N-
or DN-labeled exogenous imidazole. C. Wild-type azurin from cells grown in
14N- or 15N-labele§ ammonium chloride.
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Table I. Conserved Cysteine Dihedral Angles

Cupredoxin 7(Cu-S-Cg-C,) 7(8-Cg-Cy-N)
plastocyanin -168 169
pseudoazurin -178 166
cucumber basic -171 166
azurin -169 173

A significant advance in our understanding of the RR spectra of
cupredoxins came from the realization’ that the cysteine ligand has a conserved
conformation in all of the known cupredoxin structures. As can be seen in
Table I, the dihedral angle between the Cu-S-C; and S-G;3-C, planes is close to
180°; a similar = 180° angle is observed for the S-C3-C and C&-Ca-N planes.
Thus, a total of 5 atoms are coplanar (see Cu, S, G, Ca, and N in Figure 4).

Extensive studies on Fe,S,(Cys), ferredoxins have indicated that cysteine
ligand coplanarity greatly increases the tendency for kinematic coupling because
deformations such as the S-C-C bend are now in line with the metal-sulfur
stretch.16  Evidence favorindg the application of this_argument to the
cupredoxins has been obtained by growing bacteria on 1N-ammonia. This
results in complete labeling of all of the nitrogens in the protein (imidazoles as
well as amides of the polypeptide backbone).l5 In this case, the RR spectra
show much larger shifts of -2 to -3 cm™! in at least 6 different modes (Figure
3C), which were generally less affected by either copper or imidazole isotope
substitution. Such nitrogen-isotope dependence is best explained by ligand
deformation modes that include the amide nitrogen of cysteine.

A diagrammatic relgresentation of the RR spectra of 11 different
cupredoxins is shown in Figure 5. All spectra exhibit 1-3 peaks between 240
and 280 cm™! and another 5-9 peaks between 350 and 450 cm™. Although the
relative peak intensities are even more variable than for the two proteins in
Figure 2, the peaks still occur at a fairly constant set of frequencies. Since
vibrational frequencies are a property of the electronic ground state,1® this
indicates that all cupredoxins have a common ground state structure. The
conserved features needed to generate such a similar set of Raman modes are
1) a short Cu-S(Cys) bond of 2.15 A, (2) a trigonal planar orientation of the
is),Cys ligand set, and (3) a coplanar cysteine side chain. The fact that the
coplanar cysteine conformation appears to be so highly conserved suggests that
this conformation may provide a favored pathway for electron transfer, as
indicated in Figure 1.

Figure 4. Coplanarity of cysteine ligand s ! Ca !
in cupredoxins. The dplanes containing \

Cu-5-Cg, $-G4-C,,, and G4-C,-N are all Cu ! Cs N |
congruent with one another. I
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Figure 5. Diagrammatic representation of the
resonance Raman spectra of cupredoxins. Bar graph
denotes frequencies of vibrational fundamentals and
relative peak intensities. Cu-substituted alcohol
dehydrogenasel’ is a synthetic type 1 site with a
(Cys),His ligand set, including a short Cu-S bond and a
coplanar cysteine moiety. Figure reprinted from
reference 7.
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MULTIPLE CYS - COPPER CHARGE TRANSFER BANDS

The presence of a strong absorption band near 600 nm (¢ > 2000 M1 ¢cm-1) has
been the hallmark of a cupredoxin, leading to its description as a blue copper
rotein. However, this spectral feature is generally accompanied by a second
eature near 460 nm that in certain cases is even more intense than the 600-nm
absorption. The electronic spectrum of pseudoazurin, for example, has a
rominent band at 450 nm in addition to its major band at 595 nm (F%gure 6B).
ased on our Raman experiments,19 both of these electronic transitions have
considerable (Cys)S - Cu CT character.

As can be seen in Figure 6A, excitation within either the 450- or the 595-
nm absorption band of pseudoazurin produces essentially the same RR spectrum,
with multiple vibrational modes characteristic of a cupredoxin. The constancy
of vibrational frequencies implies that both of the electronic transitions arise
from the copper-cysteinate moiety. The small variability in RR intensities (e.g.,
peak at 363 cm'1) indicates that a somewhat different electronic transition is
responsible for the 450-nm absorption. Nevertheless, the similarity of the RR
spectrum strongly suggests that it is also a (Cys)S » Cu(Il) CT band. The
similar origin of the two electronic transitions is more dramatically
demonstrated by RR excitation profiles (Figure 6B). These were obtained by

uantitating the intensity of the 363- and 445-cm-l modes of pseudoazurin
?relative to the 230-cm! mode of ice as an internal standard). Both of these
vibrational modes (as well as all of the other peaks in the RR spectrum) are
clearly in resonance with the 450- and 595-nm absorption bands.

Nitrite reductase provides an interesting variation. The X-ray structure’
shows a standard type 1 copper site (Figure 1), and the RR spectrum (Figure
7A) is characteristic of a cupredoxin. However, the electronic spectrum of the
type 1 site in nitrite reductase is unusual: the 460 nm absorption is actually
more intense than the 585 nm absorption (Figute 7B). In keeping with this
difference in absorptivity, the RR excitation profiles exhibit greater enhance-

- B 595 nm Pseudoazurin

A s ® 363 cm '
3¢ e a45cm!

\
[} \ N
i f‘\ \
/ &\
- 450 nm ! / \ \
[ A
I/ \
593 nm 1 \ i
/$ N\
B 1 v
1/ » \
/7 A\ .
I L L 1 P 2N 4 \\
356 392 428 464 If’/"'_ _‘:l=l/ ' \\2 1
Frequency, cm™! 200 500 500 700

Wavelength, nm
Figure 6. A. RR spectra of Alcaligenes faecalis pseudoazurin obtained at two

excitation wavelengths: 488 and 593 nm. B. Absorption spectrum (—) and RR
excitation profiles (---) for pseudoazurin vibrational modes at 363 and 445 cm™1.
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Figure 7. A. RR spectra of Achromobacter cycloclastes nitrite reductase
obtained at three excitation wavelengths: 477, 589, and 676 nm. S denotes
peak from frozen solvent. B. Absorption spectrum (—) and RR excitation
profiles (---) for nitrite reductase vibrational modes at 361 and 395 cm-L,

ment within the 460-nm abso?tion band (Figure 7B). The fact that the same
vibrational modes are observed for excitation at 477, 589, or 676 nm shows that
all three electronic transitions are due to a single Cu-cysteinate moiety and
that all three have some (Cys)S - Cu(Il) CT character.

A reexamination of the RR excitation profile for azurin from P. aeruginosa
also reveals an additional (Cys)S - Cu band associated with its very weak
absorption at 460 nm.19 Similar findings apply to the H80C mutant of yeast
superoxide dismutase in which a His ligand in the zinc site has been converted
to Cys and the resulting Cu-substituted product has the properties of a type 1
Cu site.20 The RR spectrum of the mutant exhibits multiple peaks between 300
and 450 nm, indicative of a short Cu-Sécys) bond and a coplanar copper-
cysteinate conformation.!® Like nitrite reductase, the H80C mutant is green in
color due to more intense absorption at 460 than 595 nm. The RR excitation
profiles again track both absorption bands showing that both electronic
transitions are primarily (Cys)S -» Cu CT in character.

Based on other types of spectroscopic analyses (including the absorption of
polarized light by oriented single-crystals), Solomon and coworkers have
developed a set of assignments for plastocyanin8 as a representative cupredoxin.
They have proposed that the 600-nm band is due to charge transfer from a
sulfur p orbital with = overlap to a copper d,2.,2 orbital, but that the 460-nm
band is predominantly His -+ Cu CT in character. Our Raman experiments are
certainly in agreement with the assignment for the 600-nm band, but are more
difficult to reconcile with a His - Cu assignment at 460 nm. Although the
terminal copper orbital appears to have significant sulfur character based on Xo
calculations,® the acconll{)a.nying change in histidine electron density should have
resulted in increased RR enhancement of histidine. ring modes with 460-nm
excitation. This has not been observed. Furthermore, tl%ere appears to be an
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inverse relationship between the absorption intensities at 460 and 600 nm.19
Cupredoxins such as azurin and plastocyanin have a large absorption at 600 nm
(e = 5,000 M-lcm1) and a weak absorption at 460 nm (¢ = 500 M-lcm1),
Cupredoxins such as pseudoazurin and stellacyanin have weaker absorption at
60(? nm (¢ = 3,000 to 4,000 M-lcm'1) and stronger absorption at 460 nm (¢ =
1,000 M-1cm-1). This inverse relationship implies that both electronic
transitions involve S - Cu CT and that when the orbital overlap is optimal for
one transition, it is less than optimal for the other transition.

It has long been known that type 1 Cu sites can be subdivided into two
categories on the basis of the EPR spectrum: either predominantly axial or
redominantly rhombic in character. It now appears that there is a correlation
etween the intensity of the absorption at 460 nm and EPR rhombicity. As can
be seen in Table II, cupredoxins with axial EPR signals tend to have a low ratio
=< 0.1 for the e values at 460 and 600 nm, whereas cupredoxins with rhombic EPR
signals tend to have a higher ratio = 0.2 for the e values at 460 and 600 nm.
Previously it was suggested that rhombic EPR character was indicative of
stronger binding of the Cu(His),(Cys) moiety to an axial ligand.2! This type of
structural difference could also explain the change in orbital overlap that gives
rise to a more intense absorption at 460 nm. There is evidence (Table II) that
sites with axial EPR character tepd to have a longer Cu-S(Met) distance of
> 2.8 A or their Cu within 0.2 A of the NNS plane of the (His),(Cys) ligand
set. In contrast, sites with rhombic EPR character tend to have a shorter Cy-
S(Met) distance of ~2.6 A or a greater displacement of the Cu by 0.3 to 0.4
from the NNS plane. Thus, the geometry of the Cu site varies from
redominantly trigonal planar for the axial-EPR cupredoxins to more tetrahedral
or the rhombic-éPR cupredoxins.

Support for this hypothesis comes from the M121Q mutant of P. aeruginosa
azurin in which the axial methionine has been replaced by glutamine.22 The X-
ray crystal structure of this mutant shows a fa.irg' strong bond to the carbonyl
oxygen of the glutamine ligand and a movement of Cu away from the NNS plane
("R’l%le II), in agreement with a the more rhombic EPR and increased e4¢6(
relative to native azurin. Recently, a model complex has been synthesized éhat
for the first time effectively models the EPR properties of type 1 Cu sites.Z3
In this complex the Cu(Il) is coordinated to a tris-pyrazolylborate ligand and a

Table II. EPR, Electronic Spectra and Copper Site Geometryl®

€460 Cu-X A(axlal) Cum . X‘INS)

Cupredoxin €600 in
Axial EPR
azurin 0.11 3.13 (S) 0.12
amicyanin 0.11
plastocyanin 0.06 2.82 g) 0.36
Cu(Pzg(s&Hs) 0.11 2.12 (N) 0.34
Rhombic EPR
azurin-(M121Q) 0.20 227 (O) 0.26
stellacyanin 027
pseudoazurin 041 2.76 fsg 043
cucumber basic 0.43 2,62 (S 0.39
SOD-Cu,-(H80C)  1.03
nitrite reductase 134 ~2.6 (S) ~05
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benzene:gxiolate yielding Cu-N distances of 1.93 and 2.04 A and a Cu-S distance
f 2.18 A in the NNS ligand plane. Although the axial nitrgfen distance of 2.12
(Table 1) is fairly short, the EPR and e 4, properties would have suggested a
trigonal planar geometry. Clearly more structural data is required for an
adequate description of type 1 copper sites.

INTERCONVERSION OF TYPE 1 AND TYPE 2 COPPER

The H117G mutant of P. aeruginosa azurinl4 has provided an opportunity to
explore the potential flexibility of type 1 Cu sites. The crystal structures of
several a o-cuti)redoxins, including apo-azurin, have revealed that there is
surprisi fy little change in the disposition of the ligating amino acids upon
removal o co;t)ger.l This led to the idea that the protein imposes a fairly ngid
%eometry on the copper site. It was of some surprise to discover that this
avored trigonal planar geometry is maintained even after removal of one of the
histidine ligands, as long as an appropriate exogenous ligand is provided to
complete the trigonal ligand set.”* The H117 ligand in azurin is in the same
location as H89 in amicyanin, connecting the Cu to the hyrodrophobic patch on
the surface of the protein (Figure 1). After converting residue 117 to glycine
and adding exogenous imidazole, the resulting cupredoxin is essentially
indistinguishable from wild-type. This applies to optical and EPR properties
(Table III), as well as RR spectra (Figure 8A,B). Thus, the copper site
geometry has been conserved including not only the short Cu-S(C{s) nd and
coplanar cysteinate ligand, but also the orientation of the imidazole rmti at the
I-{ 17 site and the position of the Cu with respect to axial ligands and the NNS
plane.

Addition of an anionic ligand such as chloride (instead of imidazole) to the
H117G mutant still generates a type 1 Cu site (Table III). The RR spectrum of
the chloro adduct is close to that of the aqua adduct shown in Figure 8C. The
only significant changes are increased intensity at 301 and 397 em-1, with
essentially no changes in vibrational frequency. Thus, the ground state
structure of the Cu-cysteinate chromophore has not been perturbed. The most
likely explanation is that these mutant sites still have three strong ligands in a
trigonal planar array with N,S,Cl for the chloro adduct and N,S,0 for the aquo
(water-1) adduct. I‘;x contrast, addition of a weaker ligand such as bromide

Table III. Properties of Mutant Azurin (H117G) with Exogenous Ligands?4

Absorption Maxima (nm) EPR Spectra
Species M A2 A 104cm1) Type
Type 1 Cu
His 117(wt) 465 628 58 axial
imidazole 460 625 85 axial
chloride 470 648 17 axial
bromide 485 683 52 rhombic
water-1 628
histidine-1 634
Type 2 Cu
water-2 420 139
histidine-2 400 156
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Figure 8. RR spectra of wild-type and mutant
azurins obtained with 647-nm excitation. A. Wild-
type azurin. B. H117G mutant lglus exogenous
imidazole. C. H117G mutant at pH 6.0 with water
as the exogenous ligand.
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Figure 9. Spectral properties of mutant azurin (H117G) with histidine as an
exogenous ligand. Left: Electronic spectrum. Right: RR spectra of histidine-1
form (647-nm excitation) and histidine-2 form (413-nm excitation).

leads to a more rhombic EPR spectrum (Table IIT). This suggests a more
tetrahedral ﬁeometry with stronger binding to one of the axial ligands in
addition to the N,S,Br ligand set.

The H117G azurin mutant is also capable of binding larger exogenous
ligands such as the amino acid histidine. e resultant product is actually a
mixture of species, histidine-1 and histidine-2, with absorption maxima at 635
and 400 nm, respectively g‘li{gure 9, left). Excitation within the 635-nm
absorption band leads to a spectrum (Figure 9, upper) closely resembling
that of the wild-type protein (Figure 8A). This suggests that for the histidine-
1 s;gecies only the imidazole portion is coordinated, yielding a trigonal planar
N,N,S ligand set. Excitation within the 400-nm absorption bands produces a
completely different RR spectrum (Figure 9, lower) with the most intense
vibrational modes appearing between 260 and 320 cm! instead of the 350- to
450-cm! range characteristic of cupredoxins. The EPR spectrum of the
histidine-2 species, which is the major component in the sample, is indicative of
a normal, type 2 Cu site (Table III). This species is most likely generated by
the bidentate coordination of histidine, involving the N’s of both the imidazole
and the amino group. The resultant N,NN,S ligand set presumably forms a
more tetragonal array with a concomitant lengthening of the Cu-S(Cys) bond.
This would explain the observed shift of the S - Cu(II) CT band to higher
energy (400 nm), as well as the shift of the RR modes of the Cu-cysteinate
chromophore to lower energy.

Similar mixtures of type 1 and type 2 Cu sites can be generated in the
H117G azurin mutant by the addition of histamine or water as exogenous
ligands.1> In both cases, the type 2 species dominates the optical and EPR
sgectrum (Table III). These studies show that although type 1 is favored in
the presence of a monodentate ligand, type 2 Cu can readily form in the
presence of a bidentate ligand. Thus, there aﬂpears to be more flexibility in
the coordination potential of type 1 sites than had been previously suspected.
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Introduction

Design vs. Redesxgn of a Protein
ning proteins to have specific stryctures and functions is a icularly
challen ing &I because of the complexity of protein s&mcmes. Recently, several
n carried out with this goat, inc some de madeszmofafew
comonp:otemmutkanhasfwahehxbundbh . B sheet? and /B barrel4 These
studics have showeqd that a peptide chamdwgwdwnh mmﬂcompkxm based on
the current knowledge of the relationship of primary, secondary and iertiary, structures,
and synthesized either in vitro or in vivo, can fold itself into the predicted three
dimensional structure uader certaip comditions, A zinc-bindieg site has also been
inwoduged into aéwxnedpromf’ These, studies have demonsirated What protein
Succ,essful design of proteins with specific, predicted stryctures and activities
requires an understanding of the factors whxch govern protein folding, which,
unfortunately, ate pot yet well understood.6 Protein redesign. on the other band,
stagts. with a known and stable protgin strugiwre and changes one oz sexeral amino
acid residues at a time to make a new protein. Using this a h, one: cap: Igam the
specific structural and property changes associated with changes in the amino acid

sequence.

!%?'h:f :ambﬁs fvst'e;omd msful in redesigns bas beer steadil
(v F@d successiul m § 1y
increasing, especially afier site-direciod mutagengsis became a routine technique in
the early 1980's.? Several reports of redwgn dealt with mmmﬂomm For
example, wgm&mdmsatowm binding site and two of the surface
b@sofﬂpﬂ%&%&&@&M&WM&m with
chymotrypsin-like activity.? Lactate dehydrogenase was also, redesigned: into a
malate dehydrogme which is ev? more effective than the malate dehydrogenase
isolated from bost organism.* After redesign of gmdnone reductase, us
coenzyme- specificity was changed from NADP* to NAD.
metglioprotein has: certain adwama‘fﬁs over redesigning a m-mmﬂopm two
reasons: (1). Metal cepters in metalloproteins. often have rich spectroscopies, which
can be utilized to detect subtle changes in the proteins that can otherwise be
unnoticed if ron-metals are involved; (2) Functionally, metals in metalioproteins play
key roles, serving either catalytic or structuzal functions. The effect of any change on
functions of metalloproteins due to. changes in residues around. the metal is more

From K.D. Karlin.and Z. Tyekl.’ar, Eds., Bioinorganic Chemistry of Copper
(Chapman & Hall, New York, 1993).
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dramatic than that of other non-metal parts. This fact is demonstrated by a study by
Stigar and Egeberg!! in which one of the two axial histidines of cytochrome bs (an
electron transfer protein) was changed into a methionine, resulting in a protein with
increased peroxidase and catalytic demethylase activity. The resulting changes were
monitored by spectroscopic methods such as electronic absorption and resonance
Raman, which are very sensitive to the nature of the ligand environments around the
heme iron.

Background on Copper Proteins

Generally copper proteins are classified into three types according to their
spectroscopic properties. Type 1 copper proteins, commonly called “blue copper”
proteins, usually have an intense blue color due to a strong absorption around 600 nm
in their electronic absorption spectra. They also have a very small A;, which is the
hyperfine splitting with the molecular z axis (d2 in the case of Cu(ll) proteins)
oriented parallel to the external magnetic ﬁeizd, in electronic spin resonance
spectroscopy (ESR). Type 2 copper proteins have spectroscopic properties similar to
those of simple copper complexes. Type 3 copper proteins are binuclear copper
proteins that have no ESR signal in the oxidized state due to the antiferromagnetic
coupling of the two neighboring Cu(Il)'s.

One of the most important questions in the field of copper protein chemistry is
centered on the unusual structural and spectroscopic properties of type 1 copper
proteins, as compared with small copper complexes. Most copper complexes display
a pale blue color due to Cu(ll) d-d transitions around 600-800 nm in electronic
absorption spectra (extinction coefficient € ~ 50 M-! cm-1). They also have an ESR
hyperfine coupling constant of 0.013-0.020 cm-1 due to the interaction of a Cu(Il)
unpaired electron with the Cu(Il) nucleus itself (I=2/3). Type 2 copper proteins, which
may have a distorted geometry around copper due to the rigid protein network, display
a moderate increase in absorption around the same region with an extinction
coefficient (€) up to 300 M-1 cm-1. By contrast, however, type 1 copper proteins have a
deep blue color with an € almost 100 times higher than that of low molecular-weight
copper complexes (2000-5000 M-1 cm-1) and an A, that is approximately half that of
low molecular-weight copper complexes (0.003-0.006 cm-1). These unusual properties
are believed to be related to the function of type 1 copper proteins, most of which are
involved in biological electron transfer.

Understanding the relationship of the unusual structures, spectroscopic
properties and electron transfer reactivities of type 1 copper proteins is one of the
primary goals for much of the research in this area.l2 The essential features of type 1
copper proteins appear to be two histidine imidazoles and a cysteine thiolate
coordinated to Cu(lI) in a trigonal planar (or distorted tetrahedral) geometry with one
or two additional weak axial ligands such as methionine.13 Most of the classic type 1
copper proteins are "blue copper” proteins due to the strong electronic absorption
around 600 nm, which was assigned to a cysteine S pn—)Cugll) charge transfer.14
However some type 1 copper proteins such as stellacyanin,!> pseudoazurin,16 and
cucumber basic blue proteinl7 also have a moderately strong absorption around 460
nm in addition to the band at 600 nm. The most extreme example of increased 460 nm
band intensity is the recently discovered nitrite reductase,18 whose X-ray structure is
now available.1 Its 460 nm and 600 nm bands are of similar intensity (€458am= 2200
M-lcm-1, e5g5nm= 1800 M-lcm-1), resulting in a green rather than a blue protein.
Nonetheless, the type 1 Cu(Il) in this protein has other characteristics of type 1
copper proteins. The ritrite reductase also has a type 2 Cu(Il) that is 12.5 A away
from the type 1 Cu(Il). The understanding of these “green copper” proteins and their
relationship with "blue copper” proteins will provide further insight into the
spectroscopic and functional properties of type 1 copper proteins. In terms of the
function of type 1 copper proteins, the distorted tetrahedral geometry of type 1 copper
proteins, which is a compromise between the square planar geometry preferred b{
Cu(ll) with strong field ligands20.21 and the tetrahedral geometry preferred by Cu(T).
was postulated to be responsible for the fast electron transfer rate because it takes
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the least amount of reorganization energy to access both oxidation states.22 This
postulation remains to be tested.

Model Studies of Type 1 Copper Proteins

To design a type 1 copper protein, one needs to know the minimal structural
requirements for a copper ion to exhibit such unusual spectroscopic properties and
such fast electron transfer rates. These requirements have yet to be determined. In
the past, scientists have relied on model-making to mimic the spectral and redox
characteristics of proteins. The primary obstacle to modeling type 1 copper proteins
with low molecular weight coinplexes is that the thiolate anion is rapidly oxidized to
disulfide in the presence of Cu?+:23

2 Cu2+ + 2 RS- - 2 Cut + RSSR

Another obstacle is the preference of Cu(Il) to maintain a square planar geometry.21
If the ligands are not held in a rigid arrangement, Cu(Il) will dictate the geometry
surrounding it. In 1979, Schugar et al.24 succeeded in preparing the first stable
CuN4S(mercaptide) complex, [Cu(tet b)(o-SCsH4CO2)}-H20. However, inclusion of
the thiolate sulfur was not sufficient to produce the blue copper properties. The copper
tet b complex was spectroscopically a "normal copper”, with no intense 600 nm
absorption band and a normal ESR spectrum, and determination of its structure
revealed a long 2.36 A Cu — S bond. Recently, Kitajima et al.,25 succeeded in
preparing a series of tris(pyrazolylborate) copper(Il) thiolate complexes which
successfully mimic the intense blue color and decreased cc:fper A) values of the blue
copper site. Moreover, the Cu-S bond length is 2.13 A, the same value that is
observed in the blue copper protein x-ray structures. However, these complexes are
very unstable and can be studied only at low temperature (-20 °C) and in non-aqueous
solvents, which makes characterization and functional studies such as electron
transfer extremely difficult or impossible.

Redesign of Copper Proteins

The use of an unrelated protein as the initial scaffolding for models of type 1
copper proteins can provide thiolate ligands with protection from oxidation and give
the copper site a rigid structure. Most metalloproteins are known to form their final
three dimensional structures even before the metals are in place, and the metal
binding site undergoes little structural change due to metal incorporation.26 Thus the
rigidity of the metal binding site imposed by the protein usually outweighs the
geometric preferences of the metal ion to a large extent, and the protein does not
rearrange to suit the metal. Metals are usually buried relatively deep within a
metalloprotein. Although there may be a solvent accessible channel in order to allow
substrates to approach the metal, the channel has usually evolved to accept only
certain substrates. Therefore the thiolate ligand can be protected. This principle was
utilized in a study in which a thiolate ligand, pentafluorothiophenol, was incorporated
into Cu(Il)-substituted human insulin and a type 1 copper mimic was obtained.27
Type 1 copper-like spectra were also observed when Cu(II) replaced Zn(II) in horse
liver alcohol dehydrogenase.28

A number of fascinating studies have appeared describing the redesign of the
type 1 protein azurin29. This protein contains two histidines and one cysteine in a
distorted trigonal planar geometry, with distant axial interactions to a methionine and
a backbone carbonyl oxygen. Karlsson et al.293 and Chang et al.290 have reported that
replacing the methionine (Met121) with other non-sulfur amino acids had little effect
on the spectral properties of the azurin, indicating methionine was not needed to
create a type 1 copper site. One of the histidines (His 117) was also replaced with a
glycine by Blaauwen et al.,25¢ resulting in a type 2 copper spectrum. The type 1 copper
spectrum could be restored by addition of N-methylimidazole.



Lu et al. Metalloprotein Ligand Redesign

Redesign of CuZnSOD from Saccharomyces cerevisiae

We approached the redesign of copper proteins from a different direction, i.e.
our goal was to redesign the metal binding site of a non-type 1 copper protein in order
to convert it to a type 1 center. We chose as our starting point the type 2 or "normal”
copper- and zinc-containing protein copper-zinc superoxide dismutase (CuZnSOD)
from the simple yeast Saccharomyces cerevisiae. We considered this protein an
excellent candidate because (1) CuZnSOD is one of the best characterized type 2
copper proteins, (2) we had already cloned its gene,30 and (3) we can carry out in vivo
experiments in yeast that are difficult in higher organisms.

CuZnSOD is a dimeric enzyme (MW 31,900 for yeast CuZnSOD) with two
identical subunits, each of which contains one copper ion and one zinc ion. Its structure
has been characterized by a variety of spectroscopic techniques3! as well as by X-ray
crystallography.32 The overall structure is a greek-key P barrel, which is very similar
to known type 1 copper proteins.13 The metal binding site shown in Figure 1 is
composed of a copper(Il) ion ligated by four histidines and a water in a distorted
5-coordinate geometry and a zinc(Il) ion ligated by three histidines and an aspartate
in a distorted tetrahedral geometry. Histidine 63 forms a bridge between the copper
and the zinc. The Cu(ll) sits at the bottom of a channel, where many anions such as
CN-, N3°, F as well as the substrate of the enzyme, O°, enter, replace the
coordinated water and react with Cu(II). Zn(II) is solvent inaccessible and is
believed to play a structural role. A variety of metals have been substituted into either
the copper or zinc site to make metal derivatives such as CusCuy, AgaCuy, CuyCoy33
in addition to the native form Cu22n2.31 Since Cu(II) can be selectively bound to
either the copper or the zinc site, each site can be redesigned individually in the
attempt to mimic type 1 copper proteins.

His 120 HH

{ me LE
Y I3IR.

Figure 1. Metal binding site region of bovine CuZnSOD. The residues have been renumbered to represent
the corresponding conserved residues in CuZnSOD from Saccharomyces cerevisiae.

Structural Characterizations of Cysteine Mutants

Copper Site Cysteine Mutants

Two copper site His-to-Cys mutants were constructed (H46C and
H120C)34.35,36 " Instead of displaying an intense blue color, they all have an intense
yellow color due to a strong absorption around 400 nm (£379p=1940 M-lcm-1 for
H46C-CuyZn, and €4065,=1250 M-1cm-! for H120C-Cu Zanz, Exgure 2A), which we
assign to cysteine-to-copper charge transfer transitions. The energy of this transition
is much higher than that of type 1 copper proteins, which is typically observed around
600 nm. While the high energy of the charge transfer band may seem surprising
initially, its position is in fact consistent with modeling studies, since four-coordinate
tetragonal and five-coordinate Cu(Il)-thiolate and mercaptide model complexes
typically display high energy charge transfer transitions.21:24" According to the crystal
structure of wild type YSOD,32b the geometry of the copper site of CuZnSOD is
distorted square planar and our previous studies with yeast CuZnSOD mutants
(H46C, H120C and H80C) have demonstrated that the geometry of the site is not
changed.34.35,36 This, together with the result that the mutants display typical type 2
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copper ESR spectrum (see Figure 2B), shows that cysteine itself is not enough to
make a structural type 1 copper mimic.

(A) (8)
Figure 2. Electronic Absorption Spectra (A) and Electronic Spin Resonance Spectra (B) of the CusZny
Derivative of the Cysteinate Mutants and the Comparison with that of the Recombinant Wild Type.
Dotted line: apoprotein; solid line: Cu2Zn2. Subunit concentration: WT, 0.40 mM; H46C, 0.48 mM;
H120C, 0.46 mM; H80C, 0.42 mM. Instrument settings for ESR experiment: mirowave frequency, 9.5
GHz, microwave power, 20 mW, sample temperature, 90K.

Zinc Site Cysteine Mutant

His80Cys was constructed. Characterizations by electronic absorption (UV-
Vis), magnetic circular dichroism (MCD), resonance Raman (RR) and electronic spin
resonance (ESR) spectroscogies demonstrated that H80C is a new member of the
type 1 copper protein family.35.37

UV-Vis of Copper Derivatives: Stepwise addition of four equivalents Cu(Il) into apo-
WT, a dimeric enzyme, resulted in Cu(Il) filling the copper site first and then the zinc
site to give WT-ngzCu 38 This is evidenced by the observation of absorption
appearing first at 664 nm (=156 M-lcm-!) and then at 810 nm (=214 M-lcm-1) (see
Figure 3A), since the distorted square planar copper site results in higher d-d
transition energy (664 nm) than the distorted tetrahedral zinc site (810 nm). The
Cu(Il) access to the zinc site can be blocked by adding Zn(II) before adding Cu(ll), in
which case only the absorption of Cu(H) in the copper site can be observed at 670 nm
(=147 M-lcm-1, see Figure 2A). Addition of Cu(ll) to apo-H80C resulted in two
strong absorptions (E459pm=1460 M-lcm-!, €595,,m=1420 M-lcm-1) and one weak
absorption (€g}0 nm=3 8 NP“lcm'l, see Figure 33% None of the three absorptions could
be observed 1? two equivalents Zn(II) were added before the addition of two
equivalents Cu(II) (see Figure 2A), because the zinc site was blocked by the Zn(II).
The strong absorptions at 459 nm and 595 nm are assignable as
cysteine— Cu(Il) charge transfer bands due to their high intensities, and the
assignment was confirmed by resonance Raman spectroscopy40 (vide infra). Most
type 1 copper proteins have only one strong absorption around 600 nm, which has
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Figure 3. Electronic Absorption Spectra (A) and Electronic Spin Resonance Spectra at 77 K (B) of the
CuyCuy Derivative of the Cysteinate Mutant H80C and the Comparison with that of Wild Type. (A).
Dotted line: apoprotein; solid line: Cu2Cu?. Subunit concentration: WT, 0.40 mM; H80C, 0.42 mM. (B).
a. CuE2; b. CupCuy; c. difference spectrum, b-a; d. stellacyanin, pH8; e. stellacyanin, pH11. Subunit
concentration of H80C: 1 mM. Instrument settings for ESR experiment: mirowave frequency, 9.1GHz,
microwave power, 0.5 mW. Spectra d and e are adapted from Figure 1 of reference 15b with permission
from Elsevier Science Publishers.

been assigned as a cysteine S pn—-)CuSII) charge transfer.14 However, some type 1
copper lgroteins such as stellacyanin,!5 pseudoazurinl6é and cucumber basic blue
proteinl7 display a moderately strong absorption around 460 nm in addition to the
band around 600 nm. The most extreme example of increased 460 nm band intensity
is the recently discovered copper-containing nitrite reductase from Achromobacter
cycloclastes.18 Its 460 nm and 600 nm bands are of similar intensity (€45gpm= 2200
M-lem-1, e5g5,m= 1800 M-1cm-1). Nonetheless, this copper center in this muTticopper
protein has other characteristics of type 1 copper proteins.18.19 The H80C electronic
spectrum is strikingly similar to that of nitrite reductase.

UV-Vis of Cobalt Derivatives: Cobalt derivatives of type 1 copper proteins have their
own distinctive features and have been used to characterize the detailed structure of
type 1 copper proteins. The UV-Vis spectrum of the cobalt derivative of H80C (see
Figure 4B) looks very similar to those of type 1 copper proteins in general and
stellacyanin in particular.39 The similarity can be best depicted in Figure 4D as
difference spectra of H80C-Co,Co; and apoprotein, in which the apo-H80C spectrum
has been subtracted from the spectra in Figure 4B to exclude the strong absorptions of
proteins in that region. In contrast, similar depiction of the cobalt derivative of the
wild type does not result in a spectrum that resembles the cobalt derivatives of type 1
copPer proteins (Figure 4A, C). For H80C, the absorPtions at 301 nm (e=2900
M-lcm-1) and its shoulder at 360 nm (=788 M-lcm-1) are assignable to
cysteine—>Co(II) charge transfer transitions. The three bands at 545 nm (=517 M-
Icm-1), 579 nm (e=625 M-1cm-1) and 608 nm (e=863 M-lcm-1) are assigned to d-d
transitions of Co(II) in a tetrahedral geometry. This result further supports the
conclusion that H80C is a type 1 copper protein.
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Figure 4. Electronic Absorption Spectra of the Co,Co, Derivative of the Zinc Site Mutant H80C and the
Comparison with Recombinant Wild Type. A: WT; B: H80C; C: subtraction of apo-WT (dotted line)
from the spectrum in Panel A; D: subtraction of apo-H80C (dotted line) from the spectrum in Panel B.
‘The subunit concentration of the protein samples: WT, 0.18 mM; H80C, 0.15 mM. The samples were in 50
mM potassium phosphate, pH 7.8.

Electron Spin Resonance: The ESR spectra of H80C-Cu,yE, (g,=2.05, g;=2.26,
A/=153x 10-3 ¢m-1, see Figure 3Ba) and HB80C-CuyZn; (g,=2.02, g,=2.07, g,=2.26,
A,=139 x 10-3 cm-1, see Figure 2B) are virtually identical fo those of the
corresponding WT derivatives, indicating that the mutation in the zinc site had little
effect on the nature of the copper site. However, addition of Cu2* to H80C-CuyE,
resulted in a different ESR spectrum (Figure 3Bb) from that of WT-Cu;Cujy. No
evidence of antiferromagnetic coupling in the H80C-Cu,Cu, derivative could be
obtained since no half field ESR signal was observed (data not shown). Subtraction of
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Figure 5. Resonance Raman Spectrum (A) and the Resonance Raman Enhancement Profile (B) of H80C-
Cu,Cu,. Subunit concentration of the protein: 1.5 mM. A. Resonance Raman spectrum at 59 K with a 610
nm excitation (80 mW), a resolution of 7.5 cm'}, a scan rate of 0.5 cm'!/s and an average of 12 scans; B.
Absorption spectrum (a) and resonance Raman enhancement profile (b). Data were obtained at nine
excitation wavelengths on a single sample under spectral conditions as in A. Enhancement was measured
as the area of the 353 cm! peak relative (o the area of the ice peak at 233 cm!.
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Figure 6. Electronic Absorption, Circular Dichroism and Magnetic Circular Dichroism Spectra of the
CuyCuj Derivatives of the Zinc Site Mutant Protein H80C at 40 kG. Subunit concentration: 1.0 mM.
Sample temperature: 4 K.

the spectrum of H80C-CuyE, from that of HSOC-Cu%Cuz ?roduced a’'spectrum (Figure
3Bc, g,=2.02, gy=2.05, g,=2.31 and A, < 1.5 x 10->cm"!) that appears to be a more
stellacyanin-like type 1 cogper spectrum (Figure 3Bd, e), especially that of the high
pH form of stellacyanin!5® (Figure 3Be, pH11 g = 2.31 and A;;<"1.7 x 103 cm™T),
which was shown45 to have an amide nitrogen as the fourth ligand besides the two
histidines and one cysteine. (The fourth ligand in the zinc site of H80C mutant protein
is an aspartate. Neither H80C nor stellacyanin have methionine in the copper binding
site, in contrast to those classic type 1 copper proteins such as plastocyanin and
azurin.) The apparent similarities of the ligand identities and the ESR spectra
between the H80C mutant protein and the high pH form stellacyanin is consistent with
the conclusion that the Cu(Il) in the zinc site is a type 1 copper.

Resonance Raman: RR has been used extensively to characterize type 1 copper
proteins because of its ability to identify charge transfer transitions. The RR spectrum
of H80C-CuyCuj (see Figure 5A) is typical of a type 1 copper protein with two
vibrational fundamentals at 259 and 280 cm-land six gigher energy fundamentals at
341, 352, 398, 415, 435 and 468 cm-1.40 Excitation within either the 458 nm or the 595
nm band (see Figure 5B) yields the same RR spectrum, indicating both absorptions
have S(Cys)-to-Cu(II) charge transfer character. The extent of resonance
enhancement (as judged by the intensity of the protein Raman peaks relative to the
ice mode at 230 cm-1) is also comparable to other type 1 copper proteins.

Magnetic Circular Dichroism: The MCD spectra of the CuyCu, derivatives of H80C
are shown in Figure 6, which displayed two negative bands at 459 nm and 595 nm,
assignable to cysteine—Cu(Il) charge transfer transitions based on RR. In the d-d
transition region, there are two bands, one at 810 nm (negative) and one at 910 nm
(positive). They are low-energy d-d transitions. It has been well established4! that
one of the key differences between a Cu(Il) in a tetragonal site and a Cu(ll) in a
tetrahedral site is that the d-d transitions are at a much lower energy, usually around
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1000 nm, which have become a hallmark of type 1 copper proteins.14 Therefore the
discovery of low energy d-d transitions in the spectrum of H80C-Cu,Cu; further
supports that a type 1 copper protein has been constructed. A careful comparison
indicates that the MCD spectrum of H80C-Cu,Cu, (Figure 6) is remarkably similar to
the MCD spectrum of the type 1 copper protein stellacyanin (not shown), where the
charge transfer transitions occurred at 455 nm (negative), 606 nm (negative) and the
d-d transitions occurred at 769 nm (negative), 926 nm (positive) and 1136 nm
(negative). The detailed comparison and absorption band assignments have been
discussed elsewhere.37

Characterization of the Reactivity of His-to-Cys Mutants

The success of modeling a metalloprotein metal binding site must be judged not
only by its ability to mimic the structural and spectroscopic properties of the target
protein, but also by its ability to mimic its reactivity. On one hand, the target protein
of our study is a type 1 or "blue" copper protein, whose function is believed to be
electron transfer. On the other hand, our starting protein, wild type CuZnSOD, is
known to react very slowly with reducing agents?2 such as ascorbate in spite of the
fact that its reduction potential is higher than some of the type 1 copper proteins (see
Figure 7A ). We found that introduction of the cysteine either into the copper site
(Figure 7B, 7C) or into the zinc site (Figure 7D) increases the redox reactivity of the
protein. Because the redox potentials of the mutant proteins have not yet been
measured, we cannot determine whether the change in redox activity is a
thermodynamic effect or a kinetic effect. However, the data in Figure 7 are consistent
with the thiolate providing an efficient superexchange pathway for electron transfer.
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Figure 7. Electronic Absorption Spectra of the Cysteinate Mutants and the Wild Type upon Addition of
Ascorbate. a. CugZnj; b. about 2 min. after addition of 2 eq. ascorbate (per protein dimer) to a.; c.

CuyCu»; d. about 2 min. after addition of 4 eq. ascorbate (per protein dimer) to c. Protein concentration in
subunit: WT, 0.40 mM; H46C, 0.48 mM; H120C, 0.46 mM; H80C, 0.15 mM.
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Correlation of 460 nm Electronic Absorption Band and Rhombicity of ESR
Spectrum

As shown above, the introduction of a cysteine into a distorted tetrahedral
geometry resulted in a type 1 copper protein that has electronic absorption and
resonance Raman spectra that are similar to those of nitrite reductase, and MCD and
ESR spectra, as well as the electronic aborption spectrum of the cobalt derivative, that
are similar to those of stellacyanin.

The most unusual feature of the type 1 copper in H80C is probably the
anomalously high intensity of the 460 nm band, comparing with those classic type 1
copper proteins such as plastocyanin and azurin. However, careful examination of all
the type 1 copper proteins reveals that there is in fact a 460 nm band in almost all the
type 1 copper proteins, but it is of variable intensity (see Table I). For example,
€460 nm varies from as small as 300 M-1cm-! in plastocyanin to as large as 2200
M-'cm-! in nitrite reductase. On the other hand, ¢, varies from as small as 1800
M-Icm-1 in nitrite reductase to as large as 52080?\4n3¥cm'1 in plastocyanin. The
consistency of the sum of €450 nm and €ggg g has been noted.40 The X-ray structure
determination and the spectroscopic characterization of nitrite reductase, the protein
that has the highest 460 nm absorption band, indicate that it has all the typical type 1
copper properties.

Another interesting result from the characterization of H80C-Cu,Cuyj is the
rhombicity of its ESR spectrum. This result may be surprising, since some classic
type 1 copper proteins, such as plastocyanin and azurin, display axial ESR spectra
that are similar to those of type 2 copper proteins, except that Ay is much smaller.
However, ESR spectra of type 1 coppers are expected to be more rhombic than those
of type 2 copper because type 1 coppers are in distorted tetrahedral sites that are less
symmetric than tetragonal type 2 copper sites. Indeed, since the characterization of
plastocyanin and azurin, more and more type 1 copper-containing proteins that have
been studied have shown rhombic ESR spectra, including stellacyanin,l’
pseudoazurin,!6 cucumber basic blue protein!7 and nitrite reductase from
Achromobacter cycloclastes.43 Analysis of the literature has led us to the conclusion
that the ratio (Ry) of €460 nm/€600 nm correlates very well with the rhombicity of the
ESR spectrum. [This correlation can be seen from Table I. From Table I we can see
that: (1) The ratios (Rp) between the absorption around 460 nm and the absorption
around 600 nm range from as low as 0.06 in plastocyanin to as high as 1.22 in the type
1 copper center of nitrite reductase of Achromobacter cycloclastes; (2) all those that
have rhombic ESR spectra display appreciable absorption at 460 nm in addition to the
600 nm absorption (R > 0.29), though to different extents. This correlation occurs
even in the same type of enzyme obtained from different organisms. For example, the
nitrite reductase from Alcaligenes sp. NCIB 1101544 has an axial ESR spectrum rather
than a rhombic ESR spectrum as in nitrite reductase from Achromobacter cycloclastes;
it also has a very weak 460 nm absorption (R; =0.17 versus Ry =1.22). The correlation
occurs even in the different mutants of the same protein. Wild type azurin has one of
the weakest 460 nm_absorptions (R =0.11) and an axial ESR spectrum. However,
some of its mutants292 in which the methionine ligand (Met121) was changed into
Asn, Asp, Gln, Cys, His and End (the polypeptide from methionine on was truncated
by changing the methionine codon into a stop codon), have stellacyanin-like rhombic
ESR spectra. An inspection of the electronic absorptions of the above mutants
reveals that they also have stronger 460 nm absorptions. Those mutants that have
WT-azurin-like axial ESR, such as Met121Thr, Met121Leu, Met121Ala, Met121Val,
Met121Ile and Met121Trp, also have a 460 nm absorption as weak as WT-azurin. The
above observations suggest that both the rhombicity of ESR spectra and the increase
of the 460 nm electronic absorption band have a similar structural origin.

A possible explanation for the differences between the classic blue copper
proteins with low Ry and axial ESR spectra and the "green" blue copper proteins with
high Ry and rhombic ESR spectra is the strength of the Cu(llI)-L bond of the fourth
ligand. From Table I, pseudoazurin, cucumber blue protein and stellacyanin have large
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Table I. Correlation between 460 nm Absorption Bands
and Rhombic ESR Spectra of Type 1 Copper Centers in Copper Proteins

Protein Source Electronic Absorptions ESR [Cu-Met
[TRETR) Ry T A)
Plastocyanin P. nigra® £460 nm=300; £597 np=5200 0.06 axial 2.9
Umecyanin | A. lapathifolia® £460 nm=300; €505 np=3400 | 0.09 | axial ?
Azurin A. denitrificans® €460 nm=580; €610 m=5100 0.11 axial 313

Amicyanin P. denitrificansd €464 pm=520; €595 nm=4610 0.11 axial ?

Amicyanin T. versutus® £460 nm=524: £506 np=3900 | 0.13 axial ?
Nitrite .

R l’ A. Sp.NCIB 11015f | €470 nm=640; €504 nr=3700 | 0.17 | axial ?
Stellacyanin R. vernicifera® €448 nm=1150; £ ,=4000 | 029 | rhombic* | (amide)
Auracyanin | C aurantiacus® £455 nm=900; €506 =290 | 031 | rhombic* ?

'M‘mg‘:;m“e P.aureusy | Ags) nm=0.03:¥ Asog nm=0.09%| 0.33 | rhombic* | ?
Mavicyanin | C. pepo medullosa® | ¢, ¢ - =1900; €600 p=5000 | 0.38 | rhombic* ?
Pseudoazurin | A faecalisS-6 | g4qn - =1180; €595 am=2000 | 041 | rhombic | 2.69
Rusticyanin | T. ferrooxidans®D | ¢ 450 nm=1060; €597 y=1950 0.54 | rhombic* ?
Cucumber Basic S. oleracea® €44 =2030; € =3400 | 0.60 | rhombic* | 2.62
Blue Protein : 3 o™ *597 ot : :
Nitrite R. sphaeroides forma _ i ]
Red sp. denitrificansP | €464 nm=3660; £584 n=4860 | 0.75 | rhombic ?
C“gggg" . cerevisiaed | €450 nm=1460; €505 nm=1420 | 1.03 | rhombic* | (Asp)
Nitrite .
R l‘ A. cycloclastes’™S | €458 nm=2200; £685 ny=1800 | 122 | rhombic | ?

t Ry is the ratio between the absorption around 460 nm and the absorption around 600 nm. * The ESR
spectra of those proteins are very similar to that of stellacyanin. ESR spectra of other proteins are less
rthombic. ¥ The extinction coefficient was not available from reference i.
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Ry values and more rhombic ESR spectra relative to plastocyanin and azurin. X-ray
structures exist for the first two proteins which show significantly shorter Cu-Spe¢
bond lengths of 2.62 and 2.69A relative to plastocyanin and azurin (2.90 and 3.1A,
respectively). There is currently no crystal structure available for stellacyanin;
however, it contains no methionine in its sequence and pulsed ENDOR studies4> have
led to the conclusion that there is a Cu(II)-amide bound in its high pH form that would
provide a stronger field than the thioether sulfur of the plastocyanin blue copper sites.
(A three-dimensional model of stellacyanin,#6 which has been derived by computer
graphics, energy minimization and molecular dynamics techniques and which can
rationalize its spectroscopic, redox and electron-transfer properties, predicts that the
fourth ligand is GIn97, which undergoes a switch from Cu-O(amide) at low pH to Cu-
N(amide) at high pH.) The fourth ligand in CuCuz SOD-HB80C is Asp83 which, as an
oxygen ligand, is also expected to be a stronger ligand for Cu(Il) than methionine.
Furthermore, among the Met 121 mutants that have been generated, those that have
a stronger 460 nm band and rhombic ESR spectrum have axial ligands such as Asp,
Cys, His, Asn and GIn that are capable of stronger metal ligand bonding interactions
than the methionine they replace. Those that have WT-like weak 460 nm bands and
axial ESR spectra have non-coordinating axial residues replacing the methionine (Thr,
Leu, Ala, Val, Ile, and Trp).

The conserved structural feature of classic blue copper proteins such as
plastocyanin and azurin seem to be the Cu(ll) in the trigonal plane formed by two
histidines and one cysteine, with a weak fourth axial ligand (called
pseudotetrahedral). One of the consequences of the stronger axial bonding would be
the Cu(Il) being pulled out of the trigonal plane, forming a near true tetrahedral
geometry. Table II summarizes the three cases of Cu(lIl)-thiolate spectral features
and their corresponding structural origins.

Table II Summary of Cu(Il)-thiolate Centers
Cys(S)~Cul)CT  EPR

Tetragonal 400 nm Type 2
460 nm
Tetrahedral 600 nm R‘Zg:n ll,ic
High RL
Trigonal 600 nm Type 1
LowR L Axial
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A model has been developed4” to explain the rthombic splitting in stellacyanin,
a protein having very similar spectral features to the perturbed blue copper site in
H80C-CuzCuzSOD. This model invokes d,2 mixing into the dx2.y2 ground state of the
copper site, which lowers gx , raises gy , and increases Ax. A’small amount of d,2
mixing (2-5%) will reproduce the ground state spectral features of stellacyanin. A
ligand field calculation further showed that this mixing is achieved by starting from the
plastocyanin geometry and increasing the ligand field strength of the axial ligand.
These ligand field calculations show that this increased ligand field strength along the
axial direction rotates the z axis of the dx2.y2 orbital by ~15° and further rotates the gx
and gy directions by a similar amount. is rotation leads to some overlap of the
dx2.y2 orbital with the Cys pseudo ¢ orbital and reduces its overlap with the Cys =
lever. Thus, the Cys pseudo o to Cys © charge transfer intensity ratio (which relates
to Ry) should correlate with the rhombic splitting as both would reflect the dz2 mixing
due to the increased ligand field strength of the axial ligand. These ligand field
calculations now are strongly supported by the experiments mentioned above.
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ABSTRACT:

This contribution focuses on the electron-transfer (ET) reactivity of plastocyanin
in the PCu(l) state with the oxidants [Fe(CN)sJ*~ and [Co(phen),]**. A
programme of study involving five mutant forms obtained by site directed
mutagenesis has been commenced in which effects of mutations at the
adjacent and remote reaction sites are considered. For two. of the mutants
Tyr83His and Leu12Glu the variation of rate constants {25°C; | = 0.100M
NaCl} with pH is explored. Protonation at the imidazole of His83 (pK, 8.4)
influences the reduction potential and hence reactivity. The resuits for
Leu12Glu at high pH when the 1- glutamate form is present (pK, ~ 7.0) indicate
a sharp decrease in reactivity with [Fe(CN),]*~, whereas the converse applies
with [Co(phen);]**. The very striking electrostatic influence of the 1- charge
is noted. Effects observed for Tyr83Phe are low key, but the reaction of this
mutant and Scenedesmus obliquus plastocyanin (which has a Tyr82Phe83
sequence) with cytochrome f suggest that the Tyr62 in S.ob/iquus plastocyanin
(and similar 57 and 58 depleted forms) may have a significant role to play in ET
at the remote site. The mutation Leu12Asn benefits [Fe(CN)¢]*~ ( ~ 5-fold), but
surprisingly no change in reactivity is obtained for the Asp42Asn mutant with
[Co(phen),]**.

INTRODUCTION:

Plastocyanins (M, 10,500; normally 99 amino acids) are type 1 single Cu
proteins which are involved in photosynthetic electron transport in higher plants
and algae. Extensive structural information is available particularly from X-ray
diffraction studies on the Cu(ll) and Cul(l) oxidation states of poplar plasto-

cyanin, and the Cu(ll) protein from the green algae Enteromorpha prolifera.'-

From K.D. Karlin and Z. Tyekl4r, Eds., Bioinorganic Chemistry of Copper
(Chapman & Hall, New York, 1993).
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Details of the various properties and reactivities have been reviewed.** A
feature of reactivity patterns to date is the identification of adjacent (to the Cu)
hydrophobic and remote acidic patch regions on the surface of the protein for
ET. This type of duality of mechanism for ET has not so far been identified in
any other protein. It remains however to develop further both an understanding
of the precise specificities of the two sites, the nature of the binding, and of
intramolecular ET to and from in particular the remote the site with different
redox partners. The expression of the spinach PCu gene in Escherischia coli
has led to the successful isolation of singly-modified variants by site-directed
mutagenesis.> Using such variants it is possible to explore further possible
influences on reactivity.

TECHNIQUES:
Small inorganic compiexes are useful in probing the redox reactivity of

plastocyanin.  In particular the couples [Fe(CN),]*~"*~ (410mV) and
{Col(phen),]**/2* (370mV), the reduction potentials of which are close to that

Figure 1 The structure of plastocyanin showing the Cu active site and
location of adjacent (to the Cu) and remote binding sites. The
carboxylate side chains indicated at 42-45 and 59-61 are as for spinach
plastocyanin.

of PCul(ll)/PCull) (375mV at pH 7.5), have been proved to be particularly
useful.®” The physiological reductant for PCul(ll) is cytochrome f(il) which has
a reduction potential of 350mV. By having the inorganic complex present in
large excess (at least 10-fold) it is possible to monitor reactions of both PCu(l)
and PCu(ll) to =95% completion.

Investigations of effects of pH variations can consume large amounts of
protein, and the pH-jump method is often used therefore. in this procedure the
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pH of the protein solution (with smail ~2mM concentrations of buffer), has no
controlling influence as compared to that of the inorganic complex (38mM
buffer), and the latter determines the final pH. In this way one protein solution
can be used for studies at a number of pH’s. The approach requires that all
related pH-dependent changes are relatively rapid.

EXISTING pH INFLUENCES:

Effects of pH have revealed valuable information regarding the reactivity
of plastocyanin, more so than for most proteins. In Newcastle, plastocyanins
from parsiey? and spinach leaves,’® as well as from the green algae
S.obliquus,"" and the biue-green algae Anabaena variabilis,”'* have been
studied. The reactivity of French bean and poplar PCu’s have also been
investigated.'*'* The overall charge on PCull; is generally in the range -9 + 1
at pH~ 7.5, indicating an excess of acidic Asp and Glu over basic Lys, Arg and
uncoordinated His residues. The positive charge on A.variabilis plastocyanin
(+ 1) is at present quite unique.’? There is a ‘switch-off’ in reactivity e.g. with
[Fe(CN),]*~ as oxidant, observed for all PCu(l) forms, but not for PCu(ll) with
[Fe(CN)4]*~ as reductant, as the pH is decreased from 7.5 to <5.0. Rate
constants of close to 10°M~'s~! decrease to values close to if not actually at
zero (a point which it is difficult to establish with certainty). From X-ray
crystallography on PCu(l) the effect has been assigned as protonation (and
dissociation) of His87 from the Cu to give a redox inactive trigonal planar
coordinated PCu(l) form."® Such studies have further established that rotation
of the imidazole occurs, Figure 2, by identifying H-bonding of the ring

;r IR o }j’—

Figure 2 The H* induced dissociation of N(His87) from the Cu(l) of
plastocyanin and subsequent rotation of the N-H* away from the Cu.

N-H* group to an outer H,0 molecule.'® The oxidation of PCu(l) with
[Co{phen),;]** also shows the switch-off effect but points do not overlay those
for [Fe(CN)4]°~, Figure 3. Because rate constants for [Fe(CN),]3~ are ~ 30-fold
greater a relative scale is used for each reactant to enable comparisons to be
made. The differences are explained by {Co(phen),]3* reacting at the remote
acidic patch region, which has acidic properties which supplement the effects
observed for the active site. Two pK, fits can be carried out for the
[Co(phen),]** data. The different PCul(l)’s pK,’s can be summarised as in Figure
4. As aresult of the ‘switch-off’ the reduction potential for the PCu(ll)/PCu(l)
couple increases to >430mV at pH's < 7.5.7 Active site pK,’s fall into two
ranges the higher one (e.g. for parsley and S.obliquus) are for plastocyanins
with deletions at positions 57 and 58.% All such plastocyanins have 97 instead
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of 99 amino acids. An additional effect of pH is that observed for the reduction
of PCu(ll)'s with [Co(phen),}** (an effect not detected with [Fe(CN)eJ*~). These
studies give the pK, of the remote acidic patch for the oxidised protein, Figure
4. As compared to the remote site pK,'s for PCu(l) the latter appear to be
shifted to slightly lower values.'® Line-broadening effects of paramagnetic
redox inactive [Cr{CN}e]*>~ and [Cr(phen),]** complexes on 'H NMR spectra

1.0r

Relative k/M™* 5!
o
o
T

4.0 6.0 8.0
pH

Figure 3: Rate constant/M~'s" ' trends illustrating the H*-induced active
site switch- off in reactivity of parsiey PCu(l) with [Fe(CN)g]*~ (a) and
[Co(phen),]** (*) as oxidant. A relative scale is used to enable this
comparison. The points for [Co(phen),]** do not overlay those for
[Fe(CN)¢]*~ because a remote site pK, is also effective.
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Figure 4: Summary of active site and remote binding site pK,’'s for PCu(l)
and PCulll) plastocyanins, (see Table 2 in ref 3).

of PCu(l) further support assignments made with anionic and cationic
complexes associating preferentially at the adjacent and remote sites
respectively.'®

From competitive inhibition studies the reaction of [Co(phen);]** at the

81



Bioinorganic Chemistry of Copper

remote site is ~ 70% effective in the case of spinach and ~50% in the case
of parsley PCul(l) of the total reaction. The remaining reaction is assumed to
be at the adjacent site.'>'? Previously the adjacent and remote sites have been
referred to in geographic terms as north and east respectively. Although these
terms have their usefuliness they do have the disadvantage of being
ambiguous, and slightly restricting since they are dependent on a fixed
orientation of the plastocyanin structure as in Figure 1. We also note that
A.variabilis plastocyanin is basic and has no pronounced acidic patch. The two
remaining carboxylates in this region from Asp42 and Glu85 are bridged by the
basic chain of Arg88. There is now no remaining evidence for the reaction of
cations e.g. [Col(phen),]**/2* at this remote site,” and [H*]-dependences as in
Figure 3 overlay.

OTHER EFFECTS OF pH:

Most plastocyanins have just the two coordinated His residues.
S.obliquus and A.variabilis are unusual in that they have an additional
(uncoordinated) His at position 59 at the surface. Examination of PCu
sequences (25 are now known)* confirms that all PCu’s except A.variabilis
have a substantial number of acidic residues, at 42-45 (A) and 59-61 (B), either
side of the conserved surface Tyr83 residue, Figure 5. While it is customary to

Figure 5: Perspective view of plastocyanin illustrating the relative
positions of the acidic residues 42-45 (A) and 59-61 (B) either side of
Tyr83. The positions of the (buried) Cu and exposed edge of His87 are
also indicated.

consider A as more important than B this has not been confirmed, and for the
present it is probably safer to regard both as constituting the acidic patch.
His59 is a component of B, and its influence and the properties displayed are
therefore of interest. Interestingly the rate constants for both the [Fe(CN)g]*~
and [Co(phen),]** oxidations of S.obliquus PCu(l) respond to a second pK, (7.8)
alongside and separated from the active site effects already indicated."' The
trend is the same in both cases (increasing k with increasing pH}, which can
only be accounted for as an effect of protonation/deprotonation of His59 on the
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reduction potential. Since the amplitude of the change in rate constants is
greater in the case of [Co(phen),]** it can be concluded that there is in addition
an electrostatic influence of the acidic patch. Unexpectedly A.variabilis
plastocyanin does not behave in the same way and at pH > 7.0 rate constants
are not always reproducible and can be upto ~66% greater.””'> The results
suggest that different forms of the protein may be present.

PREPARATION OF MUTANTS:

Recombinant wild-type plastocyanin and the mutants were prepared
using the previously described system for overexpression of plastocyanin in
E.coli employing the expression-vector puG101t,.'® The mutant protein was
constructed using polymerase chain reaction (PCR) amplification according to
the method of Landt et al'® with the modifications described.'® Growth and
fractionation of E.coli cells and purification of plastocyanin was made as in
reference 5 with the following exceptions. The bacterial strain used was £.coli
RV308 (ATCC 31608).2° A Sepharose HP (26/10) (Pharmacia) FPLC column
was used in the Iast ion-exchange chromatography and an ordinary Sephacryl
S-100 column was used in the final gel-filtration step. The plastocyanin
containing fractions after each of these steps were pooled and concentrated by
dialysis against dry polyethyiene glycol. A communication of some of the work
described herein has appeared.?'

RESULTS

A summary of kinetic data obtained at pH 7.5 is given in Table 1.

Table 1

Rate constants at 25°C/M~"s "' for the [Fe(CN)4]°~ (k) and [Co(phen),]**
(kc,) oxidation of spinach PCu(l) native, wild type and mutant forms at
pH 7.5, | = 0.100M (NaCl).

Protein 105, 103, Keolkc,
Native 0.85 2.54 33
Wild-type 0.71 2.24 32
Tyr83His 0.37 0.88 42
Leu12Glu 0.11 4.8 2.3
Tyr83Phe 0.71 2.64 27
Leu12Asn 3.7 2.50 148
Asp42Asn 0.85 2.24 38

These results will now be discussed under separate headings.
STUDIES ON THE Tyr83His MUTANT:

The variation of rate constants with pH for the reactions of [Fe(CN),]*~
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and [Co(phen),;]** with PCu(l), Figure 6, are very similar to those reported for
S.obliquus PCul(l). From the current best fit of data at the higher pH’s with
[Fe(CN)e]*~ as oxidant a pK, of ~7.9 is obtained, and with [Co(phen),]** the
corresponding value is ~8.5, in satisfactory agreement with an NMR
determined value of 8.4, see Table 2. Again the relative amplitude from the
increase in rate constant is greater for [Co(phen),]** than [Fe(CN)e]*~ consistent
with the electrostatic benefits which result from [Co(phen),]** reacting at the
remote site. The high pK, value (a His residue might normally be expected to
have a pK, ~6.0) suggests a sharing of the proton with a nearby carboxylate
at 42-45 or 59-61.

Figure 6: The effect of pH on relative rate constants /M~ 's™' (25°C) for
the [Fe(CN)sI*~ (*) and [Colphen),* (a) oxidation of the Tyr83His
mutant, | = 0.100M (NaCl).

STUDIES ON THE Leu12Glu MUTANT:

Here the effect of 1- giutamate has a very pronounced inhibitory effect
on the [Fe(CN)4]*~ reaction, Figure 7. It may well be that at very high pH the
reactivity approaches zero. This represents a quite dramatic effect indicating
a remarkable specificity of [Fe(CN)g]*~ for residue 12 at the adjacent site. A
fit of data at the higher pH's gives a pK, of 6.8, Table 2. With [Co{phen),]**
as oxidant the 1- glutamate results in more extensive contribution to reaction
at the adjacent site, Figure 8, and from the k’s at the higher pH’s a pK, in this
case 7.0 is obtained. The two average at 6.9 and indicate an unusually high
pK, for a carboxyilate residue, suggesting H-bonding with a nearby residue to
retain the glutamic acid protein to higher pH’s. Two possibilities are either
Ser11 or His87. In both cases the behaviour observed at the lower pH'’s is as
previously described. However an additional (minor) effect is that reactions are
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Table 2

Summary of acid dissociation constant pK, estimated from accompanying
pH dependencies of rate constants at 25°C, | = 0.100M (NaCl). Values

in parentheses determined by NMR.

pK, pK,
[Fe(CN)gl*~ + Glu12 5.3 (4.9) 6.8
[Co(phen),I** + Glu12 5.7 7.0
[Fe(CN)g]*~ + His83 4.9
[Colphen),]** + His83 5.8

Cu site Glu12

pK

79 84)
85 84

His83

biphasic. The behaviour observed suggests that in the case of [Fe(CN)g]*~
some of a less reactive deprotonated form and for [Co(phen),]** a less reactive
protonated form may be held back, and conversion to the reactive form is rate

determining. This effect requires further study.

601
=7 4o} ’\
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Figure 7: The effect of pH on rate constants (25°C) for the [Fe(CN)4]*~
oxidation of the Leu12Glu spinach plastocyanin mutants, | = 0.100M

(NaCl).

STUDIES ON THE Tyr83Phe MUTANT:

As compared to native protein no effect on rate constants is observed
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Figure 8: The effect of pH on rate constants (25°C) for the [Co(phen),]**
oxidation of the Leu12Glu spinach plastocyanin mutant, | = 0.100M
(NaCl).

with [Fe(CN)eJ*~ or [Co(phen),]** as oxidants. However studies with the
physiological partner cytochrome f produce interesting effects. It has aiready
been concluded from competitive inhibition studies and effects of pH that the
reaction of cytochrome f(ll) with PCulll) is at the remote site.?> From their
studies on the Tyr83Phe mutant He et al have reported an 8-fold effect on the
overall rate constant for ET.?® It has been demonstrated that this arises from
an 8-fold decrease in K, for association prior to ET, with the rate constant k, for
the intrinsic ET process remaining essentially unchanged at 60s~', Table 3.
This suggests that the phenolic OH group has a beneficial influence, most likely
by H-bonding to the cytochrome f reactant. What is particularly interesting is
that no similar effect is observed on the overall rate constants for the reaction
of S.obliquus (as compared to parsley and spinach) PCu(ll) with cytochrome
f(ll), Table 4.7 The S.obliguus protein has a sequence Tyr82Phe83, Figure 9,
in which the extensively conserved Phe82 and Tyr83 residues are interchanged.
In addition there are deietions at 57 and 58, which result in a tightening of the
kink of which residues 59-61 are very much a part, Figure 10. The six known
plastocyanin sequences with deletions at 57 and 58 have an additionai feature
which is a surface Tyr at 62, Figure 11. These results suggest that in the
reaction of S.obliquus PCu(ll) with cyt f(ll) the Tyr62 residue may compensate
in some way for a less effective Phe83 in S.obliquus plastocyanin.
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Table 3

Summary of mechanism and parameters for the reaction of oil-seed rape
cytochrome f{ll} with pea plastocyanin PCul(ll) at 300K, pH 6.0, | =
0.10M (NaCl) reference 23.

PCul(ll) + Cyt f(ll) Ifi' PCu(ll), Cyt f(ll)
PCu(ll), Cyt f(Il) l-(: PCul(l) + Cyt f(lll)
K/M™! ke/s™’
wild type 9890 62 x 10°
Tyr83Phe 1270 58 x 10°
Table 4

Summary of rate constants for the reaction of cytochrome f(ll) (Brassica)
with different PCu(ll) plastocyanins, 10°C, pH 5.0, | = 0.20 (NaCl),
reference 7.

PCulll) 1075%/M~'s"!
Spinach 115
Parsley 110
S.obliquus 78
A.variabilis 2.8
82 83 84
A.variabilis Phe - Tyr-Cys
S.obliquus Tyr-Phe -Cys
Poplar Phe -Tyr-Cys
Spinach Phe - Tyr -Cys
Fr. bean Phe -~ Tyr—-Cys
Parsley Phe -Tyr-Cys

Figure 9: Sequence information for plastocyanins.
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Figure 10: Effect of deletions at 57 and
58 and tightening of the peptide chain.
€2 Residue 62 is adjacent to or a
GLUGO component of the acidic patch B in
Figure 5.

VAL 50

Figure 11: Location of Tyr62 relative to
Tyr83 and remote and adjacent sites on
plastocyanin.

STUDIES ON OTHER MUTANTS:

The mutant Leu12Asn gives enhanced reactivity (x5) with [Fe(CN),]*~,
and there seems to be a greater compatibility of this oxidant with Asn as
compared to Leu. However in the case of the Asp42Asn mutant there is
surprisingly no apparent effect in the reaction with [Co(phen),]**. The latter is
difficult to understand and must await the availability of other mutants.
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CONCLUSION:

The use of mutants has helped to further establish the reactivity of
plastocyanin at the adjacent and remote sites. Whereas residue 12 appears to
have a critical role to play which is understandable in terms of its proximity to
His87 and the Cu site, the studies with inorganic complexes are less heipful in
indicating precise specificities at the remote site. From studies on the reaction
with cytochrome f Tyr83 has an important role, and Tyr62 when it is present,
may also have beneficial effects.
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STUDIES OF CNI COPPER COORDINATION COMPOUNDS: WHAT
DETERMINES THE ELECTRON-TRANSFER RATE OF THE BLUE-
COPPER PROTEINS?
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StanburyP, Kenneth J. Haller¢, and W. Robert Scheidt®
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bDepartment of Chemistry, Auburn University, Auburn, Alabama 36849, USA.
¢Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame,
Indiana 46556, USA.

Unlike heme iron and iron-sulfur electron-transfer proteins, cuproproteins have no
extrudable coordination complex, since the active-site structure exists only through
chelation of the copper ion with protein residues.! Thus, the study of small-molecule
copper complexes offers one of the few means to evaluate the active-site contribution to
electron transfer for copper proteins. Small-molecule model compounds for copper protein
electron-transfer dynamics should ideally demonstrate coordination number invariance
(CNI) and an outer-sphere mechanism of electron transfer. Synthetic copper systems
rarely meet these two criteria, and the literature documents only a few well-defined
candidates.2-6 The high kinetic lability of copper and its tendency to adopt different
coordination numbers and geometries in the +1 and +2 oxidation states pose formidable
obstacles in the design and synthesis of appropriate small-molecule systems. Despite such
difficulties, we have obtained data for several CNI five-coordinate complexes and for one
four-coordinate complex by synthesizing ligands carefully tailored to help control such
problems. The synthesis and characterization of the five-coordinate complexes have been
described elsewhere,6 while the four-coordinate complex is presented here for the first
time.

Both plastocyanin (Pc) and azurin (Az) have been structurally characterized in their
Cu(l) and Cu(II) oxidation states.”-8 In both instances, the major structural difference
between the +1 and +2 oxidation states is a slight lengthening of the copper-ligand bonds in
the reduced forms. The geometry of the coordination sites in these proteins has been
described as a compromise between the preferred geometries of Cu(I) and Cu(II). The
resulting sterically-imposed "entactic state” is frequently cited as the source of the "fast"
self-exchange rates of these proteins, due to the (supposed) lowering of the enthalpic
component of the activation energy.8 A fact worth noting, however, is that for at least one
measurement of the activation parameters for azurin a favorable entropic component of the
activation energy is implicated as being far more influential than the enthalpic component.9

The technique of NMR line broadening has proven extremely useful for the
measurement of self-exchange rate constants due largely to the conceptual and experimental
simplicity of the method. 1/T2 can be determined from the line width (Av1/2) by using the
relationship:

1/T3 = TAv1.
The self-]cxchange rate constant, k, may then be obtained as the slope of a plot of 1/T2 vs.
[CudDL]:

From K.D. Karlin and Z. Tyekl4r, Eds., Bioinorganic Chemistry of Copper
(Chapman & Hall, New York, 1993).
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1/T2 =k[Cu(IDL] + 1/T2a.
Pseudo-self-exchange kinetics, obtained by stopped-flow measurements, offer a means to
verify the NMR line-broadening results. These measurements also may be used to check
agreement with Marcus theory in order to help verify outer-sphere electron transfer.22
Figure 1 displays the ligands for the four CNI complexes for which self-exchange
rate constant data are available and X-ray structural data have been determined for both the

Figure 1. Ligands for the CNI Copper Compounds

CN. =6 2:2"“ ""g

Ref. 10

DAP R = H (imidH),DAP
@y R = CH3 (5-MeimidH);DAP

CN. =35

Ref. 6 Ref. 2 Ref. 5
R = H ((imidH),bp) :
R = CH3((1-Meimid);bp) bitc®

CN.=4 a

P=Z

We
U

this work

3 bite = biphenyldijminodighiogther

+1 and +2 oxidation states (see structures in the squares). The two other ligands in the
figure are also under investigation, but com?lete structural and kinetic determinations are
not yet in hand for their copper complexes.3-10

Table I shows structural data for the two proteins, as well as for three of the CNI
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Table I. X-raXICrystal Structure Data for the Coordination Spheres of Selected
[CulIi(L)]2++ Couples.

Cu( AR
[Cul(imidH),DAP](BF4)1,22
Cu-Ncentral py 1.895 (33) 1.93 (1) 0.035
Cu-Nterminal imidH 1.887 (29) 1.99 (1) 0.103
1.933 (31) 220 (2) 0.267
Cu-Nimino 2.282 (31) 2.05 (1) 0.232
2.534 (29) 2.07 (1) 0.464
avg = 0.220
[CulT(py),DAP](BF4)1 2b
Cu-Ncentral py 2.094 (14) 1.920 (2) 0.174
Cu-Nterminal py 2.032 (12) 2.033 (2) 0.001
2.083 (12) 2.129 (2) 0.046
Cu-Nimino 2273 (14) 2.010 (2) 0.263
2.240 (14) 2.026 (2) 0214
avg = 0.140
[Cull(Az)lc
Cu-O(Gly 45) 3.25 3.16 0.09
[3.19] [3.09] [0.10]
Cu-N(His46) 2.17 2.08 0.09
[2.09] [2.09] [0.00]
Cu-S(Cys112) 2.22 2.12 0.10
[2.31] [2.17] [0.14]
Cu-N(His117) 2.05 2.01 0.04
[2.05] [1.99] [0.06]
Cu-S(Met121) 3.21 3.12 0.09
[3.25] [3.10] [Q.151
avg = 0.08
. [avg = 0.09]
[CulI((imidH)2bp)2]1(Cl04)1 2¢
Cu-Nimidd (1) 2.029 (6) 1.950 (8) 0.079
[2.031 (6)] [1.977 (8)} [0.054]
Cu-NimidH (3) 2.035 (6) 1.962 (8) 0.073
[2.053 (6)] [1.941 9] 0.121
avg = 0.076
[avg = 0.083]
{CulH(Pc)}(Cu(@) at pH 7.8)¢
Cu-N(His37) 2.12 2.04 0.08
Cu-N(His87) 2.25 2.10 0.15
Cu-S(Cys 84) 2.11 2.13 0.02
Cu-S(Met92) 2.90 2.90 0.00
avg = 0.06

a Cu(I) values from ref. 6a. Cu(Il) values sugrsede those from ref. 2b. b From ref. 6b.
¢ From ref. 8. Standard deviations of the Cull-ligand bond distances are estimated to be
~0.05 A (ref. 8). Standard deviations of the Cul-ligand bond distances are estimated to be
~0.05 - 0.10 A (ref. 8). 4 From ref. 3. ¢ From ref. 7. Standard deviations of the
Cu//I-ligand bond distances are estimated to be ~0.05 A (ref. 7).

Brackets indicate values for crystallographically distinct molecules in the same cell unit.

complexes for which rate constant data are also available (or can be reasonably well
inferred from related complexes). If one considers reorganization of the coordination
spheres in terms of metal-ligand bond length changes (admittedly, ignoring angular
contributions), apparently only one of the small-molecule compounds has as small a
structural change with oxidation state change as do the blue copper proteins. In fact, the

93



Bioinorganic Chemistry of Copper

average bond length change of [Cul-l((imidH);bp)2]2+/+ lies between the average bond
length changes of Pc and Az. The average bond length changes of the two, five-coordinate
complexes are considerably larger than found for the protein active sites.

Table II summarizes the self-exchange rate constants of the various [Cul-I(L)]2+/+
couples in Table I. If the large self-exchange rate constant of Az is due to minimal reorga-

Table II. Electron Self-Exchange Rate Constants of Selected [Cul-i(L)]2++* Couples.

Complex kex, M1571 Solvent Ref. T, K
[CuI»H(imidl-I)zDAP](BF4)1,2 1.31(0.16) x 104 CD3CN 6¢c 298
[CuI-H(py)zDAP](BF4)1,2 1.76(0.16) x 103 CD3CN 6b 298
[Cull(AZ)] 2.4(1.0) x 106 HyO 9¢ 298
[CulAI((1-Meimid);bp)I(BF4)1 2 <1x102 CDsCN 3c 253 10293
[Culd(Pc)] <<2x 104 DO 11 323

nization energy at the active site, one might expect that small-molecule compounds having
equally small reorganization processes would also exhibit rapid self exchange. A quick
examination of the data in Tables I and II shows this view to be overly simplistic. What,
then, controls the rate of electron transfer? As previously implied, for a protein
environment a large entropic factor due to solvent release from the protein surface may lead
to an enhanced electron-transfer rate. Obviously, for small-molecule compounds, this
factor is not as important. Knapp, et al., have suggested that sufficient overlap between the
metal-ligand orbitals is necessary for efficient outer-sphere electron transfer.3¢ They also
suggest that such delocalization may be a factor at the Pc active site. Thus, in this view,
rapid electron transfer for the protein occurs because the protein presents favorable
pathways for effective electronic coupling.

Paralleling our studies of electron-transfer rates, we have also investigated the ligand
dynamics of small-molecule Cu(T) complexes by variable-temperature NMR studies.2.6
Table III shows the results of a variable-temperature NMR study of [Cul(py)2DAP]*+ and

Table III.  Self-Exchange Rate Constants for the CNI CulII Couples and Coalescence
Temperatures (T¢) for Their Cul Compounds.

Molecule C.N. T (CHCl) kxM!'s)inCD3CN  Ref.
[Culll(py),DAP]2+/+ 5 ~253K 1.76 x103 @ 298 K 6c
[Culll(imidH);DAP]2+/+ 5 — 1.31 x 10 @ 298K
[CulH(5-MeimidH);DAP]2++ 5 ~203K 3.5 x104 @ 293K 2a

[Cul(5-MeimidH),DAP]+, which seems to indicate a greater degree of ligand flexibility in
the latter with the lower coalescence temperature of 203 K. Thus, for the only two CNI
copper couples for which electron-transfer data, structural data, and ligand mobility data
have all been obtained, the electron-transfer rates parallel ligand flexibility, while opposing
conventional wisdom concerning the importance of the coordination sphere reorganizational
processes. Why should greater ligand mobility enhance the electron-transfer rate? In view
of Knapp, et al.'s, arguments in favor of orbital overlap providing a pathway for rapid
electron transfer, perhaps flexibility of the ligand environment allows for an increased
probability of a collision occurring when the ligand-metal orbitals are properly aligned. As
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an alternative view, greater mobility may suggest lower force constants along the transition
state vector which would lower the Franck-Condon barrier.

Vande Linde, et al., have obtained self-exchange data for a copper redox couple,
[CulH([15)aneSs)]+-2+ which has been shown by X-ray crystallography to change
coordination number with oxidation state in the solid.12 The complex is pentacoordinate
and s<}uare pyramidal in the Cu(II) state and tetracoordinate and pseudotetrahedral for
Cu(T).12b Based on the large enthalpic changes expected for a bond breaking/bond forming
process, one might predict the self-exchange rate for this small-molecule system to be quite
slow. In fact, a measurement has shown that the self-exchange rate constant of k = 2 x 105
M-1571(25 °C, D20) for [Cull([15]aneSs)]*+2+ exceeds those of all other small-molecule
copper systems published to date.122 Vande Linde, et al., have suggested that, in fact, the
enthalpic contribution to the electron transfer may be much smaller than expected for a bond
breaking/bond forming process. Comparison with the activation parameters of
[Cul1I(5-MeimidH),DAP]Z*+ (Table IV) reveals that the values for both enthalpy and

Table IV. Self-Exchange Rate Constants and Activation Parameters for the Cull! Couples

Cul Couple CNI Kex (M ! s'l) AR} As? Ref.
@Wmol'y K moll)

[Cull(5-MeimidH)2DAP)2*+ Yes  3.5x 104 @ 293 K (CH3CN) 162(3.3) -103(12) 2b

(CulT([15]aneSs))2++ No 2.0x 10° @ 298 K (D20) 140 (40) -103(11) 12a
azurin Yes  1.2x105@ 309 K (H20) 71(8) +96(29) %a
(Pseudomonas aeruginosa)

entropy of activation for the two systems (one CNI, the other non-CNI) are essentially
identical.122 Since, the [CulI(5-MeimidH),DAP]2** system undergoes no bond breaking
or forming, the Cu-S* bond which breaks in [Cull[15]aneS5)]2* must not introduce a large
barrier to electron transfer. Further comparison with the activation parameters of azurin
reveals that the rate constant for the protein appears to be dominated by a large positive
entropic factor. Such an entropic factor is almost certainly not determined by the active site
of the protein. Thus, caution should be exercised in making casual assessments about the
active-site contribution to protein electron-transfer rates.

Clearly, much remains to be learned about the nature of copper electron-transfer
reactions, in general, and about the contribution of the active site to blue-copper proteins
electron transfer, in particular. Only through the collection of further information on
systems with systematically-varied coordination numbers and geometries will the nature of
these procésses become clearer. Thus, we report here for the first time an N2S2*
macrocyclic system which is four coordinate and nearly tetrahedral for the Cu(l) state but
which “semi-coordinates " two BF4~ counterions to form an axially elongated octahedral
complex for the Cu(Il) state, with a surprisingly "flattened" N2S2* donor atom set (see
Figure 2).13 The synthesis of these [Cul.(bite)] (BF4); 2 salts is outlined in Figure 3. A
saturated solution of [lCun(bite)](BF4)2 in CH22C12 2x lg' 5 M) gives a molar conductivity
of 69 cm2equiv-1Q] as compared to 80 cm2equiv-1Q-! for [Cul(bite)](BF4) and 100
cm2equiv-1Q71 for [n-BuN](BFy) at the same concentrations at 25 *C. These solution
conductivities indicate a substantial degree of dissociation of the "semi-coordinated" BF4~
counterions of the Cu(Il) molecule in CH2Cly, and it is possible that the [CulT(bite))2+/+
couple is CNI in this non-coordinating solvent. A preliminary measurement of the electron
self-exchange rate constant of k = 2.4 x 104 M~T's71 at 25 *C in CH3CN is on the same
order of magnitude as the five-coordinate CNI compounds in Table III, despite the large
anticipated reorganizational energy arising from the configurational differences seen in
Figure 2. A variable-temperature NMR study of [Cul(bite)J(BFs) displays a much higher
coalescence temperature (~ 327 K) than for the five-coordinate CNI compounds, and the
source of such rigidity is likely the biphenyl end of the molecule.
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Figure 2. ORTEPs of the [Cul!(bite)]*2+ Cations
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Figure 3. Synthesis of the [Cull(bite)](BF4); 2 Salts.
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Taken together, the emerging data tends to suggest that, at least for these particular
small-molecule compounds, small reorganizational processes at the copper site do not
necessarily promote “fast” electron-transfer reactions, particularly when one considers the
[Cul((imidH),bp)2]2+/+ system which has a small structural reorganization process and
yet an unmeasurably small (by NMR < 102 M1 571 electron self-exchange rate.3
Furthermore, the [CullI[15]aneS5)]2+/+ couple clearly demonstrates that a cuproprotein
active site need not be CNI in order to promote a "fast" electron-transfer reaction. As a
corollary to this latter observation, the blue-copper active sites could exhibit larger
reorganization and still be "fast”. Finally, and perhaps most importantly, these studies of
CNI (and non-CNI) copper coordination compounds have emphasized that one must
exercise care in ascribing properties of the cuproprotein as a whole to the copper active site.
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Welch Foundation (C-627) for support of this work. S. F. also thanks the U.S.N.LH. for
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INTRODUCTION

Copper is an essential trace element required for bacterial growth, but is toxic at high
levels of free ions. Bacteria are thus presented with the complex problem of obtaining
and storing sufficient quantities of copper for normal function of several enzymes
while, on the other hand, being able to survive when confronted with concentrations of
copper that exceed a toxic threshold. The molecular mechanisms of metal ion
detoxification are well understood only for a few systems, most notably for mercury
resistance.1:2 For recent reviews of a number of bacterial metal resistance systems, see
Plasmid, Vol. 27(1), 1992 and reference 3. The discovery of plasmid-borne copper
resistance in bacteria has provided accessible systems for genetic and phenomenological
study of copper metabolism. Study of these extrachromosomal systems has recently
provided the impetus and the methods for identification of chromosomally-encoded

per homeostasis systems in Pseudomonas syringae pv. tomato (P. syringae)}56 and
in Echerichia coli (E. coli).789 The two best characterized copper resistance systems
are the plasmid-encoded systems cop in P. syringae and pco in E. coli. These two
determinants are remarkably similar genetically, but as will be shown they differ
fundamentally in the mechanism of copper resistance. This paper will focus first on the
genetics and regulation of copper resistance in the cop and pco systems, then on the
chemical mechanisms of copper resistance.

GENETICS OF COPPER RESISTANCE

Copper resistance in E. coli (pco) has been localized to an approximately six kilobase
fragment of the originally isolated plasmid pRJ1004.10 Preliminary genetic analysis of
this region suggested four complementation groups named pcoABRC 910 “More
detailed sequence data and analysis now indicates seven open reading frames, renamed
PcoABCDRSE.11L12  Copper resistance in P. syringae has been localized to
approximately 4.5 kilobases of the plasmid pPR23D, encoding at least four genes
labeled copABCD 413

From K.D. Karlin and Z. Tyeklér, Eds., Bioinorganic Chemistry of Copper
(Chapman & Hall, New York, 1993).
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Regulation

Both the pco and cop resistance systems are inducible by copper. The four cop genes
are under the control of a single copper-inducible promoter that has been sub-cloned,
but not yet precisely defined.!* Copper-inducible expression of the cop genes requires
a trans-acting element encoded on the plasmid or the chromosome.56 The trans-acting
clement(s) have not yet been identified.

A trans-acting element has been identified in the pco system from E. coli,
namely pcoR.!5 The predicted amino acid sequence of PcoR shows strong homology to
a number of regulatory proteins from the family of bacterial two-component regulatory
systems.916 The two-component systems consist of a sensor protein and a regulatory
protein. The sensor protein becomes phosphorylated by an environmental signal, and in
turn phos?hor lates and activates the regulator (i.e. OmpR/EnvZ or
NuB/NtrC).17.18,19.20 [t is likely that the pco genes are regulated in a similar manner,
and the next open reading frame, 1pcos, has been identified as the putative sensor
component by sequence homology.1l As the pco genes are still regulated in a pcoR
mutant, it is presumed that other plasmid or chromosomal factors are also involved in
the regulation of the resistance determinant and perhaps vice versa.9 Figure 1 presents a
model for the regulation of the E. coli pco copper resistance determinant based on
genetic studies.

Figure 1. Regulation of pco Copper Resistance in E. coli
Model for the regulation of E. coli copper resistance determinant. (A) Low copper
concentration. (B) High copper concentration. Dashed arrows indicate low levels of
transcription, while solid arrows indicate high levels of trascription.

Resistance Proteins
The predicted amino acid sequences of the first four proteins of the pco determinant
show extensive identity to the four proteins of the cop plasmid-mediated copper
resistance determinant from P. syringae (see Figure 2).13 Until the full sequence of the
pco genes is completed, it will be valuable to examine the strongly analogous proteins
in the P. syringae system. Interestingly, the copper resistance mechanism of the cop
system operates by accumulation/sequestration of copper rather than enhanced export as
is observed for the pco system (more details regarding the mechanism of copper
resistance for the pco system are discussed below). Cooksey and co-workers have
demonstrated that the copper resistant strains of P. syringae accumulate significantly
more copper than the parental strains.2! The accumulated copper is enough to turn
resistant bacterial colonies blue in color.

CopA and CopC are periplasmic proteins, and have been purified. Initial results
indicate that they bind ~11 and ~1 atom of copper per protein, respectively.22 The
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accumulation of copper in the cells cannot, however, be attributed to these proteins
alone as their concentration in the periplasm does not increase with media or cellular

copper concentrations.

> - —p
PcoA pcoB pcoC pcoD pcoR  pcoS pcoE

E.colil | | 1 1 1 1 |
Identity: 79% 55% 60% 38%
P. syringaé® | | | === -
copA copB copC copD» m

Figure 2. Comparison of the pco and cop determinants.
Percent identity in predicted amino acid sequences for cop and pco proteins are shown.

It has been noted that CopA contains sequences with strong homologies to the
type 1 copper site in multicopper oxidases.23 The multicopper oxidase family of
proteins, including ascorbate oxidases, laccases and ceruloplasmins, contain one type 1,
one type 2 and two type 3 copper ions. Closer examination shows that CopA contains
identities or strong homologies to all four of the copper binding regions of the
multicopper oxidases. Ligands to all four of the oxidase coppers are completely
conserved in CopA. Partial alignments of CopA with the multicopper oxidases are
shown in Figure 3. It will be interesting to see if CopA and the analogous PcoA have
oxidase activity.

Figure 3. Identities Between Ascorbate Oxidase and CopA/PcoA
Comparison of the four highly conserved copper binding regions of the multicopper
oxidases with CopA. Amino acid sequences are shown for zucchini ascorbate oxidase
(ZucAO, total 552 aa., from Messerschmidt et al.)2425 and P. syringae pv. tomato
CopA (CopA, total 609 a.a., from Mellano and Cooksey)!3 with x representing
conservative changes. Beneath each set of sequences, numbers indicate the residues that
ligawthethreediffermttyp&sofcopper,'gpu 1, 2 and 3, as demonstrated in the crystal
structure of zucchini ascorbate oxidase.2»2> Shaded box in CopA represents the location
of repeated putative copper binding sequences (see below).

In addition to the conserved multicopper oxidase copper binding regions, CopA
contains several repeats of a putative copper binding sequence,
AspHisXaaXaaMetXaaXaaMet (see Figure 4, below).13 Similar repeated sequences are
not observed in any of the other multicopper oxidases and this sequence appears only
once in all other proteins in the common databases. It has been postulated that this
repeated motif is responsible for binding the remaining copper ions observed in purified
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CopA.22 It might be postulated that CopA and CopC serve as the principal reservoirs
for accumulation and sequestration of copper ions in the periplasm of resistant cells.
Thisdoesnotaypeartobethecase, however, as concentrations of CopA and CopC in
resistant cells did not increase continuously with exposure to increasing concentrations
of copper. In fact, the percentage of accumulated that could be accounted for by
binding of 11 copper 1ons to CopA and one to actually decreased dramatically
from ~20% to 7% at high media copper concentrations and thus high concentrations of
accumulated copper.2¢ Perhaps instead CopA serves as an initial copper binding
reservoir in the periplasm, and to deliver copper to other sites, perhag; on the
membranes, where copper may be permanently accumulated and sequestered.

Asp His Gly Ser Met Asp Gly Met
Asp His Ser Lys Met Ser Thr Met
Asp His Gly Ala Met Ser Gly Met
Asp His Gly Ala Met Gly Gly Met

Figure 4. Putative copper binding motifs in CopA.

THE MECHANISM OF COPPER RESISTANCE

In light of the high degree of identity observed between the sequences of copABCD and
pcoABCD, one would expect the mechanisms of the two resistance systems to be
similar as well. As we have just discussed, the mechanism of copper resistance in P.
syringae is one of accumulation and sequestration of copper. So much copper is
accumulated that colonies of the resistant strain of P. syringae are visibly blue when
grown on agar plates supplemented with copper.6 On the other hand, Rouch, Lee and
Camakaris suggest that the mechanism of copper resistance in E. coli bearing the copper
resistance plasmid pRJ1004 involves enhanced export of co and not reduced uptake
or increased accumulation, based on $4Cu uptake studies.10-15:26 It has been postulated
that the copper resistance system involves ex; of copper in some "modified" form
that is unavailable to the uptake system.9-10.16 This was originally postulated on the
basis of the dark brown appearance of colonies of the resistant strain of E. coli growing
on agar plates supplemented with copper. Interestingly, copper resistant strains bearing
a subclone of the pco copper resistance determinant (ED8739/pPA173)!5 rather than the
large plasmid originally isolated from piggery effluent (pRJ1004)27 do not appear as
brown colonies on high copper plates, and look more like the parental strain.

Accumulation versus Export

The accumulation of copper by parental and copper resistant strains of E. coli was
determined for cultures of both strains grown at copper concentrations just sub-toxic to
the parental strain. Cells were harvested and dried, the mass of dry cells was
determined, cells were dissolved in concentrated acid and copper concentrations
determined by atomic absorption. The results shown in Figure 5 clearly show that the
copper resistant strain accumulates significantly less copper than the parental strain.
This is in dramatic contrast to the resistance mechanism of the genetically similar cop
operon in P. syringae in which the copper resistant cells accumulate significantly more
copper than the parental strain, as demonstrated by similar experiments published by
Cooksey and Azad for P. syringae which are also pictured in Figure 5.21 Thus copper
resistance encoded by the cop determinant in P. syringae operates by accumulation or
sequestration of copper, whereas that encoded by the pco determinant in E. coli operates
by enhanced export of copper. This fact is particularly interesting and puzzling
considering the large degree of genetic homology between these two plasmid-borne
resistance systems.
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Figure 5. Accumulation vs. Export
Accumulated copper in cells grown at copper concentrations just sub-toxic to the non-
resistant wild-type strains (W.T.) were measured by atomic absorption and are indicated
by cross hatched bars for wild-type strains, solid bars for copper resistant strains. E. coli
media: A-media + 100 uM each amino acid + 0.3 mM CuSO4. P. syringae data from
Cooksey and Azad,2! media: MGY + 0.3 mM CuS0O4.21

Precipitation of CuS

In order to examine more closely the mechanism of resistance and to determine if a
"modified" complex of copper is indeed exported from the copper resistant cells, we
have undertaken the examination of copper c;t:glexes produced in liquid cultures by
copper resistant E. coli. In the rich culture jum LB (10 g/1 tryptone, 5 g/l yeast
extract, 10 g/l NaCl1)28, the plasmid pRJ1004 confers resistance to up to 20 mM CuSOy,
as compared to tolerance up to 8 mM CuSQj for the parental strain.=? At copper sulfate
concentrations of greater than 4 mM CuSOy, the resistant strain (harboring pRJ1004)
produces a small amount of a black precipitate that co-sediments with the cells upon
centrifugation of the culture. The parental strain does not produce any of the black
precipitate. Although not thought to be a direct product of the copper resistance
mechanism, the black precipitate has been isolated and characterized as microcrystalline
CuS, the mineral covellite, by elemental analysis, EPR and X-ray powder diffraction
(see Figure 6, below). Elemental analysis (18.37% C, 2.48% H, 4.43% N, 19.88% S)
also suggests that some peptide or peptides are associated with the microcrystalline
precipitate. Amino acid analysis indicates the presence of Glu/Gln, Gly, Cys, Thr, Ala,
and Pro. The predominant presence of Glu/Gln, Gly and Cys suggests that glutathione
might be one component of the peptide/CuS precipitate. Glutathione does not,
however, play a crucial role in copper resistance (vide infra).

Similar precipitation of copper sulfide has been observed in a copper resistant
strain of Mycobacterium scrofulaceum.30 In that case the resistance mechanism has
been attributed to the increased production of H3S leading to the precipitation copper
sulfide. In the case of the pco determinant, however, copper resistance cannot be
attributed to this mechanism. No significant increase in HaS has been observed, and the
formation of CusS is not observed in minimal media. Copper resistant cells growing in
high concentrations (concentrations toxic to the parental strain) of copper sulfate in
various minimal media (M9, A media, or either supplemented with amino acids)3! do
not produce any of the copper sulfide precipitate, although they are obviously
expressing the copper resistance system. Finally, the amount of copper precipitated as
CuS is only a very small fraction of the total amount of copper presént in media. The
production of CuS may be an interesting result of copper resistance in rich media, but it
is not the principle mechanism of copper resistance encoded by the pco determinant.
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Figure 6. X-ray Powder Diffraction Patterns: Covellite (CuS) and
Precipitate from Copper Resistant Cell Cultures in LB + 16 mM CuSQOq4

In Search Of A Modified Exported Copper Complex

Spent media supernatants from cultures of the resistant strain and the parental strain
were examined for a soluble copper complex unique to the resistant strain. Media
supernatants were fractionated by gel filtration and ion exchange chromatography,
before or after concentration, and copper species were monitored by atomic absorption.
Gel filtration (Sephadex G75, Pharmacia) in the non-chelating buffer HEPES revealed a
soluble copper complex of ~ 5 kilodaltons in the supernatants of the resistant strain, and
was initially thought to be unique to that strain. Closer examination, however,
demonstrated that this species is also present in the supernatants of the parental strain
lacking pco grown at just below the toxic threshold copper concentration, and thus it is
not umque to the resistant strain. See Figure 7 below.

Figure 7. Sephadex G75 Fractionation of Culture Supernatants
Copper concentration in fractions of Sephadex G75 (Pharmacia) fractionation of
concentrated (YM1, Amicon) media supernatants from cultures of parental (ED8739) and
copper resistant (ED8739/pRJ1004) strains of E. coli in M9 medium28 supplemented
with 100 uM each amino acid plus 100 puM CuSOy4 is plotted versus elution volume.

Eluent is 10mM HEPES, 50 mM NaCl pH 7.5.
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Higher resolution gel filtration was attempted using Sephacryl S-100
(Pharmacia). Due to copper binding to the resin, however, it was necessary to use a the
potentially chelating (Tris-HCI, pH 8.5) buffer and higher ionic strength (200 mM
NaCl). Under these conditions no difference was observed in the UV or copper
concentration profiles of the parental and copper resistant strains (see Figure 8, below).
Thus we have been unable to identify a copper complex from media supernatants that is
unique to the resistance mechanism. While the ~ 5 kd. complex observed in G75
fractionations does appear to be present in higher concentrations in resistant cultures, it
is not unique and is not stable to isolation in the presence of even a mildly chelating
buffer.

Figure 8. Sephacryl S-100 Fractionation of Culture Supernatants
Copper concentration in fractions of Sephacryl S-100 (Pharmacia) gel filtration
fractionation of media supernatants from cultures of parental (ED8739) and copper
resistant (ED8739/pRJ1004) strains of E. coli in A-media3! supplemented with 100 uM
each amino acid plus 350 uM CuSO4. Eluent is 20 mM Tris-HCI, 200 mM NaCl pH 8.5.

Another possible means for isolation of a unique copper complex could be
extraction of media supernatants with organic solvents. Such a strategy has proven
effective in the isolation of bacterial iron chelating agents, the siderophores.32
Supernatants of parental and resistant strain cultures at just sub-toxic copper
concentrations were extracted with a variety of solvents: ethyl acetate, chloroform,
ether, 1:1 phenol:chloroform, and benzyl alcohol. While ethyl acetate and
phenol/chloroform did extract some copper species, no differences in extractable copper
were observed between the parental and resistant strains.

Glutathione Depletion Does Not Inhibit Copper Resistance

Glutathione is a likely and abundant ligand for copper in vivo, and might be likely to
play a role in an exported putative "modified” form of copper. The role of glutathione
in copper resistance was therefore tested by inhibition of glutathione synthesis. Two
common glutathione synthase inhibitors were employed, L-buthione-S,R-sulfoximine
(BSO) and dethylmaleate (DEM).33.34.35 Both compounds slowed but did not disrupt
growth of both the parental and resistant strains at low or just sub-toxic concentrations
of copper. Similarly, both compounds slowed, but did not inhibit growth of the
resistant strain in high concentrations of copper. While cellular concentrations of
glutathione were not monitored directly in these experiments, they do suggest that
glutathione is not a critical component of the copper resistance mechanism.
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Media Copper is Not Rendered Harmless by Resistant Strain

It was necessary to test directly the hypothesis that copper resistance functions by
export of a modified copper complex that is unable to re-enter the cell via the normal
uptake pathways. If this hypothesis is true, then the copper in media supernatants of the
resistant strain should be partially detoxified, i.c. a portion of the media copper should
be non-toxic. It follows that if media supernatants from the resistant strain are used as
the cols)l]:cr source for the preparation of new media (in place of CuSO4), the parental
strain should be able to survive higher total concentrations of copper since part of the
added copper would be non-toxic.

Supernatants from cultures of the resistant strain in copper concentrations just
above the toxic threshold for the parental strain were sterilized by filtration and re-
inoculated directly with either the parental or resistant strain. While the resistant strain
was able to grow, the parental strain was not. Concentrated supernatants from resistant
strain cultures were used to supplement fresh media to various concentrations. No
change was observed in the copper tolerance levels of the parental strain. The copper in
resistant strain supernatants is not significantly detoxified. This strongly suggests that
the mechanism of copper resistance is not detoxification of the media copper, but
perhaps is just simple export of copper ions to keep internal concentrations low.

Conclusions
Despite the extensive genetic similarities and identities in predicted protein sequence
between these two plasmid-encoded bacterial copper resistance systems, there remains a
fundamental difference in the observed mechanisms of resistance. In P. syringae pv.
tomato, the cop determinant provides resistance to copper via accumulation and
uestration of copper in the periplasm. In E. coli, the pco determinant provides
resistance to copper via enhanced export of copper from the cell. Reconciliation of the
basic difference in strategy with the extensive similarity of the proteins involved will
have to wait until more detailed examinations of those proteins and their functions are
completed. These and other investigations will continue to contribute to our growing
understanding of the genetics and molecular mechanisms of bacterial metal resistance
and metal ion homeostasis.
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Copper-sulfur (CuS) multinuclear clusters exist in biological macromolecules that
function in a variety of cellular processes ranging from copper ion buffering, signal
transduction to copper ion storage. The sulfur ligands are typically provided
exclusively by cysteinyl thiolates and proteins and peptides containing CusS clusters have
an abundance of cysteine residues. A common sequence motif in these polypeptides is
Cys-Xaa-Cys or Cys-Xaa-Xaa-Cys in which Xaa represents any other amino acid.

Copper-sultur clusters exist in a family of metallothionein (MT) proteins. These
cysteine-rich polypeptides function in part in the buffering the cellular cytoplasm of
copper ions to minimize any Cu-induced toxicity. Cells respond to changes in the
copper uptake flux by modulating the intracellular concentration of MT through
expression of MT genes."® The only apparent phenotype of genetic disruption of the
MT encoding gene(s) in yeast is exquisite sensitivity to copper-induced cytotoxicity .*
In MT’s role in cellular copper resistance, the CuS cluster in MT is the sequestration
form of copper within the cell. No information exists on the subsequent fate of MT-
bound Cu ions in yeast. MT is also postulated to function in metal homeostasis in
animal cells, although direct roles remain to be established.® CuMT may also
participate in intracellular Cu(f) channeling and/or storage within cells. There is a
pauci‘tjy of information on the mechanism of copper ion channeling within cells to
provide copper ions for the my iad of biological functions. CuMT has been suggested
to function in this pathway.’ Fetal livers of most animal species contain high
concentrations of CuMT that may be a storage form of copper for subsequent
development.

From K.D. Karlin and Z. Tyekl4r, Eds., Bioinorganic Chemistry of Copper
(Chapman & Hall, New York, 1993).
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The expression of MT genes is metalloregulated at the level of transcription.
Metalloregulation occurs in yeast through intracellular copper-sensor molecules that
mediate the transcriptional activation of MT gene expression. Formation of a
polynuclear CuS cluster in the transcriptional activator proteins, ACEl in
Saccharomyces cerevisiae and AMT1 in Candida glabrata, is required for the
functioning of these proteins in the expression of MT genes.*!? The activation of ACE1
and AMT!1 is specific for Cu(I) and Ag(l) ions.**!" "Other metal ions bind to ACEl,
but these metallo-complexes are inactive in transcriptional activation.

A CuS polynuclear cluster coated with glutathione-related isopeptides occurs in
Schizosaccharomyces pombe.®  The isopeptides, (yGlu-Cys),Gly, differ from
glutathione in having multiple (yGlu-Cys) dipeptide units ranging from 2-6." As this
yeast does not contain MT, the intracellular sequestration of Cu(l) ions is achieved by
CuS cluster formation within isopeptide-coated particles. The sulfurs in these Cu(l)
clusters are provided exclusively by cysteinyl sulfurs.’® This is in contrast to the
cadmium:sulfur clusters that form in this yeast. Sulfur ligands for Cd(II) ions are
provided by both cysteinyl sulfur and acid-labile sulfide ions."

In addition, a number of cysteine-rich Zn-proteins are known that undergo facile
metal exchange reactions with Cu(l) in vitro. One example is the papilloma virus E7
protein that in conjunction with a second protein (E6) appear to be responsible for
mammalian cell transformation by papilloma viruses.'>!® If Cu/Zn exchange leads to
the formation of Cu-proteins in vivo, the physiological function of proteins like E7 may
be altered.

Structural details are not currently available for copper thiolate polymetallic
clusters in proteins, but chemical precedence exists for multinuclear copper-thiolate
species.!”” Structures of several synthetic CuS clusters have been elucidated.”” The
chemistry of these clusters is relevant to the chemistry of CuS clusters in biological
macromolecules. The structures of CuS multinuclear clusters in biology is important as
the cluster structure is the basis for function in proteins such as CuACE1. This chapter
will compare the known chemistry of synthetic CuS polymetallic clusters to the
chemistry of CuS polymetallic clusters in biological macromolecules.

Synthetic CuS Clusters:

Copper thiolate compounds share the richness that exists in the inorganic literature on
small metal thiolate compounds.'® Monometallic copper complexes with only thiolate
ligands are rare, and Cu(]l) thiolate clusters [Cu,(SR),]*” dominate this chemistry. More
than 10 cluster types have been synthesized and structurally characterized.':'*
Polymetallic coordination clusters are commonly observed in reactions of cupric salts
with limited excesses of monothiolate ligands in aprotic solvents, in reactions
generalized in the following equation:

xCu(l) + (x+y)RS" - [Cu,(SR),]*’ + x/2(RSSR)

Reactions of thiols or thiolates with Cu(II) causes reduction to Cu(I) except under very
specialized circumstances.***” Cu(l) thiolate compounds [CuSR], are commonly non-
molecular in structure and insoluble, except in cases where the substituent R is bulky.*®
However, the presence of excess thiolate usually causes [CuSR], compounds to
redissolve with the formation of anionic complexes [Cu,(SR) 1"" . Where there is a large
excess of thiolate the complexes are monometallic, [Cu(SR)j ¥, where y is usually 2."
The anionic clusters occur in the intermediate range of excess thiolate.

Polymetallic CuS clusters have been characterized with the following
stoichiometries: (references to these clusters are listed in parentheses)
[Cuy(SRS);]* chelating dithiolate and tiangular Cu, (29)
" [Cu(SR),]  approximately square Cu, (39)
[Cu(SR)s]* tetrahedral Cu, (40)
[CusSel trigonal bipyramidal Cuy (22)
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[CusS;I* edge-bridged tetrahedral Cu; (23)
[(Cuw/Au)s(SR))* (30,45)

[Cuy(SRS)4(SR)]* )

[Cug(SR);]  Cu,; forms an approximate cube (39)
[Cug(SR);,]* Cug cube (24-26)

[Cuyy(SR);5]

In recent years arylthiolate ligands with sterically encumbering substituents in the ortho
positions have been introduced into metal thiolate chemistry. The consequences of this
encumbrance are reduced bridging of metal atoms, clusters that are restricted in size
by the ligand volume, and in some cases reduced coordination numbers. These
compounds have lesser biological relevance and the following descriptions emphasize
clusters with ligands that are sterically and electronically akin to cysteine.

A B C

Figure 1. CuS polymetallic clusters are shown with the following stoichiometries:
Cluster A is the tetracopper Cu,(SR)s cage, cluster B is the pentacopper Cus(SR),
cluster and cluster C is the Cus(SR), cluster.

Cu,(u-SR)s Clusters: This is the most commonly formed structure type (Fig. 1A). The
alternative tetrametallic, Cu,(u-SR), in approximately square array occurs with
hindered thiolate ligands,”® or with additional coordination by heteroligands,*? and
is less relevant as a model for biological clusters. The Cm(Slsggclusters are formed
with alkyl or aryl monothiolate or chelating thiolate ligands."?!#"** This structure type
is also formed with thioketone ligand types,* but these have little biological relevance.
The cluster polyhedron consists of an octahedron of bridging thiolates intersected by
a tetrahedron of Cu(I) atoms. The alternate description is that each edge of the Cu,
tetrahedron is doubly-bridged by thiolate. The coordination around each Cu(I) atom
is approximately trigonal planar.

The Cu-S-Cu angles in this idealized geometry would be very acute, and are
relieved to a mean of 73° by displacement of the Cu(I) atoms slightly outwards by
0.04 to 0.13 A from the plane defined by three bonded sulfur neighbors. The mean
Cu-S bond distance in a variety of Cu,Ss clusters is 2.28 + 0.02 A and the Cu-Cu
separation averages 2.75 A.7 Idealized Cu-Cu distances of 2.64 A were calculated for
a Cu,S, cluster with trigonal-planar coordination and Cu-S bond lengths of 2.29 A.*
The observed elongation corresponds to the expansion of the Cu-S-Cu angles. The
question of whether Cu-Cu bonding is significant at this distance is addressed below.
The coordination at Cu is not exactly trigonal, with a variability of S-Cu-S angles from
101 to 142° and a range of Cu-S distances from 2.24 to 2.35 A. The reason for this
derives from the orientation of the substituents R, which must have a symmetry lower
than that of the Cu,S¢ core. Interactions between the substituents affect the S-Cu-S
angles, and in trigonal M(SR); coordination there is a strong correlation between the
M-S distance and the opposite S-M-S angle.!” Should the Cu,(S-Cys)s cluster occur in
copper proteins, similar distortions due to cluster topology may occur as well as
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distortions imposed by the protein structure.

Cug(u-SR)s Clusters: This cluster contains a trigonal bipyramid of Cu atoms with
thiolate ligands doubly bridging each of the axial-equatorial edges.? Consequently, the
two axial Cu atoms are trigonally coordinated, and the three equatorial Cu atoms are
digonally coordinated. The S; polyhedron can twist about its threefold axis, with little
effect on the copper coordination, and is partway between a trigonal prism and an
octahedron in [Cug(SBu')s]. The orientations of the thiolate substituents need not
reduce the core symmetry in this structure type. In a comparable Ags(SR), structure
with a solubilized alkyl thiolate ligand (SCH,CH,CH,NHMe,*) the S¢ polyhedron is
an undistorted trigonal prism.“ Mean values for the Cu®®-S bonds and Cu™-S bonds
are 2.163 + 0.004 A and 2.273 + 0.005 A, respectively.? The S-Cu®®-S angle is
171° with the be_ndin§‘moving the Cu®® atoms towards the center of the cluster.
However the Cu®®-Cu®¢ distances, 3.23 + 0.04 A are larger than Cu-Cu bonding
distances.

Cus(u-SR), Clusters: This structure shown in Fig. 1B is regarded as an expansion of
Cu,(SR),, by insertion of CuSR at one vertex, generating a digonal site. It occurs as
[Cus(SR),}?, and as the silver homolog. The orientation of the thiolate substitutents
necessarily destroy most of the symmetry possible for the core of this cluster, and
consequently there are distortions of the core. S-Cu-S angles range from 105 to 138°,
two of the Cu™ atoms are within 0.06 A of their coordination plane but the other two
are displaced by 0.2 A. The distances between bridged Cu atoms range from 2.65 to
3.13 A. The S-Cu“-S angle is 175°.

Cu,(p-SR)i Cluster: Additional application of the expansion process that generated
[Cus(SR),}* from [Cu,(SR)J*, forms the structure [Cug(SR),]* (Fig. 1C).** This cluster
type with only Cu(l) ions has not been synthesized, but a corresponding cluster with
Cu(]) in the trigonal sites and Au in the digonal sites has been described.*

Cug(u-SR);, Clusters: Cages of C;S;, have been described with various chelating
thiolate ligands.?*? These cages consist of a cube of Cu(l) atoms inside an icosahedron
of sulfur atoms. Each Cu(l) is coordinated by three sulfur atoms and each sulfur atom
coordinates two Cu(l) atoms on an edge of the cube.* The cage sizes vary with the
ligand. The Cu, cube is larger in the D-penicillamine complex (mean Cu-Cu distances
of 3.2 A) than in the ezigsn copper cube formed with dithiolate complexes (mean Cu-Cu
distances of 2.84 A).2** There is negligible net bonding between Cu atoms, %46

Cu,,(SR),; Clusters: The structure of Cu,,(SC¢H,-2-SiMe;,),, is particularly significant
in defining variations in metrical data due to variations in the coordination numbers
of Cu and S. Ther structure contains six Cu atoms with distorted trigonal planar
coordination, three Cu with almost linear digonal coordination, three Cu with slightly
beat (163°) digonal coordination, six triply-bridging and six doubly-bridging
arylthiolate ligands. Overall the cluster is like a paddlewheel with threefold symmetry
about the axle. There are two parallel planes linked by the six doubly-bridging Cu
atoms; each plane with composition Cu,S, contains a triangle of Cu, bridged by
thiolates to form an approximate hexagon, and with terminal thiolates to complete the
threefold coordination at each Cu. Using superscripts to denote the coordination
numbers, ther following bond lengths classes are differentiated: Cu?-S? 2.142-2.169
A, Cu’-$°2.189-2.212 A, Cu’-§%2.198-2.220 A, Cu’-S? c}fposite smaller angle 2.243-
2.263 A, and Cu’-S? opposite larger angle 2.301-2.315 A.

The Cu-Cu distances in polycopper thiolate clusters range upwards from 2.65
A. The question of possible Cu-Cu bonding, and its control of the Cu-Cu distances,
arises in many clusters. The Cu-Cu distances are often found to be about the same as
the separation 2.55 A between Cu atoms in the metal. However, calculations indicate
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that even at Cu-Cu distances of 2.4 A the binding energy is relatively small: Cu-Cu
interactions are relatively soft.***’ In making comparisons with the Cu-Cu distances
in metal it is necessary to recognize that the coordination number in the metal
(12) 1s much higher than in the clusters, and therefore, that the cohesive energy per
Cu-Cu interaction is much reduced. In Cu(l) clusters the interactions with the bridging
ligands are generally considered to detemine the geometry.”’ In clusters such as
Cu,(SR)s and Cus(SR), it is observed that there is systematic movement of the Cu
atoms relative to the centroids of their donor atoms, and these have been interpreted
as indicators of Cu-Cu interactions. However, it is more probable that the
requirements of the bonding with the bridging ligands are determining these
geometries. Therefore in biological copper cysteinate clusters it is not possible to
prescribe Cu-Cu distances: the expectation is that these will be determined by the
protein structure.

STRUCTURAL PRINCIPLES FOR POLYCOPPER THIOLATE CLUSTERS:

We can assemble the following generalizations for polycopper thiolate clusters
as they occur in biochemical systems:
1. The clusters are held together by the bridging thiolate ligands, which are commonly
doubly-bridging. There are no examples of polycopper thiolate clusters containing
terminal rather than bridging thiolate ligands.
2. The Cu(I) coordination numbers can be two (digonal) or three (trigonal), and there
is no evidence of preference between them. Both can occur in one cluster.
Coordination numbers higher than three occur only with uncharged ligands, and it is
likely that such coordination would be secondary with elongated bonds.
3. With limited connectivity due to the low coordination numbers, and with distortable
coordination geometry, the Cu(SR), clusters are not rigid, and can be subject to
substantial distortion.
4. Doubly bridging thiolate ligands are pyramidal at sulfur, and necessarily reduce the
symmetry of the Cu-S(R)-Cu bridge. This in turn can reduce the symmetry of the full
cluster. Because the clusters are not rigid, when substituent configurations destroy the
symmetry at trigonal copper sites there are substantial distortions of the S-Cu-S angles
and the Cu-S distances.
5. Cu-S bond distances are dependent on the coordination numbers. With doubly-
bridging thiolate ligands Cu'®-S is about 2.27 A and Cu®®-S is about 2.16 A.
6. Trigonal Cu(I)(SR); coordination can be distorted both within and out of the S,
plane. S-Cu-S angles can range from 100-140°, and there is a well-defined correlation
between the Cu-S distances and the S-Cu-S angles in trigonally coordinated Cu.*® Cu
atoms can be displaced by up to 0.15 A from the S; plane.
7. Digonal Cu(I)(SR), coordination can be distorted by up to 10° from linearity.
8. Cu-Cu bonding is a minor energetic factor in these clusters, and has little influence
on overall geometry.
9. Structures of CuS clusters in proteins will be dominated by protein conformation
factors and less influenced by cluster bonding requirements. The identity of the R
substituent has negligible effect. In the [Cu,(SR)]* clusters with R as methyl the mean
Cu-S distance was 2.278 + 0.02 A, compared to Cu-S distances of 2.284 + 0.031 A
and 2.298 + 0.028 A for two clusters with R as phenyl.?

To date, there is no definitive structural evidence on biological CuS clusters;
;hgr&fore X-ray absorption spectroscopy has been used to provide insight on this

em.

X-RAY ABSORPTION SPECTROSCOPY OF SYNTHETIC CuS CLUSTERS:
X-ray absorption near-edge fine structure (or XANES) contains structure due to bound-

state transitions, and to more complex phenomena such as continuum resonances.
XANES spectra provide a sensitive probe of electronic structure, although they are
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often difficult to interpret in a quantitative manner. The XANES spectra of a number
of synthetic Cu(I) compounds have been studied by Kau et al.* This work revealed
that both trigonally and digonally coordinated Cu(I) XANES possessed a low energy
feature near 8984 eV assigned as a 1s-»4p bound state transition.*® The intensity of this
edge feature was shown to be indicative of whether the coordination is digonal or
trigonal.*® The intensity of the edge feature was shown to be indicative of whether the
coordination is digonal or trigonal.*® For digonally coordinated compounds the edge
feature is a well defined peak, with an intensity close to 100% of the maximal
absorbance. The feature in trigonally coordinated compounds is reduced to a shoulder
with an intensity of approximately 60% of the maximal absorbance. We measured
XANES spectra for a series of synthetic Cu(I)-thiolate clusters. The spectra of clusters
having stoichiometries Cu,Ss, CusSsand Cu,S, are shown in Fig. 2. These compounds
contain different proportions of digonal and trigonal Cu(l); the tetracopper cluster
[Cu,(SPh)sJ* contains only trigonally coordinated Cu(l), Cu,S; contains three digonal
Cu(]) ions, and Cu,S; contains one digonal Cu(l). Based on the work of Kau et al.*
we might expect that the amplitude of the 8984 eV pre-edge feature to increase with
the fraction of digonal Cu(l). It is immediately apparent from Fig. 2 that this is not
the case. The 89%4 eV feature is of comparable intensity for all three compounds,
despite the change in average coordination of the copper.

Three possible causes for this apparent discrepancy will be considered.
Blackburn et al.® reported that the intensity of the 8984 eV feature decreases with
increased doming of trigonally coordinated Cu-N compounds (see also Fig. 1 in
reference 56). Likewise, deviation from linearity for digonally coordinated Cu(l) ions
may also attenuate the intensity of the edge feature. For the Cu(l)-thiolate clusters
examined, there is slight deviation from linearity of digonal Cu(I), with S-Cu-S angles
in the range of 171-175°.2® Additionally, there is a slight doming of the trigonal
coppers. Taken alone, it seems unlikely that these small distortions would account for
the lack of observed effects of the Cu(l) coordination number. Previous studies of
digonal Cu(T) complexes have been restricted to oxygen and nitrogen ligands.** It is
likely that the increased covalency of the Cu-S bond (relative to Cu-N or Cu-O)
willdiminish the 4p character of the excited state, thereby attenuating the 1s—4p edge
feature. Lastly, it should be remembered that each Cu(]) site in the cluster has subtly
different bond lengths and bond angles, resulting in small changes in electronic
structure and corresponding changes in the XANES. Since the measured XANES
represents an average of the spectra from individual coppers, then subtle differences
in peak position may serve to wash out the intensity of certain features.

One or all three of these possibilities may contribute to the lack of notable
changes in the XANES spectra of Fig. 2. In any case, it is clear that the copper K-
edge XANES cannot be used to accurately predict the presence of digonal Cu(l) in
Cu(I)-thiolate clusters.

Extended X-ray absorption fine structure (or EXAFS) spectroscopy is sensitive
to the local atomic environrment of the absorber (in this case, Cu). In contrast to
XANES, it is readily analyzed in a quantitative manner and can provide information
on the type, number and mean bond distance of ligands in the first few coordination
shells. It is important to note that the absolute acccuracy (as tec‘yipposed to the precision)
of EXAFS bond length determination is generally not limited by the data, but rather
by the transferrability of the EXAFS phase and amplitude functions used in the curve
fitting analxsis. In general, the bond distances are determined to an accuracy of better
than 0.02 A, whereas coordination numbers are determined to about + 25%. EXAFS
of polymetallic metal clusters will be simply a mixture of EXAFS from individual
metal sites and will provide an average picture of the coordination environment of the
metal. The average Cu-S coordination number cannot be determined accurately enough
by EXAFS to yield useful information about the fraction of digonal copper. On the
other hand, the higher accuracy of the Cu-S bond length determination can be used to
determine the fraction of digonal copper, as will be shown below.

The EXAFS of the three CuS model compounds is dominated by the first shell
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Cu-S scattering, with weaker contributions from Cu-Cu outer shells, which are
diagnostic of a cluster. Curve-fitting of the EXAFS was carried out with fixed
coordination numbers based upon the crystal structures. Bond lengths determined by
our fitting procedure (the EXAFS analysis will be described in full in a future
publication) were found to be highly accurate, for example the mean Cu-S distance of
[Cu (SPh)e]*, was determined by EXAFS to be 2.282 A, and this can be favorably
compared with the mean distance from X-ray crystallography of 2.287 + 0.027 A.
The outer shell Cu-Cu distances observed by EXAFS was also similar to the Cu-Cu
distances observed from cyrstallography.
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Figure 2. XANES of CuS Polymetallic Clusters. The stoichiometries of the clusters
are listed.

EXAFS analysis for the three copper thiolate clusters reveals a well-defined
correlation between the mean Cu-S bond distances and the fraction of digonal Cu(l)
ions within the cluster (Fig. 3). The solid line, running through the points in Fig. 3,
is the exxected mean Cu-S bond length, based upon typical crystallographpic values
of 2.28 A and 2.16 A for trigonal and digonal Cu-S bond distances, respectively.??
The curve can be used to clearly estimate the fraction of digonal copper based upon
EXAFS-derived bond lengths. This method can also be used for protein-bound copper
thiolate clusters, assuming that the protein does not impose severe structural
constraints at the copper sites.

If the protein does not impose constraints and angular distortions at trigonal
sites in a CuS cluster, we conclude that the mean Cu-S distance may be an indicator
of the presence of both digonal and trigonal coordination within the same cluster.

The outer shell Cu-Cu distances observed by EXAFS of the synthetic clusters
were similar to Cu-Cu distances observed from the crystal structures. The mean Cu-Cu
distance in the tetracopper cluster was found to be 2.740 A by EXAFS and 2.74 +
0.06 A by crystallography.? In the CusSq cluster Cu-Cu distances of 2.725 and 3.16
A were found by EXAFS analysis, while mean Cu“¢-Cu"® and Cu®®-Cu“® distances of
2.74 and 3.28 A occur in the crystal structure.?
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CuS CLUSTERS IN METALLOTHIONEINS:
NMR and crystal structures have been deduced for Cd(I) and Zn(Il) polynuclear
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Figure 3. Correlation of the mean Cu-S bond distance and the fraction of digonal Cu(I)
in a polymetallic CuS cluster. The solid line is the expected mean Cu-S bond lengths,
based on crystallographic data.

clusters in mammalian metallothioneins.*’* A paucity of information is available on
Cu(l) clusters in MTs. The metal binding stoichiometries and coordination geometries
differ for Cu(l) and Cd(II) ions in MT, so the available structures do not provide a
clear picture of the structure of CuMT. Spectroscopic analyses have been carried out
on CuMTs with the following cluster stoichiometries: Cu,S, from the 8 domain of rat
liver, CugS, from Neurospora crassa, Cu,S,, from S. cerevisiae (fonnerl;) reported as
a Cug cage) and two incompletely defined CuMTs from C. glabrata.’*> Chemical
properties of Cu$ clusters associated with these diverse MTs are similar. The copper
ions are exclusively present in the cuprous state. Absorption bands in the ultraviolet
are consistent with S=Cu charge transfer transitions. The presence of Cu(l) ions with
thiolate ligands results in luminescent complexes. Photoexcitation of proteins
containing Cu(T)-thiolate clusters with ultraviolet radiation gives rise to luminescence.

The emission is Stokes shifted to energies between 580-620 nm and appears to arise
largely from a 3d°4S' excited triplet state centered on Cu(T) as reported for synthetic
CuS clusters.®% There is no feature in the absorption spectrum corresponding to the
excitation band. This is consistent with the expected low extinction coefficient of a
spin-forbidden 3d°4s' triplet — 3d' singlet transition.®' Therefore, metal centered
transitions are likely to account for the observed emission in proteins containing CuS
clusters, whereas a S-»Cu ligand-metal charge transfer transition is responsible for the
intense absorption in the ultraviolet. Unlike synthetic CuS clusters the emission in
CuS-containing proteins is observed at room temperature in aqueous buffers. This is
consistent with the Cu(l) thiolate cluster enfolded within a compact protein structure.
Mononuclear Cu$ clusters are also emissive, so the observed luminescence is not a
property of cluster formation.% At present, the emission properties of CuMT have a
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limited information content on the structure of the CuS cluster.

X-ray absorption edge spectroscopy of proteins containing CuS clusters
indicates a pre-edge peak near 8984 eV for CuMTs from rat liver, dog hepatic
lysosomes, S. cerevisiae and N. crassa.*%¢"% The intensities of the pre-edge feature
resembles the edge feature of synthetic CuS clusters with predominantly trigonal Cu(I)
coordination. Prior to the XANES of the CuS polynuclear clusters described here,
XANES analyses appeared to clearly indicate trigonal Cu(I) coordination in all
CuMTs.! The well-studied CuMT from S. cerevisiae was predicted to contain a Cu,S,,
cluster with exclusive trigonal Cu(I) ion coordination.

Heteronuclear ("H-'®Ag) multiple quantum coherence NMR studies performed
on AgMT from S. cerevisiae established the connectivities of ten cysteinyl residues
with seven bound ®Ag() ions.”” As Ag(l) is isoelectronic to Cu(l), AgMT is
expected to be isostructural to CuMT. This study suggested that the original proposal
of the CuS cluster stoichiometry as Cu,;S,, may be wrong and furthermore that mixed
coordination numbers may exist in CuMT. Based on the NMR results, a new model
of M,S,, emerged having two of the seven metal ions in digonal coordination with the
remainder trigonally ligated.”” Two digonal Ag(l) ions are consistent with the large
chemical shift dispersion for Ag(I) nuclei in AgMT.%’

The suggestion of possible digonal Ag(I) ions in yeast AgMT by NMR
prompted a re-evaluation of EXAFS data of proteins with CuS clusters. There was no
obvious indication from the x-ray edge spectrum of CuMT from S. cerevisiae that
digonal Cu(]) existed in yeast MT. Yet, as shown above with synthetic CuS clusters,
XANES appears insensitive to detect the presence of digonal Cu(]) ions in CusS clusters
with mixed trigonal and digonal coordination.

We previously reported copper K edge and sulfur K edge EXAFS analyses of
yeast CuMT yielding a mean Cu-$ distance of 2.230 A.% Copper K-edge EXAFS of
a a truncated mutant of CuMT (CuT48) gave a very similar bond distance of 2.236
A % Re-analysis of the original EXAFS data using new phase and amplitude functions
gave a mean Cu-S bond distance of 2.242 A and a mean coordination number of 2.6.
EXAFS data on a second yeast CuMT isolate gave a Cu-S distance of 2.250 A.
Comparison of these mean Cu-S distances with the synthetic Cu-S clusters as described
above is suggestive of the presence of digonal Cu(I) ions in S. cerevisiae CaMT. From
Fig. 3 we estimate that CuMT contains a fraction of digonal Cu(I) between 0.3 and
0.4. The fraction of digonal Cu(l) by HMQC NMR measurements of AgMT is likely
to be 0.3. One Ag(I) resonance with a chemical shift range consistent with trigonal
Ag() was observed, yet ligation to only two cysteinyl residues was seen. From
chemical shift arguments that Ag(T) resonance is expected to be trigonal. A conclusion
of digonal Cu(I) ions based on Cu-S distances is based on the premise that the protein
backbone does not constrain the CuS cluster to alter Cu-S bond distances. This
afsumpgion may be valid as the MT protein structure seems to be dictated by the CuS
cluster.

EXAFS analyses have been carried out on the Cuf8 domain of rat MT,
Cu,ZnMT from pig liver, lysosomal CuMT from doi liver, and CuMT from N. crassa
(Table I).%"% ~ A mean Cu-S distances of 2.27 A was reported for the CuMT 8
domain.® The stoichiometry of this latter cluster is CugS,. The Cu-S distance was
based on a best fit of EXAFS data occurring with a coordination number between 2-3.
The CugS, cluster in CuMT from N. crassa was predicted from EXAFS to consist of
3-4 sulfur atoms at 2.20 A and perhaps two sulfurs in an outer shell at 2.72 A.%* The
best fit of the EXAFS data of lysosomal CuMT was reported to be four sulfur atoms
at 2.27 A.% It is not clear whether lower coordination numbers were tried in the curve
fitting of the lysosomal CuMT. The mean Cu-S distance and XANES spectrum are
both more consistent with predominantly trigonal coordination. Copper EXAFS data
on Cu,ZnMT from pig liver did not distinguish between a model of trigonal Cu(l)
coordination (mean Cu-S distance of 2.25 A) or a model of trigonal Cu(l) ions with
one Cu-S bond at 2.17 A and two Cu-S bonds at 2.29 A.® Curve fitting with models
of lower coordination number was stated to be unsatisfactory.
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Based on the correlation of Cu-S mean distances and fraction of digonal Cu(I),
the pig Cu,ZnMT and N. crassa CuMT may be expected to contain a fraction of
digonal Cu(l) ions. The N. crassa CuMT may be expected to have a significant
portion of digonal Cu(l) based on the mean Cu-S distance of 2.20 A in the first shell.
If the mean Cu-S bond distance correlates with the fraction of digonal Cu(l), the N.
crassa CuMT would be an excellent test case. HMQC NMR of AgMT from N. crassa
would be a revealing study. In contrast, the CuS, cluster in the 8 domain of rat MT
is likely to contain predominantly trigonal coordination geometry. The Cu,ZnMT from
pig liver is homologous to the MT from rat liver, so one may expect the same
coordination geometry in both proteins. From the reported copper stoichiometry of 3-5
mol equivalency in the pig Cu,ZnMT, it is conceivable that the coordination geometry
in CuMT may be influenced by the stoichiometry of the cluster. There is no evidence
that Cu(l) ions and Zn(II) can co-exist within the same cluster.

Cu-Cu interactions were seen in each CuMT. The mean Cu-Cu distances are
near 2.7 A for each protein. This value is com%arable with the mean Cu-Cu distances
observed in tetracopper clusters (2.74 £+ 0.06 A)."” The presence of a detectable Cu-
Cu interaction is the best indicator that each CuMT contains a polynuclear Cu(I)-
thiolate cluster.

CuS CLUSTERS IN ACEl:

Eleven of the twelve cysteinyl residues are critical for the functioning of CuACE] in
S. cerevisiae.™ Physical studies have been carried out with the N-terminal half of the
protein expressed in E. coli."™™ This segment of the ACE1 polypeptide, containing
the eleven essential Cys residues, is responsible for specific DNA binding.*® DNA
binding requires the presence of bound Cu(l) or Ag(l) ions.>!! Cu(T) binding appears
maximal between 6-7 mol equiv. Cu(l)."" At present it is unclear whether the Cu(l)
ions are clustered in a single or multiple centers. The Cu-protein exhibits S-Cu charge
transfer bands in the ultraviolet and is luminescent with emission occurring between
580-620 nm.!"”? The LMCT bands and emission are abolished upon acidification to
below pH 2. These optical properties are similar to those of CuMT."

X-ray absorption spectroscopy has been performed on E. coli isolates of CuACEL
as well as CuACEl prepared by in vitro reconstitution protocols. The XANES
spectrum is dominated by an edge feature near 8983 eV as seen in CuMT. As the CuS
polynuclear cluster(s) contains 6-7 Cu(I) ions, the interpretation of the XANES edge
feature is ambiguous. Based on the earlier model compound data of Kau et al.*, the
conclusion was reached that the Cu(f) ions were predominantly trigonal.'"”

TABLE 1
Features of CuS Polymetallic Clusters in CuMTs

CuMT Stoichiometry Cu-S Predicted Fraction of (Ref.)
A Digonal Cu(l)

Rat CuMT-8 CugS,y 2.27 0.1 (0) 55

Dog CuMT 2.27 0.1 (0) 67

Pig CuMT Cu, 2.25 0.3Q) 69

Yeast CuMT Cu,S,, 2.24,2.25 0.3 (2-3) 56

N.crassa CuMT  Cu,S, 2.2 0.8 (5) 68

Notes: The cluster stoichiometries have been reported in detail for only the rat 8
domain MT, S. cerevisiae CuMT and N. crassa CuMT. In the pig hepatic CuMT the
sample contained both Cu and Zn and the Cu content was reported to be 5. The
numbers in parentheses are the predicted number of digonal Cu(I) in each molecule.
It is important to note that for the dog, pig and N. crassa MTs different EXAFS phase
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and amplitude functions have been used which may add to some uncertainty in the
digonal Cu(I) estimate for these samples.

EXAFS of CuACEl revealed a major scatterer in the first shell that fit well
with sulfur atoms. A similar mean Cu-S bond distance of 2.26 was observed by two
groups independenly.'” The data set of Nakagawa et al.”” was best fit with a
coordination number of 2.34, the best fit of the CuACEl samples reported by
Dameron et al.!! had N values of 2.9 and 3.0. The accuracy of Cu-S bond distances
was £ 0.02 A but only + 20% for N values.!! The mean Cu-S distance of 2.26 A
is clearly consistent with predominant trigonal Cu(l) coordination. From the synthetic
CuS cluster correlation in Fig. 3, one may conclude that if CuACE1 contains any
digonal Cu(]) ions the contribution may be only a single ion. The stoichiometry of
CuACE1 may therefore by 5-6 Cu™ and 0-1 Cu®e.

Cluster formation in CuACEl was indicated by the observed Cu-Cu
interactions apparent in the EXAFS. These Cu-Cu interactions occurring at 2.72 A are
equivalent to the short Cu-Cu distances observed in CuMTs and synthetic trigonally
coordinated CuS cages. The mean number of scatters per absorbing copper atom was
2 for both ACEI reconstituted with Cu(lI) in the presence of 1 mM glutathione and
native yeast CuMT. A lower number of scatterers was observed in CuUACE1 prepared
by reconstitution procedures in the absence of glutathione."

In summary, a polynuclear CuS cluster forms in CuACEL. The formation of
the cluster activates the protein for specific DNA binding. Although it is not clear
whether the 6-7 Cu(l) ions are present within a single cluster, the Cu(I) ions are
bound in a compact protein structure shielded from solvent interactions. Mixed
coordination geometries may exist in CuACEl as in CuMT although trigonal
coordination is clearly dominant.

OTHER BIOLOGICAL CuS CLUSTERS:

Spectroscopic studies of other Cu-binding, Cys-rich peptides and proteins have been
performed. We have analyzed the in vivo produced Cu-(vEC),G peptide complexes
from S. ?ombe and the in vitro prepared CuE7 protein complex from the papilloma
virus.'*!® The stoichiometry of the Cu-isopeptide complex was 2.3 g atoms Cu(I) per
peptide.”® The complex is an oligomer of undefined M,, so the Cu(l) stoichiometry
per complex remains unresolved. The likely Cu(l) stoichiometry per cluster is between
4-6 mol eq. The isopeptides within the complex are heterogeneous in length with an
average number of dipeptide repeats of 3.6. Thus, the mean Cu:S ratio in the
isopeptide complexes is 0.6. This is compared to ratios of 0.5 to 0.8 in CuMTs. The
S. pombe Cu clusters are luminescent which implies the presence of Cu(l). Cu()-S
coordination is also indicated by EXAFS analysis. A mean Cu-S bond distance of
2.271 + 0.0041 A was determined. Trigonal coordination yielded the best fit of
EXAFS data and is consistent with the corelation of Cu-S bond distances and synthetic
complexes. A Cu-Cu interaction was apparent in the outer shell at 2.746 A. This Cu-
Cu scatterer peak is indicative of a polynuclear CuS cluster.

The E7 protein from papilloma viruses is a metalloprotein. The identity of the
metal ion populating the binding site in virally infected cells is unclear, but expression
of E7 genes from human HPV16 papilloma and rabbit CRPV viruses in an E. coli
expression system yields E7 protein as a ZnE7 protein complex. The bacterially
expressed human and rabbit E7 proteins bind maximally 1 and 2 mol eq. of divalent
ions.!* The Zn(I) ions in the E7 proteins undergo a rapid metal exchange reaction
with Cu(]) ions yielded CuE7 proteins with stoichiometries of 2 and 3 mol eq. for
HPV16 and CRPV CuETs, respectively.!® The CuE7 proteins exhibit absorption
bands in the ultraviolet characteristic of Cu-S ligation. The CuE7 proteins are
luminescent with a similar Stokes shift to the emission of CuMTs. This is indicative
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of Cu(I) ligation. X-ray absorption spectroscopy on CRPV CuE7 revealed a mean Cu-
S distance of 2.265 X and the presence of a Cu-Cu scatter peak indicative of a
multinuclear CuS cluster. As CuE7 contains only 3 mol eq. Cu(l), any digonally
coordinated Cu(I) ions would be expected to be more clearly evident in both the edge
absorption and in the mean Cu-S distance compared to CuS clusters of higher
nuclearity. The edge feature at 8983 eV and mean Cu-S distance are most consistent
with exclusive trigonal Cu(I) coordination.

The oncogenic E7 protein is capable of forming a polynuclear CuS cluster. It
is not clear whether the physiological form of the E7 protein is as ZnE7 or CuE7. If
E7 does exist as ZnE7, it is conceivable that an in vivo metal exchange reaction may
result in CuE7. As the physiological activity of E7 in viral transformation is
unresolved, there is no information on whether the function of E7 is dependent on a
specific metal ion.

SUMMARY:

A variety of proteins form CuS polynuclear clusters that mimic the CuS cages
characterized as synthetic model compounds. There is a tendency for multinuclear
cluster formation with thiolate ligands, so the similarities in cluster chemistry between
biological molecules and synthetic model compounds may not be surprising. The
tendency for cysteine-rich polypeptides to form Cu(I) clusters may relate to the
strength of the Cu-S bond. The strength of this bond is illustrated by the observation
that mercaptide sulfur is the only ligand capable of displacing acetonitrile from a
[Cu(CH,CN),]* complex in 50% acetonitrile.” All other ligands require a substantial
dilutiton of acetonitrile before complexation is observed.™ In most proteins containing
CusS clusters, the polypeptide fold is largely dictated by CuS cluster formation. This
is clearly the case in CuMTs. The function of ACEI as a transcriptional activator
protein 1s dependent on the formation of the CuS cluster. ACEl binds Cu(l) and
Cd(I) ions in different conformers and with different coordination chemistry. It
therefore appears that cluster coordination chemistry is the basis for Cu(I)-specific
metalloregulation seen in ACEl and likely AMT]1.

The biological CuS polynuclear clusters appear to be as diverse as the synthetic
CuS model compounds. Based on synthetic CuS model compounds the nuclearity of
clusters may expand from Cu, to Cug. A wider range of CuS polynuclear clusters ma
be observed with biological molecules. It is expected that CuS clusters wil
nuclearities below 4 will be seen in proteins such as CuE7. Clusters with exclusive
trigonal Cu(I) coordination exist and it now appears that CuS cages with mixed
digonal and trigonal coordination geometry may also occur.

The identification of the coordination geometry within a given CuS
multinuclear cluster is difficult. The combination of XANES and careful analysis of
Cu-S bond distances from EXAFS aj to be the best spectroscopic indicator in the
absence of x-ray crystallographic and/or NMR structural data. From the Cu(I)-thiolate
synthetic model compounds discussed here, it appears that the mean Cu-S bond
distance may be a better indicator than the nature of the 8983 eV edge feature in
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INTRODUCTION

Since the mid 1980's, the field of metal ion chemistry has rapidly expanded to include
the molecular biologists intrigued by the involvement of heavy metals in gene function
and regulation. In particular, metals such as copper that are both toxic and essential for
life represent an interesting dichotomy to metal ion biologists; much research currently
focuses on identifying the cellular factors controlling accumulation, distribution and
detoxification of these ions. The bakers yeast S, cerevisiag provides an ideal system in
which to conduct these studies. The application of yeast molecular genetics should
facilitate the isolation of key genes controlling metal ion homeostasis and should provide
the molecular tools for probing structure and function of the encoded proteins.

The molecular mechanisms by which S.cerevisiae accumulate and detoxify Cu
ions will be the subject of this report.

FACTORS CONTROLLING CELLULAR CU UPTAKE

The factors mediating cellular uptake and efflux of Cu ions most certainly play a key
role in homeostasis of the metal. Although the kinetics of cellular Cu transport have
been well-characterized for a variety of eukaryotic organisms, the relevant cellular
proteins have not been identified, perhaps to the limitations of traditional biochemical
approaches. Our laboratory has thus applied a genetic approach in yeast as a means for
isolating metal uptake and efflux factors. In principle, the goal of this research has been
to isolate key genes controlling cellular Cu transport and then to identify the encoded
protein through gene structure and function analyses. Isolation of the genes involved in
Cu transport would also allow for the mass production of the encoded polypeptides,
eventually facilitating high resolution structural analyses of the putative Cu protein(s).

From K.D. Karlin and Z. Tyeklér, Eds., Bioinorganic Chemistry of Copper
(Chapman & Hall, New York, 1993).
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Dual Mechanisms of Cu Uptake in Yeast

The kinetics of Cu uptake in S, cerevisiae have been examined by Kosman's
laboratory!l. When cells are grown to a mid-logarithmic state, Cu transport appears to
occur through a single saturable carrier, and the uptake parameters of V?, and ky,
obtained in yeast were quite similar to that reported for mammalian cells 23, ai’-iowevcr,
mammalian cells exhibit both saturable and non-saturable Cu uptake 45, and in yeast,
iron uptake occurs through saturable and non-saturable mechanisms as well 6. It was
thus conceivable that Cu likewise enters yeast through multiple uptake pathways.

To explore the possibility of redundant Cu transporters in yeast, kinetics of Cu
uptake were examined as a function of growth state. As shown in Fig. 1A, Cu transport
in rapidly dividing cells exhibited saturation kinetics, confirming previous
observations!. However, a quite different pattern of uptake predominated in resting
cells that reached stationary phase upon nutrient starvation. In this case, transport
appeared biphasic with an apparent high affinity saturable transporter evident at nM
concentr';ltions of the metal, followed by a non-saturable mechanism at higher levels
(Fig. 1B).

Figure 1: Kinetics of Cu uptake in S, cerevisiae: The indicated
strains of yeast were grown in minimal media to either (A) mid-logarithmic
state (optical density of 1.0 at 600 nm) or (B) stationary phase (optical density
3.0-4.0) and were incubated with the given concentrations of CuSO4 for 5
min. Cells were rapidly harvested, washed and analyzed for Cu content
through atomic absorption spectrophotometry as previously described 1.

The underlying basis for the non-saturable transport is unclear but may represent either
simple diffusion or a non-interacting channel.
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Overall, these biochemical studies indicated that Cu can enter the yeast cell
through multiple pathways. The question then remained: do these pathways involve
identical or distinct cellular factors? A genetic approach was then developed to identify
the determinants of saturable and non-saturable Cu transport in yeast.

Generation of Yeast Mutants Defective for Cu Uptake

Our general approach to cloning Cu transport genes has been to isolate mutants of yeast
defective for Cu uptake or efflux and then to use these mutants to isolate the

nding gene through complementation. This strategy involved the generation of
Cu-resistant (cur) mutants of yeast. Even with multiple transporters, mutations in a
single transport gene would be expected to have a pronounced effect on Cu
accumulation and should alter the cell's tolerance towards Cu toxicity.

Isolation of Cu-resistant strains involved the use of 19.10B, a Cu-sensitive
yeast strain that lacks the large CUPI metallothionein gene repeat and fails to grow on
Cu concentrations > 50 uM’. Cu-resistant derivatives of this yeast were isolated by
plating onto media containing 100 pM Cu and by isolating viable colonies.
Approximately 20 Cu resistant mutants isolated in this manner were subject to genetic
and biochemical analyses.

Genetic analyses demonstrated that in all but one of the 20 original cur
isolates, Cu-resistance was due to a single nuclear gene mutation. Moreover, these 20
mutants could be classified further into 4 complementation or allelic groups that we
have designated "curl- cur4". In general, these mutants appeared specific for
homeostasis of Cu ions. None of the mutants are unusually resistant to silver, and only
one (curd) exhibits a striking co-resistance to cadmium toxicity (data not shown).

To determine which if any of the cur mutants were defective for uptake or
efflux of Cu, metal transport studies were conducted. For these experiments, the four
classes of cur mutants and the 19.10B parent from which they were derived were
cultured to either mid-logarithmic or stationary phase, and initial rates of Cu uptake
were measured. In rapidly dividing yeast (Fig. 1A), only one mutant exhibited
abnormal Cu uptake. Mutant cur2 notably displayed a 60% decrease in initial velocity
of uptake. However when cells were cultured to stationary phase, cur2 exhibited
normal Cu uptake while the cur! mutant showed significant impairments in both the
apparent high affinity transporter as well as in the non-saturable uptake (Fig. 1B).

Overall, these studies demonstrated that Cu-resistance in both curl and cur2
results from decreases in Cu uptake, although distinct components of metal transport
are impaired. Mutant cur2 is affected in the saturable transport characteristic of dividing
cells and curl is impaired in the non-saturable uptake that predominates in resting yeast.
Since curl is also a Cu-resistant cell, the non-saturable transport most certainly
contributes to intracellular Cu accumulation. The basis for Cu-resistance in cur3 and
curd is not clear; other experiments including Cu efflux studies (data not shown)
suggested that these strains are not mutants of Cu transport.

Cloning the Cu transport genes

The CURI gene has recently been cloned through complementation. This gene was
isolated by transforming the cur! mutant with a library of wild type yeast gene
sequences and by screening for transformants that became Cu-sensitive. (A cell that
contains both a functional and mutant copy of the CURI gene was expected to
demonstrate normal levels of Cu uptake and hence, Cu-sensitivity). The putative CURI
gene was then isolated from the yeast and was demonstrated to reproducibly convert a
Cu-resistant cur] mutant back to a Cu-sensitive cell. Restriction analyses demonstrated
that the putative CURI gene is contained on a 7.0 kb segment of yeast DNA. Current
studies are directed towards identifying the encoded protein through gene sequence
analyses and gene structure/function studies.
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Overview

Our recent studies have indicated that Cu transport in S, cerevisiae is quite complex,
consisting of one or more saturable systems in combination with linear mechanisms of
uptake. The curl and cur2 mutants described here should prove valuable for resolving
the various components of Cu transport and for understanding some of the underlying
mechanisms. Although our original genetic screen revealed only two complementation
groups involved in Cu accumulation, the involvement of others is likely. We have
therefore embarked on a second genetic screen and have recently isolated mutants of
curl that have become hyper-resistant to Cu toxicity due to mutations in additional Cu
homeostasis genes. Identification of these additional Cu homeostasis genes through
the aforementioned combination of biochemical, genetic and molecular approaches,
together with an understanding of the CUR1-CUR4 factors, should provide a clearer
picture of the mechanisms of Cu ion homeostasis in eukaryotes.

COPPER INDUCTION OF METAL DETOXIFICATION SYSTEMS

Although trace levels of Cu are vital to all life forms, non-physiological concentrations
of the metal can be damaging to biomolecules. The basis for Cu toxicity appears to
involve several mechanisms. This metal may inactivate essential enzymes by
inappropriately complexing enzyme thiol groups8. Furthermore, there is an increasin
body of evidence supporting the Cu-catalyzed production of toxic oxygen radicals 9-13,
To protect against Cu-related toxicity, organisms have evolved metal detoxification
systems that are typically induced under conditions of metal ion stress. In most
instances, this induction occurs at the level of gene transcription.

One of the best understood metal detoxification system involves the
metallothioneins (MTs). These proteins are found in virtually all eukaryotes and act to
protect cells against metal poisoning by binding to and sequestering metals such as Cu,
Cd, and Hg!4. Metallothioneins are induced at the level of gene transcription by many
of the same metals that bind to the protein. This curious method of gene control is best
understood in the yeast S. cerevisiae where Cu-induced expression of MT or the CUP1
locus is mediated by a Cu and DNA binding transcription factor, ACE115,

Copper in yeast is also reported to induce the activities of superoxide
dismutase (SOD) and catalase, enzymes that act to scavenge cellular Op- and HyOp,
respectively!6. 17, Indeed, these enzymes have been shown to reduce Cu-induced
biological damage, })resumably by circumventing the metal-catalyzed production of
reactive oxygen 1213,  Hence, induction of SOD and catalase in response to toxic Cu
may represent a second line of cellular defense against metal-related damage.

Recent studies have indicated that the SOD1 gene encoding Cu/Zn SOD in
yeast is induced by Cu at the level of gene transcription and that this induction involves
ACE], the same Cu sensor factor that regulates CUPI 18,19, The mechanism by which
Cu regulates catalase activity however, was less clear. &mﬂgg contains two
forms of catalase: a peroxisomal catalase A encoded b?' e CTAl gene?’ and a soluble
or cytosolic catalase T encoded by the CTTI gene2l. To further understand metal
regulation of these enzymes, our laboratory has investigated CTT! and CTAI gene
expression as a function of Cu treatment.

Northern analyses of catalase gene expression in yeast

Northern blot analysis was employed to quantitate catalase gene expression in response
to Cu. In these experiments, total RNA was isolated from yeast grown in the presence
or absence of Cu and was resolved by denaturing gel electrophoresis. The RNA was
then transferred to a nylon membrane, and reacted with a radio-labelled DNA probe
consisting of CTAI or CTTI gene sequences.
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Catalase A mRNA levels are not induced by copper, Catalase A mRNA was
visualized by hybridization with the CTAI probe and as shown in Fig. 2A (top), CTAl
mRNA levels did not increase with Cu. In our other studies, Cu failed to induce the
CTAI gene under a wide variety of Cu concentrations and growth conditions tested (not
shown). Thus, if Cu activates catalase A, induction occurs at either the translational or
post-translational level.

Induction of catalase T by copper. The role of Cu in catalase T gene
expression was investigated similarly using a radio-labelled probe bearing CTT! gene
sequences. In contrast to the peroxisomal catalase, CTTI mRNA levels were in fact
induced approximately 3 fold upon a 1 hour incubation with 100 uM Cu (Fig. 2A,
bottom). Moreover, this level of induction closely paralleled that observed with the
SOD1 gene upon Cu treatment 1619, Substantially higher concentrations of the metal
failed to induce CTT1 gene expression, perhaps due to a Cu toxicity effect also
observed with CTAI mRNA (Fig. 2A, top).

Figure 2: Regulation of Catalase mRNA levels by Copper: Yeast
cells were grown to stationary phase in an enriched yeast extract based media
containing 0.5% glucose and were treated with the indicated mM concentrations
of CuSO4_ Total RNA was then subject to Northern blot analyses. Arrow
indicates position of the catalase A or catalase T transcript, revealed by
hybridization with the CTAI 20 or CTT12! gene probe, respectively. Wild
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