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PREFACE

During the last decade significant attention has been focused on the role of metal atoms in
biology, giving rise to a very active research field of Bioinorganic Chemistry. Many
crucial questions arising from the interference of metal ions in our life still remain
unanswered. Even though very important structures of metalloenzymes as MoFeco of
nitrogenase, copper or manganese superoxide dismutase ot plastocyanin are known, the
synthetic toutes of modelling these centers are of great interest. Besides, other
metalloenzymes, like the manganese center of Oxygen Evolving Complex(OEC) of PSII,
are still in the centre of structural and spectroscopic in-depth examination. The drug-metal
interaction and the metal ions antagonism are also an essential area of investigation. The
understanding of the chemistry of metal jons in biological systems will be most beneficial
to the scientific community because it will make possible the attack on certain difficult
problems. Such problems may include biomineralization and the future production of
advanced materials by micro-organisms. The NATO ASI, on which this book is based,
was organised to promote interactions across these fields, to expose young researchers at
an early stage of their careers to the several conceptual frameworks that currently
contribute to the area.

Therefore, in June, 1994, about ninety scientists gathered at the Olympic Palace, on
the Ixia coast near the City of Rhodes, Rhodes Island of Aegean Sea, Greece, for a two-
week Advanced Study Institute dedicated to the theme of Bioinorganic Chemistry. This
volume contains most of the invited lectures presented at the NATO ASI on "Bioinorganic
Chemistry: An Inorganic Perspective of Life". It was decided not to 'referee' the submitted
manuscripts, and therefor the entire responsibility of the content of the lectures rests with
the authors.

It was my pleasure to act as the Director of the NATO ASI and I am most grateful to
my esteemed colleagues on the Organising committee, Prof. Dimitri Coucouvanis,
University of Michigan, USA, Prof. Mercouri Kanatzidis, Michigan State University USA,
Dr. Bernard Meunier, CNRS, Toulouse, FRANCE and Prof. Athanassios Coutsolelos,
University of Crete, GREECE and the invited lecturers for their enthusiastic support and
valuable advice on various matters relating to the ASI. My special heartfelt thanks go to
the students without whose interest and participation the ASI would not have been
possible.

I sincerely thank Dr. L.V. da Cunha, Director, NATO Advanced Study Institute
Programme and his Staff, who helped me throughout the various Stages of the ASI.

Of course the ASI would not have been possible without the financial aid of NATO.
We are also grateful for the very important financial support and technical assistance
provided by the Greek Secretariat of Research and Technology, the Greek Ministry of
Industry, the Greek National Tourist Organisation, the Municipality of Thessaloniki, the
Municipality of City of Rhodes, the University of Thessaloniki, the University of Crete,
the Center of Solid Fuels Technology & Applications(C.S.F.T.A.), DOW Hellas and
Petrola Hellas.

The local arrangements were handled with the cheerful aid of Dr. Catherine
Dendrinou-Samara, Ms. Dora Malamatari and Mr. Nasos Papadopoulos. I also express my
thanks to Prof. Evangelos Bakalbassis, who has handled many manuscript for this book,
reformatting most of the chapters, and skilfully catching slips of the authors’ word
processors. 1 cannot fully express my appreciation for the unfailing support and
understanding given to me by my wife Mary and my sons Philip and John during my
Directorship of the Advanced Study Institute.
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Finally I would like to express my best thanks to Professor George Manoussakis for
his presentation during the ASI dinner. It was an excellent historical review of the sciences
developed in Ancient Aegean Sea, where the Rhodes Island is situated. I believe that the
readers of this book will loose the roots of the scientific output of this meeting without
having access to this presentation. So it would be a pleasure for me if this preface came
along with the following speech of Prof. George Manoussakis.

Dimitris P. Kessissoglou
“Ladies and Gentlemen,

As you know we are in the south part of the Aegean Sea which was the cradle of a great
civilisation 25 centuries ago. Several very well known philosophers were born and have
developed their ideas in this area.

I will stop at those places which are more important to us as chemists. I will stop to the
philosopher who tried to answer most successfully to the question “what is the world
made of?”. I will focus particularly on the Ionian and Atomic Philosophers.
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The Ionian or Milesian School is represented by Thales, Anaximander and Anaximanes, all
three were from the same prosperous Ionian city of Mellitus. Their time overlapped in the early
sixth century B.C.

Thales concluded that the world is made of water. The train of thoughts which led him to
this conclusion is that water exhibits itself in three forms: solid, liquid and gaseous as ice water
and steam. Water is everywhere and is a component almost of everything, alive or not. He also

supported the idea that Earth rests on water.

The younger fellow-citizen of Thales, Anaximander supported the idea that the world is a
result of the combination of opposite qualities, of which four were primary, hot and
cold, wet and dry. The combination of wet and cold gives water, wet and hot air, hot and
dry fire, cold and dry earth. According to Anaximander, and opposite to the Thales suggestion that
earth rest on the water, earth rests on nothing and it does not fall because it is situated just on the
center of the universe and has no reason for falling in one direction or another.

wet air hot
water fire
cold earth dry

The ideas of Anaximander were adopted later by Aristotle from Stageira in his notation of
the four basic “elements” of which the material world consisted of: they emerged from the
opposition of and contained the properties proposed by Anaximander, i.e. the combination of wet
and cold gives water, wet and hot air, hot and dry fire, cold and dry earth.

Anaximenes, another member of the Milesian School, claimed that the primary substance is
air (aer, aitip). According to him, the term air includes mist or fog. Air, surrounds the earth;
moreover, air is possible to undergo udvwon, Ie., condensation. The name manometer is after the
word pdvwon. The result of the udvwon(condensation) is mist, water and further, solid and stones.
He also supported that “air is the stuff of life”.

Pythagoras, was bomn in island Samos (550 BC), his main interest was initially
mathematical. He used to say that “Things were number and the harmony of
sounds and the movement or stars is a matter of mathematical
equations”. Also he believed that “The number is in the center of matter
and adjusts its properties”. We know today that the atomic number, the number of
protons in atomic nucleus, adjusts the chemical properties of th elements.

The Pythagorean ideas of a peacefill and harmonic world, were rejected by Heraclitus,
another famous Ionian philosopher.

Heraclitus (576-480), from Ephessos of Asia Minor, believed that war Is the father of all
and there is attraction between opposites. His primary substance was fire. According to him
everything comes from fire and ends to fire. He said that “fire consists of tiny
particles” which he named “yriyuata” The “fire” of Heraclitus may be regarded as
corresponding to energy and in an analogous manner “yiiyuata” to the quanta of
energy.

All these ideas of the Ionian philosophers may sound today as simply-minded, but we have to
remember that until their time the theories about the creation of the universe were based entirely
on purely magical or theological explanations and the forces of nature were attributed to the
actions of the anthropomorphic gods, e.g. Zeus (cloud-gatherer, thunder-striker) and Poseidon
(mover of earth, ship-wrecker).
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The atomic philosopher Democritus, from Avdera of Thrace (460 BC), believed that the
smallest particles of matter and tl’zkerefore of substances are atoms.
The characteristics of atoms  are the following:

-unsplitable,

-too small to be perceived by senses
-clashing and recoiling in endless motion and
-substantial identical.

Atoms differ in size and shape only as the difference between the letters A and N. The
combination in different ways of these letters (atoms) gives the isomers compounds AN or NA.
So Democritus had, in a way, predicted the phenomenon of isomerization. Democritus with his
Atomic Theory tried to explain many properties of matter.

Hard-soft. Hard things are made of atoms packed closely together, so the absence of the
possibility of compression offers resistance to the touch. Soft things are made of atoms wider
apart. They contain more empty space and so are capable of compression thus offering less
resistance to the touch.

Taste. Sweet things are made of smooth atoms. Bitter taste is caused by sharp atoms which
make minute excoriation on the tongue.

Colour. The various positions of the atoms on the surface of objects causes the light, which
falls upon them, to throw back or reflect in different ways. These differences we perceive as
different colours.

Volatility. The volatile substances consist of particularly small, fine and round atoms
moving quickly because of their smallness and roundness.

Smell. Atoms of a certain size and shape, being in the surface of substance, detach from the
surface and as they drift through the air to the nose produce the sense of smell.

We believe today that the atoms of a certain size and shape, being in the surface of a
substance, detach from the surface and as they drift through the air to the nose, fill the receptors
of the ends of certain nerves stimulate them and produce the sense of smell.”

* The word atoms comes from the word dropo which means indivisible. The letter a- preceding greek
words has a steretic value corresponding generally to modern un- and the verb téuve means to split.
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METHANE MONOOXYGENASE

STEPHEN J. LIPPARD

Department of Chemistry
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139 USA

ABSTRACT. The X-ray crystal structure determination of the resting state of the
hydroxylase enzyme of methane monooxygenase from the organism Methylococcus
capsulatus (Bath) reveals a dinuclear iron center bridged by a hydroxide ion, an acetate
ligand from the crystallization buffer, and the carboxylate group of a glutamate residue. The
terminal positions of this diiron(IIT) unit are occupied by three additional glutamates, two
histidines, and a water molecule. Residues adjacent to this bioinorganic active site form a
hydrophobic pocket for methane binding. The reaction cycle of the enzyme begins with
reduction to the diiron(I) state in the presence of substrate and two other protein
components, a reductase and a small molecular weight coupling protein, also known as
protein B. Reaction of the reduced hydroxylase with dioxygen proceeds through several
intermediates prior to hydroxylation of alkane to yield the product alcohol, water, and the
resting diiron(III) form of the enzyme. The rate of the reaction, regioselectivity of
hydroxylation, and ability to detect the intermediates spectroscopically depends upon the
presence of the coupling protein. Freeze-quench Md&ssbauer and low temperature stopped-
flow optical spectroscopic experiments have identified two key intermediates in the reaction
cycle, designated L and Q, the properties of which are discussed. Experiments with radical
clock substrate probes revealed no evidence for substrate radical intermediates. Mechanisms
are proposed to account for these observations.

1. Introduction

Methane monooxygenase is an enzymatic system comprised of three proteins, a
hydroxylase (H), a reductase (R), and a coupling protein, also known as protein B,
which selectively and efficiently converts methane to methanol in the methanotrophic
bacterium Methylococcus capsulatus (Bath).13 A diagrammatic representation of
these components and the overall reaction catalyzed by this system are presented in
Fig. 1. The catalytic unit responsible for hydroxylation is a non-heme dinuclear iron
center housed in the a subunit of the hydroxylase. It resembles carboxylate-bridged
diiron centers in other dioxygen-utilizing proteins such as hemerythrin and

1

D.P. Kessissoglou (ed.), Bioinorganic Chemistry, 1-12
© 1995 Kluwer Academic Publishers.



2

ribonucleotide reductase.*S Our laboratory has engaged in a broad program to
investigate both the MMO system and model compounds for the dinuclear center in

the hydroxylase enzyme.

CH,+NADH+H'+0, @ ————>» CH;O0H + NAD*+ H,0

CHy
Oy + 2HY

Hy0 CH30H

NADt + H

Hydroxylase (H) Reductase (R) Coupling protein (B)
251 kDa 38.6 kDa 15.5 kDa

Fig. 1. Proteins of the methane monooxygenase system from M. capsulatus (Bath). The rela-
tive positions of the a, B, and y subunits of the hydroxylase protein are as determined

in the X-ray crystal structure. The binding sites of the B and R proteins on H are unknown.
Reprinted with permission from ref. 7. Copyright 1994, American Chemical Society.

Our goals have been to determine the structure of the hydroxylase enzyme and its
interactions with the other components; to measure and understand the physical
properties of the dinuclear iron center in relation to the structure; to elucidate the
chemical properties of the non-heme diiron center of the hydroxylase, including its
redox states, substrate binding, and dioxygen reaction chemistry; and to unravel a
detailed mechanism for the hydroxylation of alkanes, particularly methane. The
present article describes recent progress made in determining the structure of the
hydroxylase by single crystal X-ray diffraction and the use of spectroscopic and
chemical probes to gain insight into the reaction cycle. A more general, in-depth
summary, including a broad discussion of the reactions of diiron(II) model systems
and proteins with dioxygen, may be found elsewhere.’



2. X-ray Structure of MMO Hydroxylase from M. capsulatus (Bath)

The X-ray crystal structure of the MMO hydroxylase in its resting, diiron(III) state
has recently been determined to 2.2 A resolution.? The results provide detailed
information about the coordination environment of the dinuclear iron center;
interactions among the a, b, and g subunits of this component; possible pathways by
which methane might access and methanol might depart from the active site; the
hydrophobic pocket for methane binding; and possible positions on the iron atoms
where dioxygen and species derived therefrom might coordinate. Fig. 2 presents the
overall structure of the hydroxylase, which has a non-crystallographically required
twofold symmetry axis running through it vertically, in the plane of the page.

Fig. 2. MOLSCRIPT (Kraulis, P. J. Appl. Crystallogr. 1991, 24, 946) representation of the
structure of the hydroxylase protein of Methylococcus capsulatus (Bath). Reprinted with
permission from ref. 7. Copyright 1994, American Chemical Society.

The a subunit is rendered in white, the b subunit in black, and the g subunit in gray.
As can be seen, the protein fold is almost entirely comprised of a helices, with only a
small region of b structure in the a subunits. The fold of the b subunit is remarkably
similar to that of a large domain in the a subunit, and the relative positioning of a and
b subunits strongly resembles the interaction of the two halves of the protein dimer in
the R2 protein of ribonucleotide reductase.-10 A region in the center of the
hydroxylase, a large canyon lined by several long helices of the a subunit, has been
identified as a putative binding site for the other two components, the coupling
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protein and the reductase. The dinuclear iron centers are located in the two a subunits
at a distance of 45 A from one another.

As indicated in Fig. 3, the dinuclear centers are bridged by an exogenous
hydroxide ion, a semi-bridging glutamate (Glu 144), and a bidentate acetate from the
crystallization buffer. The terminal coordination positions are occupied by histidine
side chains, one on each iron, three monodentate glutamates, and a water molecule,
which is hydrogen bonded to Glu 114 and Glu 243. The solvent-derived exogenous
ligands, the bridging hydroxide ion and terminal water molecule, had been previously
identified for the M. capsulatus (Bath) hydroxylase from proton ENDOR studies on
the paramagnetic, mixed-valent form of the protein.!! The Fe0¢0Fe distance of 3.4 A
and overall coordination geometry are in accord with expectations based on extensive
EXAFS and other spectroscopic properties of the protein.!? The inventory of charges
results in a neutral active site, consistent with its ability to bind methane and other
non-polar hydrocarbon substrates.

Fig. 3. Structure of the dinuclear iron center at the active site of the hydroxylase protein of
Methylococcus capsulatus (Bath). Reprinted with permission from ref. 7. Copyright 1994,
American Chemical Society.

The positions of the exogenous acetate and water ligands in the oxidized hydroxylase
crystal structure suggest possible sites of binding and activation of dioxygen,
substrate, and product during the catalytic cycle. For example, the site occupied by
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the acetate may delineate where the product methoxide might bind prior to its release
from the enzyme. These ligands protrude into an adjacenthydrophobic cavity lined by
side chains from non-polar amino acids glycine, leucine, isoleucine, and
phenylalanine. A stereo view of this cavity is presented in Fig. 4. Also present in the
cavity is the side chain of Thr 213, which resides at a p-turn in a very long helix. A
similar feature is found in cytochromes P-450, as discussed elsewhere.? Examination
of the a subunit revealed a series of hydrophobic pockets extending 30 A from the
surface through the protein and leading to the active site cavity, thus delineating a
possible pathway by which methane and other substrates might access the catalytic
iron center. Entrance to the hydrophobic cavity of the active site at the end of this
pathway could occur by slight rotation of Phe 188 and/or Thr 213 side chains (Fig. 4).
Also present in the active site cavity is a cysteine residue, Cys 151, the sulfur atom of
which was the binding site for mercury in one of the derivatives used to solve the
crystal structure of the hydroxylase.® This amino acid occupies virtually the same
position with respect to the dinuclear iron center as does the tyrosine residue in the
structurally related R2 protein of ribonucleotide reductase,!®13 a tyrosine that gets
oxidized to a functionally important tyrosyl radical.

ot

' PHE 236
ILE 239

Fig. 4. MOLSCRIPT (Kraulis, P. ]. Appl. Crystallogr. 1991, 24, 946) stereo representation of
the active site structure of the hydroxylase protein of Methylococcus capsulatus (Bath).
Reprinted with permission from ref. 8. Copyright 1993, Macmillan Magazines Limited.

The occurrence of Cys 151 in the MMO hydroxylase at this location suggests the
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possible involvement of a cysteinyl radical in the catalytic mechanism of the enzyme.
We shall return to this point later.

3. Spectroscopic Evidence for Intermediates in the Reaction Cycle of the MMO
Hydroxylase from M. capsulatus (Bath)

The reaction cycle of methane monooxygenase has frequently been written by
analogy to the more extensively studied cytochrome P-450 enzyme systems,14-17
Several variations on this chemistry are possible for a non-heme dinuclear center, as
presented in considerable detail elsewhere.”'® Low-temperature stopped-flow
spectroscopic and freeze quench Mossbauer studies of the reaction of dioxygen with
the reduced hydroxylase from M. trichosporium OB3b have revealed the presence
of intermediates in the reaction cycle of the MMO hydroxylase,!%20 and parallel
studies on the enzyme from M. capsulatus (Bath) have augmented this work.2! In
the latter experiments, the hydroxylase enzyme was first reduced in an anaerobic
chamber with dithionite and a suitable electron-transfer mediator. After

0.042

0.032

0.021

Optical Density

0.011

384 480 576 672 768
Wavelength (nm)

Fig. 5. Spectoscopic evidence for intermediates in the reaction of H .4 from M. capsulatus
(Bath) with dioxygen in the presence of 2 equiv of protein B.

removal of the mediator by dialysis, the reduced hydroxylase (Hred) was loaded into
one syringe of a rapid stopped flow mixing apparatus while a solution of buffer,
saturated with dioxygen, was loaded into the other syringe. The solutions and
apparatus were then cooled to 4 °C and rapidly mixed. Optical spectroscopic studies
revealed the buildup and decay of three absorption bands at 350, 420, and520 nm, as
illustrated in Fig. 5. Kinetic analysis of the exponential buildup and decay of these
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signals at single wavelength showed that they could be fit well with two rate
constants, one for the formation (k¢ = 0.31 £ 0.02 s-1) and one for the decay (kq =
0.065 + 0.017 s'1). The data and fits are shown in Fig. 6. Addition of methane
abolished the signal, suggesting that it might be on the reaction pathway for
hydroxylation, and failure to add the coupling protein substantially diminished the
rate at which the color of the intermediate developed.

Freeze-quench Mdssbauer experiments significantly extended insights offered by
these optical studies.!®2! In these investigations, the solution was

0.100

0.080 |
- 2equiv B

0.060

AO.D

0.040

Time (s)

Fig. 6. Buildup and decay of the 420 nm absorption observed in the reactionof H 4
with dioxygen at 4 °C. As can be seen, this intermediate required protein B to be
observed and is rapidly quenched in the presence of substrate.

passed through the mixing chamber at 4 °C and then allowed to flow through a tube
of variable length which opened into a nozzle that sprayed the mixed solution into
liquid isopentane at - 140 °C. The frozen mixture was then packaged into a
Mossbauer sample cell and its spectrum recorded. By changing the length of the
tube, the time after mixing was varied from 0.025 - 60 sec. These experiments
required growing the organism on 57Fe-enriched iron and long exposure times (days)
in the Mossbauer spectrometer in order to achieve the appropriate signal-to-noise
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ratio. The reward was worth the effort, however, since the growth and decay of two
spectroscopic intermediates, designated L and Q, were detected by this
methodology.2! The properties of these species are given in Table 1, from which it
can be seen that Q corresponds to the transient detected by optical spectroscopy,
whereas L is kinetically competent to be the precursor of Q in the reaction cycle.
Analogous results were obtained for the M. trichosporium hydroxylase,!? with the
following exceptions: L was not observed; Q was assigned as having two equivalent
rather than slightly different iron atoms; and the kinetic constants differed slightly
from those found for the M. capsulatus enzyme.

From the spectroscopic properties of L and Q in Table 1 it is not possible to
make a definitive assignment of the structures of the two species based on any known
inorganic model complexes.#3:22  The most reasonable supposition

Table 1. Summary of Méssbauer Parameters (mm/sec) and Kinetic Rate Constants
(sec'l) for Intermediates in the Reaction of Reduced MMO Hydroxylase with
Dioxygen

Organism d,L  DEqg,L d,Q DEqQQ kpL ki L krQ kg, Q

M. 0.66 1.51 0.14 055 ~25 ~02 ~04
capsulatus

0.21 0.68 0.314  0.0654
M.tricho- NDb NDb  0.17 0.53 .02 0.054
sporium
9From optical spectroscopic studies.
bNot detected.

at this time is that L corresponds to a (m-peroxo)diiron(III) species and that Q is
either a pair of low-spin ferric ions coordinated to an oxyl anion (see below) or a pair
of high valent, iron(IV) centers. It should be emphasized that these formulations are
very preliminary and that it is not even certain whether the O-O bond is cleaved in
either L or Q. The synthesis and X-ray structural characterization of inorganic
analogues of these interesting intermediates may be necessary in order to assign their
structures definitively. A reaction cycle illustrating the catalytic mechanism of the
MMO hydroxylase is depicted in Fig. 7.

4. Radical Clock Substrate Probe Studies and a Working Hypothesis for the
Catalytic Mechanism of MMO

Since the spectroscopic intermediate Q decays more rapidly in the presence of
substrates such as nitrobenzene,2%23 it is reasonable to speculate that Q is the
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species responsible for the hydroxylation step. Although experiments on the M.
trichosporium system with chiral ethane (CH3CHDT) have been interpreted as
evidence for substrate radical intermediates,?* attempts to use radical clock

R-H
I 11
ROH + H,0 Fe 0’ Fe
H
> 0.065 s
H202 R_H
R-H ) Fem\O’ Felll
"Q" shunt I_II
pathway
0.31s? NADH
+
2H R-H o
R-H I I NAD "+ H
N Fe N Fe
L ~25s1 ?
H
0O,

Fig. 7. Hypothetical reaction cycle for the MMO hydroxylase. Intermediates labeled L and Q
were detected by stopped-flow spectroscopic and freeze-quench Mossbauer experiments. Rate
constants depicted are for the M. capsulatus (Bath) enzyme.

substrate probes to measure the rate of rebound from a putative radical species failed
in the case of MMO hydroxylase from M. capsulatus (Bath) to provide any evidence
for the existence of radicals.!32 In particular, when trans-phenylmethylcyclopropane
and methylcubane were assayed with the reconstituted MMO hydroxylase, coupling
protein, and reductase system, the only products observed were trans-
phenylcyclopropylmethanol and the cubyl methanol, respectively. Since these
substrate probes would ring-open to afford other product alcohols if a carbinyl radical
were generated during the course of the reaction, it was concluded that either radicals
do not form in the reaction or that, if they do form, their rate of rebound to form the
product alcohol would have to be in excess of 4 x1013 s-1. In the case of MMO from
M. trichosporium, a small amount of ring-opened radical was observed with the
substrate probe trans-phenylmethylcyclopropane,!® leading to an estimate for the
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rebound rate that is consistent with that cited above for the chiral ethane study with
enzyme from this organism.2

These and other results lead to the following working hypothesis for the reaction
mechanism.” The diiron(IIT) center in the resting state of the hydroxylase is reduced
by two electrons in the presence of substrate and the other components, the reductase
and coupling protein (Fig. 7). This reduction may lead to a rearrangement in the
coordination spheres of the iron atoms, perhaps by extrusion of solvent-derived
ligands and/or carboxylate shifts.26 In such reactions, one or more of the glutamates
might alter its binding mode, for example, from bridging to terminal or from
monodentate to bidendate. Such chemistry may be required in order to make sites
available on one or both of the iron(II) centers for binding of dioxygen. Detailed
temperature-dependent kinetic studies of sterically hindered diiron(II) model
complexes indicate the need for an open coordination site for binding of dioxygen in
the reaction to form peroxide-bridged diiron(III) complexes.?’ As in these model
complexes, it is likely that dioxygen coordinates to the iron center in Hreq and is
reduced by an inner sphere pathway to form a bridged diiron(III) peroxide
intermediate, possibly compound L (Fig. 7).

Cys1s1—\ Cysisi—\
s SH H

y S 1y —
i CI-I4 02 i CH4 ! \

H
? ",fQ\. —_— '> _—
_— fox3 O
Fe!! Fe Fell \<Fem 1 & -
? Y o
"L" " ul
Q H
Cysisi—, Cysis1—\
SH S
|
CH, i +CH,OH + H,0
o 2H' 11 111
I -,
Felll {OH}Fem Fe\Q, Fe
H

H

Fig. 8. Hypothetical mechanism for the reductive activation of dioxygen by Cys 151
in MMO hydroxylase.

As shown in Fig. 8, we propose as a working hypothesis that this species is further
activated reductively by electron transfer from the nearby cysteine residue, Cys 151
in the active site (Fig. 4). This reductive activation step cleaves the O-O bond to form
a metallooxyl residue, formally an analogue of the hydroxyl radical, a seven-electron
O-0 species (Fig. 8). This species may correspond to intermediate Q (Fig. 7), the
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M@dssbauer isomer shift of which would be accounted for if the two iron(III) centers
were low spin. The metallooxyl and cysteinyl radical formed in this step could then
attack the C-H bond in a concerted fashion, restoring the cysteine residue and leading
to coordinated methoxide which is protonated and departs as methanol. There is
presently no definitive evidence to support or refute such a mechanism, further
consequences and nuances of which are discussed elsewhere.’
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ABSTRACT. Serum transferrin is the iron transport agent of mammals. Its function and
structure are increasingly well understood, particularly because of the relatively recent
protein crystal structure information. Transferrin not only acts as a transport agent but also
functions as an iron buffer, maintaining free ferric ion concentrations in the body at a very
low but constant value. This role of transferrin, and our understanding of the mechanisms of
iron binding and release by the protein, are important in four areas of medical science. First,
iron storage and transport are critical to understanding the molecular basis of anemias. [Iron
uptake by the gut involves the eventual complexation by transferrin.] Second, iron overload
occurs in several disorders, the most common due to long-term transfusion therapy of (8-
thalassemia (Cooley's anemia). [Iron is only regulated by uptake; there is no mechanism for
spontaneous removal of iron.] Chelation therapy of iron overload has long used
desferrioxamine B (Desferal®). There is a continuing search for new sequestering agents
that would have improved properties, particularly oral activity.+ One issue thus raised is the
thermodynamic and kinetic ability of such sequestering agents_to remove iron from
transferrin: Third, the release of iron, the reductive generation of F62+, and subsequent free
radical generation from reaction with O (Fenton chemistry) are now thought to be the
major cause of tissue damage following myocardial infarction. The use of iron chelating
agents may provide a way to block such damage by keeping free ferric ion at low levels - a
function of transferrin in circulating serum that is disrupted by the heart attack. Finally, the
fourth area of medical relevance for transferrin iron binding and release is related to
bacterial infection. The role of iron in the pathogenicity of bacterial infections is now well
established. Iron availability to the invading bacterium is known to be directly connected to
the virulence of infections that cause infantile enteritis, leprosy, cholera, and tuberculosis, as
major examples. Several siderophores of pathogenic microorganisms are capable of
removing iron from serum transferrin. Hence the mechanism(s) by which iron is released
from transferrin to such ligands is of medical, as well as general biochemical, significance.
Transferrin is a bilobal protein of molecular weight 78,000 that is apparently the result of
the fusion of two units of an ancestral protein. Each of the two lobes contain one metal
binding site that has a very high affinity for high-spin Fe3t. Single crystal structures of
rabbit diferric and human monoferric transferrins and lactoferrin establish that the iron
binding sites of these closely related proteins are essentially identical, composed of a
bidentate carbonate, 2 phenolate groups (tyrosine), 1 nitrogen (histidine) and a carboxylate
oxygen (aspartate). The stable form of metal-free, apotransferrin has an "open"
conformation in which the iron binding site is in an open cleft near the protein surface and is
accessible to the surrounding solution. In contrast, the stable form of the iron complex has
the cleft closed so that the metal binding site is buried under the surface of the protein, thus
making the metal inaccessible to competing ligands. The kinetic behavior of iron removal
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by several different types of ligands is examined with the view of new ligand design for
ligands of use in human iron decorporation therapy.

1. Introduction

All plant and animal life (and essentially all microbial life) has an absolute
requirement for iron. As shown in Table 1, even though iron is quite abundant on the
surface of the planet, it frequently is a growth limiting nutrient. The versatility of
iron, with respect to its remarkable changes in redox and reactivity behavior as a
function of its ligand field environment, made it a maleable component of the
chemical constituents of early evolution. For example, the redox potentials of iron-
containing metalloenzymes range from -400 to +400 millivolts.

Table 1: The terrestial distribution and bioavailability of iron 13

Approximately one-third Earth's mass; most abundant element by weight
Fourth most abundant element in Earth's crust.

Typical Distributions:
Crustal rocks (weight %):

igneous 5.6
shale 4.7
sandstone 1.0
limestone 04

Ocean (70% of Earth's surface):
0.003 - 0.1 ppb, increasing with depth; limiting factor in plankton growth
Rivers:
0.07 - 7 ppm
Bioavailability:
Ksp (Fe(OH)3 is approximately 10-39
In absence of chelating agents, pH 7, [F e3+] is agproximately 10-18 M
Typical iron content of living cells : 103 to 10-8 M

The effect of iron complexing agents as inhibitors of infection has been known gince
long before the modern understanding of microorganisms and their role in disease . As
Shakespeare has an aide say to the Earl of Gloucester (who has just had his eye

gouged out) "I'll fetch some flax, and whites of eggs/To apply to his bleeding face".

In mammals iron transport is carried out by serum transferrin. This is_one in a family
of closely related proteins that act as iron complexing agents in vivo. Transferrin not
only acts as a transport agent but also functions as an iron buffer, maintaining free
ferric ion concentrations in our bodies at a very low but constant value. This role of
transferrin, and our understanding of the mechanisms of iron binding and release by
the protein, are important in four areas of medical science: First, iron storage and
transport are critical to understanding the molecular basis of anemias. Iron uptake
occurs in the upper intestine, although the details of the intervening steps be]iween that
transport and its appearance in serum transferrin are still being characterized.” Second,
iron overload occurs in several disorders, the most common due to long-term
transfusion therapy of p-thalassemia (Cooley's anemia). Since iron is only regulated
by uptake, with no mechanism for spontaneous removal of iron, any long-term
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increase in iron storage results in iron overload.® That this NATO workshop is in
Greece is particularly significant, given the major health problem represented by B-
thalassemia in this country. Patients with Cooley's anemia require long-term blood
transfusions with the result of large increases in iron. Chelation therapy of iron
overload has long used desferrioxamine B or Desferal® (Figure 1).

S T

3,4-LICAMS Desferrioxamine B

-0ys OH *HyN OH o o
N ° 9

L, L o ofo
50" H H

Tiron L-mimosine Pyrophosphate

Figure 1: Structures of typical iron chelators: the catecholates, 3,4-LICAMS and Tiron, a
hydroxypyridinone, L-mimosine, and a hydroxamate, desferrioximine B (Desferal®).
Pyrophosphate is not thermodynamically capable of removing iron from transferrin, but can
serve as a mediator to increase the rate of iron removal by other chelators.

However there are a number of problems with this chelating agent and there has been a
long-standing search for new sequestering agents that would have improved properties,
particularly oral activity. One issue that is raised is the thermodynamic and kinetic
ability of such sequestering agents to remove iron from transferrin. That will be a
particular focus of this paper. A series of different kinds of ligands, and their kinetics
of iron removal from transferrin, will be examined both to characterize the mechanism
of iron release by this protein and to provide a fundamental design basis for new ligand
syntheses.

The third area of medical science of relevance involves the release of iron, the
reductive generation of Fe2t, and subsequent free radical generation from reaction
with O2 (Fenton Chemistry). This is now thought to be the major cause of tissue
damage following myocardial infarction. The use of iron chelating agents may
provide a way to block such damage by keeping free ferric ion at low levels - a
function of transferrin and circulating serum that is disrupted in the heart attack.”> It
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has been estimated that as much as 20% of the adult male ngulation is at risk of
oxidative cellular damage due to elevated serum iron levels.” The fourth area of
medical relevance is related to bacterial infection. The role of iron in the
pathogenicity of bacterial infections is now well established.” Iron availability to the
invading bacterium is known to be directly connected to the virulence of infections
that cause infantile enteritis, leprosy, cholera, and tuberculosis, as major examples.
Several siderophores of pathogenic microorganisms are capable of removing iron
from serum transferrin.

Although iron is an essential element for humans and required in large amounts (3
to 5 grams normally), it is also very toxic when in excess. The most common iron
overload is due to regular blood-transfusions, particularly in the treatment of -
thalassemia. The toxicity of excess iron in the body can be ameliorated by
administration of an iron chelating agent which is able to remove iron in vivo from
transferrin, ferritin, and other iron stores. The current drug of choice for chelation
therapy is the methane sulfonate salt of desferrioxamine B (Desferal®).  While
Desferal has been shown to increase iron excretion and to reduce liver iron in f-
thalassemic patients, its drawbacks include a lack of oral activity and a short body
retention time, which necessitates its administration by one of the cumbersome and
expensive methods of slow subcutaneous or intravenous infusion. More serious is the
lack of patient compliance that results from the inconvenience and discomfort of this
therapy. For the last two decades considerable effort has been invested in developing
a more effective iron removal agent; however, the treatment has remained essentially
unchanged.

o .
z “3 ° 1-hydroxy-2(1H)-pyridinone
~Neom | x N:‘(')H (1,2-HOPO)
H H
N_O Nt_O-
| “ 3-hydroxy-2(1H)-pyridinone
A on S \on (3,2-HOPO)
o .
CE @Eo 3-hydroxy-4(1H)-pyridinone
a N~ on 1N ol (3,4-HOPO)

Figure 2: The simple chelating hydroxypyridinones and their abbreviations.
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Many different approaches have been taken in the development of new iron
sequestering agents of potential use as therapeutic agents. One approach is
developing iron chelating agents based on hydroxypyridinones. Although not as
common a functional group as either the hydroxamate or catecholate moieties, the
hydroxypyridonate functional groups are found in siderophores. These compounds
can be viewed as either an aromatic hydroxamic acid (for the 1,2 isomer) or as a
catechol analogue (the hydroxypyridonate and catecholate anions are isoelectronic and
isostructural). With varying positions of the nitrogen in the ring, there are three
unsubstituted chelating hydroxypyridinones. Their abbreviations and structures are
shown in Figure 2.

Transferrin constitutes 3.5% of human plasma proteins. It carries iron to and from
storage sites in cells (where it is stored in ferritin). Normally only about 30% of the
iron sites are occupied, so that the protein has a large buffering capacity to respond to
iron addition. With infection or neoplasia, the empty binding sites can increase up to
90%. Because of its high binding, the standard reduction potential of transferrin is -
0.5 volts vs. hydrogen electrode, , which blocks Fe2t production and hence Fenton
Chemistry.

Figure 3: A ribbon diagram showing
the characteristic folding of wransferrins
into N-terminal and C-terminal lobes,
each with a type I and a type II domain.
Iron atoms are shown as filled circles.
The peptide connecting the lobes (P), is
helical in lactoferrin, but irregular in
serum transferrin. (Figure from
reference 13, used with permission.)

A ribbon structure of diferric transferrin is shown in Figure 3.3 The protein is
composed of two domains which are essentially the same with regard to their iron
coordination chemistry and general structure. Both iron binding sites contain one
bidentate carbonate (which is hydrogen bonded within the pocket and whose binding
to the protein is a prerequisite for iron complexation), two oxygens from tyrosines,
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one oxygen from aspartate and one histidine nitrogen. Both the N-terminal and C-
terminal lobes each contain two domains, which form a kind of clam shell structure.
This structure can close where it is hinged so that the iron binding site is either open,
and exposed to the solution environment,or closed and buried about '1% or 13 A under
the surface of the protein. This is shown in cartoon form in Figure 4.":

N-terminus

NI CIll

NII CI

Figure 4: A cartoon representation of diferric transferrin. The iron-binding site in each
lobe is located in the cleft between type I and type IT domains; the two lobes of the protein
are homologous, but not identical.

The iron-binding cleft at the N-terminal site is shown here still in the "open”
conformation, while the iron at the C-terminal end is hidden in the "closed" conformation.
In those crystal stuctures reported to date, however, all iron-containing sites are in the closed
conformation. (Cartoon concept: H. J. Zuccola, reference 14)

This is particularly important in understanding and interpreting the kinetic results for
the many different ligands that have been investigated with regard to the iron removal
capability from transferrin.

Other proteins in the transferrin family also play defensive roles by securely
sequestering free iron. Ovotransferrin, which constitutes 12% by weight of egg white
solids, is an 80 kD protein belonging to this family. It is the major reason why eggs,
which are laid in a very non-sterile environment, are not subject to bacterial infection
and spoilage for a very long period of time. Egg white has a pH of 9.5, which is also
where ovotransferrin best complexes ferric ion. Ovotransferrin shO\ivss antimicrobial
activity, which is neutralized when the protein is saturated with iron.

Similarly, milk constitutes an ideal culture medium and yet infants fed on mothers
milk are known to be much less susceptible to gastric enteritis than those fed on
prepared substitutes. Breast infections within nursing mothers are also relatively
uncommon. Both of these phenomena are primarily due to lactoferrin, which
comprises 20% of total protein in human milk (about 1 gram per liter) and up to
seven times this amount in colostrum, the secretion first produced by nursing
mothers. Unlike transferrin, which releases iron at pH 4, lactoferrin retains its iron
binding capability at this acid pH. [This is quite important, since sepsis lowers pH.]
Lactoferrin is found in exocrine solutions of bronchial, nasal, lachrymal and
genitourinary passages — everywhere the inside of the body meets the outside world.
In addition to iron-related bacteriostasis, lactoferrin is thought to be involved in
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bacteriocide by another mechanism. Thus, lactoferrinlglas both a defensive role and a
role in safely transporting iron from mother to infant.

It has long been known that strong chelating agents remove ferric transferrin at
rates that initially increase as the ligand concentration increases. However virtually
all these rates saturate at some concentration of chelating agent. Shortly after the
catechol-containing siderophore enterobactin was found to be such a powerful
chelating agent, synthetic analogs were prepared and investigated for their iron
removal characteitlistics. Unlike more common ligands such as EDTA, ligands such
as 3,4-LICAMS " (Figure 1) could be used at relatively low concentrations and still
get significant rates of iron removal from the protein. This is highly significant
because most other chelating agents can only remove iron at comparable rates when
the ligand concentration is so high that one needs to be concerned about other changes
of the protein or solution environment. To explain the saturation behavior seen in the
iron removal behavior of 3,4-LICAMS, Carrano and Raymond proposed a pseudo-
enzyme mechanism that involved complexation of the protein by the ligand as shown
in Equation 1. This generates a ligand concentration dependence for the pseudo first
order rate constant (found when the ligand is in large excess with respect to the
protein concentration) as shown below in Equation 2.

FeTf + L==_LFeTf —2— FeL +Tf (1)
k-1
Kopsa=_t2lEKeq )
23+23K 1

However subsequent evidence ]%)r a conformation change of the protein was first
proposed by Cowart and Bates,” , who presented a reaction mechanism as shown in
the equation below.

FeTf == FeTf * LFeTf *—2 5 Fel + Tf *
3)
FeTf * B LFeTf * kik2k3[L]
k—p kobsa =

k-1(k—2 +ks)+kaks[L]

where * = "open conformation”, Tf = bicarbonate complex of ferric transferrin, and L
= a chelating agent.. This then leads to the same overall dependence of the observed
first order rate constant on ligand concentration, but for completely different reasons
as shown by the equation that relates the microscopic rate constants to the
macroscopic observed rates. One key prediction of the Cowart, Kojima and Bates
mechanism is that the limiting rate of all ligands should be essentially the same, since
this is due to the conformation change of the protein. It has been clear for some time
that these limiting rates vary dramatically from ligand to ligand. As will be seen, in
light of the now available structural information about the protein and new kinetic
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Figure 5: Iron removal from diferric transferrin by chelators: The dependence of
observed rate constants on chelator concentration. Legend: @, 3,4-LICAMS (biphasic
kinetics); O, L-mimonsine (monophasic kinetics); and X, Tiron (biphasic kinetics).
Conditions: 0.1 mM diferric transferrin, 50 mM HEPES buffer, pH 7.4, 25 °C, u = 0.026.
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Figure 6: Iron removal from ferric transferrins by desferrioxamine B: The dependence of
observed rate constants on the concentration of pyrophosphate. Legend: @, removal from
diferric transferrin (biphasic); O, removal from FecTf; and X, removal from FenTf.
Conditions: 0.1 mM transferrin, 50 mM HEPES buffer, pH 7.4, 25 °C, n = 0.026.
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studies, the actual mechanism for iron removal from serum transferrin by strong
chelating agents is nearly a linear combination of the two early proposals.

Iron removal from serum transferrin actually involves three different forms of the
protein: Diferric transferrin, monoferric (N-terminal) transferrin, and monoferric (C-
terminal) transferrin. The N-terminal iron binding site forms a weaker complex than
does the C-terminal and, in general, releases its iron more quickly. Hence in many
case§9'%m removal from gﬁferric transferrin cgnforms to a doublq exponential rate
law. " For catechol ligands the rate of iron removal for diferric transferrin
correlates very closely with the individual microscopic rate constants seen for the C-
terminal and N-terminal sites, implying that there is little 9[ no interaction between
the two different lobes affecting the kinetics of iron release.”

Iron removal from transfer has been studied using many different iron chelators,
some representatives appear in Figure 1. While catechol ligands such as 3,4-
LICAMS or the simple commercially-available chelating agent Tiron show two-
component rates of iron removal, with a clear distinction seen between the N-
terminal and C-terminal sites, the hydroxypyridonate L-mimocine shows no such
behavior. Mimosine does show saturation behavior, as shown in Figure 5 but a
comparison shows that it is a much less effective ligand with respect to rate of iron
removal than the catechol ligands. Shown in this figure are different microscopic
rate constants seen for the rate of iron removal from the N-terminal and C-terminal
sites for the catechol ligands, a distinction not seen in the slower mimosine kinetics.

Carbonate, the binding of which is an absolute prerequisite for iron binding to the
protein, has been called a "synergistic anjon." Other ligands, including oxalate,
malonate and salicylate can take its place.” Disruption of the binding and of the
synergistic ion to Fe3tisa kinetically important step.

At low concentrations, pyrophosphate is not thermodynamically capable of taking
iron out of transferrin. However, as shown in Figure 6, the rate of iron removal from
transferrin by DFO (desferrioxamine B) is substantially increased in the presence of
pyrophosphate.  In other words, Desferral is capable of removing iron
thermodynamically but is kinetically incompetent to do so. Its ability to remove iron
increases dramatically in the presence of pyrophosphate. There is an even more
dramgtic effect upon the addition of catechol ligands such as 3,4-dihydroxybenzoic
acid.” In contrast to instances in which pyrophosphate is the mediator, iron removal
by 20 millimolar DFO mediated by 3,4-dihydroxybenzoic acid is linearly dependent
on the added ligand. It also shows identical rates of iron removal from diferric and
either C-terminal or N-terminal monoferric transferrin. This catechol ligand is
present at concentrations below the concentration that would be required for iron
complex formation in competition with transferrin or DFO. There is no
spectroscopic evidence for any binding of the catechol to the metal ion. As might be
expected from this result, conjugation of catecligl substituents to DFO generate a
substantial rate of enhancement for iron removal.”:

Studies investigating the dependence of ionic strength on rates of iron removal
from transferrin have shown an absolute dependence on ionic strength for iron
removal; as the ionic strength goes to zero the extrapolated first order rate constant
also goes to zero in every case.”” This conforms closely to the structural information
now available: anion binding to the protein substantially stabilizes the "open"
conformation. That binding then triggers the conformation change that is a
prerequisite for ion site accessibility for an attacking ligand. For monoferric serum
transferrin, the unoccupied site is in the "open" conformation,  the more stable form
when iron has not yet been complexed by the protein. In contrast, the diferric form
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of the protein as seen in diferric lactoferrin’® and diferric rabbit serum transferrin”
has both lobes in the "closed" conformatign. In this regard it is most interesting that
the crystal structure of apolactoferrin™ shows only one site in the "open"
conformation and that the lobe of the protein seems to have anions bound to it. The
other site is in the "closed" conformation, consistent with details of the structure
differences between lactoferrin and transferrin that establish the compared stability of
the closed conformation is greater for lactoferrin relative to transferrin. The
structural data and the iron removal kinetics indicate that iron removal from
transferrin to chelators occurs in three steps: 1) Rapid equilibrium binding of
cooperative anions to the ferric protein. 2) Concomitant conformational change of
the iron binding lobe of the protein from the stable "closed" form to the "open" form,
which exposes the site to ligands in the surrounding solution. 3) Binding of the
metal ion by the attacking ligand and removal of the synergistic carbonate at the
ferric binding site.

These results have also been used to explain the gbservation that lactoferrin forms
a much more stable complex than does transferrin.”, Shown below are the effect of
differences in conformation s;gbility on the stability constants and differences in pM
values for these two proteins.” For an observed macroscopic rate constant as shown
below the individual components of those rates are tabulated in Table 2. For the
reaction scheme shown in Equation 3 above the ratio of k] to k-] the unimolecular
rate constant for the conformational change of the protein from the "closed" to
"open" form should be the maximum achievable microscopic rate constant kobs. At
37 OC this corresponds to half life for iron removal from transferrin of 8.4 minutes,
compared to a half life of 1,100 minutes for lactoferrin! In short, lactoferrin gains
most of its extra stability by making iron removal comparatively more difficult than
from serum transferrin. This in turn is due to the greater stability of the closed form
of the protein and is entirely consistent with its function as a bacteriostatic agent that
substantialjlél inhibits iron availability to an invading microorganism. As has been
described,” "lactoferrin locks up iron and throws away the key."

Table 2: Comparison of stability and iron release rates of transferrins?

pMP Maximum kghg for iron t1/2
removal (3,4-
LICAMS)®
Human Serum
Transferrin 21.6 6 x 102 min-! 8.4 min
Human
Lactoferrin 24.9 6 x 10-4 min-! 1,100 min

2 Reference 30

b pM = -log[Fe(H20)63*] , when [Fe3*]total = 1 pM, [Lltotal = 10 uM, pH 7.4, 25 °C,
and, in this Table, [HCO3"] = 0.23 M (CO2-saturated).

b Compared at 37 °C, pH 7.4, 0.0625 mM protein.

In summary, the relatively recent structural information on the transferrins now
allows the assembly of a coherent picture of the kinetics of iron removal from these
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proteins by strong chelating agents. Anion binding to the protein (which may be by
the attacking ligand itself) triggers a conformational change to the open form of the
protein in which the iron binding site of an individual lobe of the protein is exposed.
Attack of the iron site shows a great variability among ligands: catechols are
particularly effective in disrupting the iron coordination site for the first step in the
subsequently rapid decomplexation of iron by the protein and complexation by the
attacking chelating ligand. If new iron chelating agents for human therapy are to be
effective, they must be able to compete with transferrin for iron complexation at
concentrations that are not toxic. While the total amount of iron in transferrin is very
low, it remains the major shuttle to the iron in storage sites and hence it is a rational
target for new sequestering agents. Ligands that are kinetically competent for the
removal of iron from transferrin should be designed so that they incorporate at least
one functional group that shows an enhanced kinetic capability for iron removal.
This does not include hydroxamate or most hydroxypyridonate ligands but does
include catechol ligands. These features need to be kept in mind by those seeking to
design new iron sequestering agents for human iron decorporation therapy.
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SIDEROPHORE-MEDIATED IRON TRANSPORT IN MICROBES
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ABSTRACT. Iron is an essential element for all living things (with the exception perhaps of a
few bacteria in specialized environments). Incorporation of iron into biochemistry certainly
occurred in the very earliest evolution of life on this planet. By changing the global surface
chemistry, life also changed the availability of iron on the planet since the ferric ion present in an
aerobic environment is much less readily available than the ferrous ion largely present on the
surface of primordial earth. A brief review of the availability of iron, its storage and transport, is
presented. The focus is especially on transport and storage systems as pertains to the virulence of
microorganisms. Most aerobic and anaerobic bacteria synthesize and excrete low molecular
weight compounds (siderophores) for the solubilization and transport of iron. Since the iron
supply is often a limiting factor in the growth of these microbes, siderophores and their
corresponding transport systems play an important role in bacterial virulence.

1. Introduction

Iron, generally in large quantities, is absolutely required for growth in all but a few
microorganisms. This requires mechanisms by which organisms can ingest, transport and
store the metal. For organisms in an aerobic environment, which includes most organisms,
this task is comphcated by the extreme insolubility of ferric hydroxide. A Kgp of 10 -39,
limits the free iron concentration to 10-18 M. The solubilization and transport of iron has
been addressed by microorganisms by producing low molecular weight, virtually iron-
specific complexing agents called siderophores.",

In mammals, the proteins transferrin and lactoferrin are responsible for iron transport
and storage. These systems have a two pronged effectiveness: not only do they perform
the necessary transport roles, but also form an efficient iron buffer system, lowering the
free iron concentration to even lower than in aquo. The storage of iron is accomplished
the protein ferritin. Most of the iron in the bodg is intracellular in the proteins
hemoglobin, myoglobin, ferritin, and cyochrome c.° Hemoglobin released by the
destruction of erythrocytes is quickly complexed by haptoglobin and removed from
circulation. Serum iron is scavenged by transferrin, and iron concentrations in secretions
are kept extremely low by lactoferrin. Yet, iron availability is increasingly implicated as a
determinant in a number of disease states.>* When the above-mentioned mammalian
systems are stressed beyond their native abilities, either by iron overload or parasitic
competition, the results are dramatic and often catastrophic.
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One of the functions of iron that makes it a particularly useful cofactor in proteins is the
catalysis of free radical based reactions. In cases where the normal iron withholding
defenses are overwhelmed, the catalytic activity of iron can be manifested in the formation
of radicals which can damage cells via autooxidative (Fenton) processes such as oxidation
of sulfhydryl groups or addition of oxygen at double bonds. A practical consequence of
this action is the release of iron into the plasma during ishchemic insult, leading to
oxidative damage of the vascular compartment on reperfusion. Desferrioxamine and its
derivitives, siderophores from Streptomyces pilosus, are being examined to determine if
iron chelation following 'ishaemic insult' can reduce reperfusive injury &7

The relationship between iron and microbial virulence is rapidly becoming clear.
Several recent papers illustrate the signals which control virulence expression in bacteria,
iron is a common theme3>%11 A microbial infection exists as an intricate relationship
between the host and a pathogen, dependant on a number of characteristics of the host and
the microbe. We will focus on bacterial infections, though analogies can be made to
fungal infections.

During the course of an infection, the invader must obtain all of its nutrients, including
iron, from the host. The host, in turn, is obligated to deny these nutrients to the invader
such that only those pathogens able to successfully compete for nutrients can survive. Iron
has been shown to play a significant role in this interaction. The ability to acquire iron
from a host, against a strong free energy bias, confers a distinct advantage to an invading
organism. In normal sera, the concentration of iron is far too low to support the pathogen
(vida supra). The addition of iron to tissues during or concommitant with infection is
dramatic. If the iron binding proteins of the host are saturated, either by induced or natural
iron overload, the serum loses its ability to inhibit bacterial growth.

The virulence of organisms diverse as Escherichia'? Klebsiella, > Listeria'®
Neisseria\*'3 Pasteurella,'® Shigella, 17 Vibrio,!® and Yersinia '° are all enhanced by
available iron. Iron dextran injections in children, originallg designed to prevent iron
deficiencies, enhanced E. coli bacteremia and menningitis>%?! It was found that non-
lethal injections of E. coli in mice could be converted into lethal infections by the addition
of either heme or enough iron to saturate the transferrin>?3 Y. enterocolitica , normally
unable to cause disease, can cause a fatal bacteremia if iron is freely available. Y.
enterocolitica is unable to grow in normal human serum nor is it able to utilize transferrin
as an iron source, rendering it unable to grow in the presence of unsaturated transferrin.
These bacteriostatic effects are abrogated if iron or a siderophore (desferrioxamine) is
added. In one study on the virulence of Y enterocolitica, the LDsg of the organism was
reduced from 10° to 10 organisms by the peritoneal injection of iron and
desferrioxamine.!® A similar effect is seen if desferrioxamine is supplied during infections
of Klebsiella and Salmonella.**

A number of pathogenic bacteria express iron regulated outer membrane proteins
IROMPS, which bind either transferrin, lactoferrin, or heme compounds, Neiseria sp. 25,
including the gonococcal variety, Haemophilus sp. 26 and Aeromonas sp*’ are all known
to express receptors for the host heam compounds. Certain Shigella species also express
these receptors but for a rather different reason. Shigella are enteroinvasive with part of
their life cycle spent inside host epithellial cells. Shigella sp. are unable to utilize either
transferrin or lactoferrin but are able to utilize heam compounds and they express large
amounts of plasmid encoded receptors for heme on the cell surface. Although Shigeliae
are able to utilize heme as the sole iron source, it does not appear that expression of this
receptor is primarily for utilization of heme, but it is necessary for the cells to become
enteroinvasive. It has been suggested that Shigella bind and coat themselves with heme
compounds at the cell surface making themselves more palatable to the host, and invading
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via the host's heme receptors. Once the host cell has taken up this Trojan horse, the
bacterium is free to acquire iron intracellularly.'”

Hemolysins appear as part of bacterial v1ru1ence repertoirs.” Hemolysins lyse mamalian
erythrocytes and other cells, and in some cases have been shown to be iron regulated.
Expression of hemolysins and subsequent lysis of erythrocytes releases hemoglobin and
raises local iron concentrations, enhancing growth of the invading organism or any other
that would be present.

Another method for obtaining iron is the production of iron reducing compounds.
Listeria monocytogenes produces a peptide reductase which reduces Fe3* to Fe2*. 8 This
favors the release of the ferrous ion from transferrin. Streptococcus mutans, which causes
plaque (not plague), expresses a cell surface reductase.? E. coli, while not possessmg any
relevant reductases, does have a high affinity uptake system for ferrous ion which is
induced during anaerobic growth under iron restrictive conditions:
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Figure 1. Enterobactin and Aerobactin

Perhaps the most well studied method of iron acquisition is by siderophores. Of the
approximately 200 siderophores now discovered, enterobactin, produced by enteric
bacteria such as Escherichia coli, has received considerable attention. Since its discovery
in 1970, the synthesis, biosynthesis, microbial transport, and solution thermodynamics of
enterobactin have been investigated. The thermodynamic studies have shown that
enterobactin forms the most stable Felll complex known, with a formal stability constant
of 1049. The enterobactin molecule (Figure 1) is 3-fold symmetric and is comprised of
three catecholate groups suspended from a trilactone backbone; metal coordination at
neutral pH occurs through the six catecholate oxygens

Enterobactin (ent) and aerobactin are employed by members of the Enterobacteriacea, but
have not yet been found outside that family and the siderophore systems of non-enteric
bacteria have not enjoyed as much study.

In addition to enterobactin and aerobactin, the enteric bacteria utilize exogenous
siderophores, ferricitrate, and a ferrous iron wuptake system. Enterobactin is
thermodynamically capable of removing iron from transferrin and it has been shown that it
is kinetically competent to do this as well.

Aerobactm is a linear c1trate/hydroxam1c acid siderophore, first isolated from Aerobacter
aerogenes 31 It too is able to remove iron from transferrin, albeit slower than enterobactin.
The genes encodmg production of aerobactin and receptors reside most often on the
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pCoIV plasmid, although the genes have been located chromasomally and on other
plasmids encoding multidrug resistance as well.

On the basis of their ability to remove iron from transferrin alone, one mlght be tempted
to conclude that enterobactin is a much more effective iron chelator in vivo. However,
nature is often more sublime, and it turns out that a few other factors must be taken into
consideration. Enterobactin is hydrolytically unstable in vivo, and while the rate of iron
removal by enterobactin versus aerobactin from transferrin is greater in HEPES buffer, the
rates are teversed in serum.>?2 This is due to the enterobactin molecule binding to
seroalbumin, effectively removing it from solution. Enterobactin is a hapten as well, and
stimulates antibody production.33.

Aerobactin is in some ways a more efficient siderophore. Production of the siderophore
and excretion into solutlon is more rapid than enterobactin in response to iron stres 4 and
aerobactin is recycled.>> Once aerobactin delivers iron to the cell, the aerobactin molecule
is re-excreted. Experlmental evidence corroborates that it is the production of aerobactin,
and not enterobactin, that enhances virulence.

Aeromonas hydrophila produces one of two siderophores, either enterobactin or
amonabactin, but not both*8 The amonabactins have also been detected in isolates of A.
caviae , and to a lesser extent A. sobria. These siderophores have recently been structurally
characterized in our laboratories and shown to be four distinct peptide based siderophores.
Amonabactin may be involved in the virulence of Aeromonas?” Aeromonas isolates
which produce amonabactin are able to grow in serum, where enterobactin producing
isolates are not. An amonabactin production mutant was able to grow in serum only if
supplemented with amonabactin, suggesting a role for the siderophore in iron removal
from transferrin.

2. Solution Studies of Siderophores, Transport, Sterochemistry &
Thermodynamics

Iron transport by siderophores has many practical implications to understanding the basic
bioorganic, bioinorganic and coordination chemistry of these compounds. To this end,
considerable research has studied these molecules usmg a number of techniques.
Substitution of Cr3* for Fe3* in a siderophore complex gives a molecule which retains its
coordination geometry but has quite different ligand exchange kinetics and electronic
soectra. All iron siderophore complexes incorporate high-spin Fe3*. The iron complexes,
with five unpaired electrons, have no allowed d-d transitions, nor is there any ligand field
stabilization of the complexes. Still, these complexes are highly colored due to charge
transfer processes which we have only recently begun to understand.>® The chromic
complexes, on the other hand, have well characterized d-d transitions which generate the
characteristic VIS/UV and circular dichroism (CD) spectra shown in Figure 2, and are
kinetically inert. Figure 2 also shows desferriferrichrome, a siderophore produced by
Ustilago sphaerogena which was one of the first siderophores (or family of siderophores)
to be characterized.

If the same substitution of Cr3* for Fe3* is made in enterobactin (Figure 3), again very
characteristic VIS/UV and CD spectra are obtained. By companng the CD spectrum of
the Cr3*ent with that of Cr3*desferriferrichrome (Figure 3), it is evident that the Cr3*ent is
the opposite chirality(at the metal center) of Cr3*desferriferrichrome. Since the chirality in
ferrlchrome A was established by a crystal structure analysis is L, the enterobactin chirality

1 This is now confirmed by the crystal structure of [V(ent)].
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Figure 2. The first synthesis of a kinetically inert siderophore complex. The VIS/UV
and CD spectra of the chromic complex of desferriferrichrome is shown. This established
the L cis coordination environment of the metal center in this complex40,

The kinetic inertness of the chromic siderophore complexes has been used to monitor
siderophore mediated iron uptake in microorganisms. Ordinarily, radioactively labeled
iron complexes have been used to measure rates of uptake (Figure 4) but since these are
labile complexes, it was not known whether the ligand accompanied the metal in uptake.
In transport experiments utilizing Cr3* substituted siderophores, it was established that the
complex was taken up at the same rate.*? In fact, under a microscope, one can visually
observe the microorganisms turning green! This was the first use of a kinetically inert
metal complex to probe siderophore mediated iron transport. The results of this and other
experiments has established some general patterns. Iron uptake mediated by siderophores
involves highly specific proteins located on the outer membrane of the microorganism.
These proteins actively transport the metal-siderophore complex and are sensitive to both
key structural features of the siderophore and the chirality of the metal-siderophore
complex.!

Another substitution, by gallium, has been used to probe the mechanism of iron realease
in siderophores. Removal of the metal from the siderophore is, of course, important to
metabolize this nutrient. One possible mechanism would be through a redox process at the
time of uptake, and thus substitution of iron by a redox inactive metal would give quite
different transport kinetics. It was suggested early on that since Ga3* is an analog to Fe3*
and has no accessible Ga2" oxidation state, it could be used for this purpose. Tom Emery
and coworkers examined this in an early experiment.44.

Later, more extensive experiments involving transport of ferrioxamine B by Ustilago
sphaerogena (Figure 5) establlshed that uptake rates were the same for ferric or gallium
substituted siderophore complexes.*> This demonstrated that the uptake process does not
involve a reduction. Reduction of the iron, and subsequent release from the siderophore
complex, is an event that occurs after active transport into the cell. Several studies have
shown that the chirality of the metal center is of primary importance to recognition of the
siderophore complex.



30

-8.0 L L A
A (nm)

Figure 3. The first use of CD and VIS/UV spectra to determine the chirality of a metal-
siderophore complex: [Crlll(enterobactin)]3-. VIS/UV spectrum (top) and CD spectrum
(bottom) of [NH4]3ECr(enterobactin)] (negative at 600 cm) and Cr(desferriferrichrome)
(positive at 600 nm) *!
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Figure 4. The uptake of the natural Fe3* (X) and kinetically inert Cr3* complexes o
[14C] ferrichrome in the microorganism Ustilago sphaerogena (14C, # ), (Cr, A_)**..
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An early example of this is a series of uptake experiments with rhodotorulic acid, shown
in Figure 6.4 Rhodotorulic acid is a dihydroxamic acid, produced by Rhodotorula
pilminia. Since rhodotorulic acid is a dihydroxamic acid, it accomplishes full octahedral
coordination of iron by forming a 3:2 ligand:metal complex. The absolute configuration at
the metal centers is D, opposite that of ferrichrome.

0.5 T T T T

04

03

Uptake (nmole/mg)

0.1

Minutes

Figure 5. The use of Ga3* (O) substitution for Fe3* (X) to probe the role of reduction in
siderophore-mediated microbial iron transport*? .

The mirror image rhodotorulic acid, produced synthetically, has a L configuration at the
metal centers.
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Figure 6. The role of the stereochemistry at the metal center in siderophore recognition
and transport. Shown is the uptake into E. coli. of radioactive Fe as mediated by natural
rhodotorulic acid (o) versus its unnatural enantiomer (x)

Ferrichrome, as mentioned earlier, is a trihydroxamic acid which forms a 1:1 ligand:metal
complex with a preferred L geometry. E. coli, while it does not produce ferrichrome, does
have receptors for ferrichrome which recognize and transport the complex. It was
demonstrated (Figure 6) that it is the unnatural rhodotorulic acid which was most effective
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at mediating iron uptake. This is because the receptor protein on E. coli preferentially
recognizes the L tris-hydroxamate complex.

This geometry exists in the enantio-rhodotorulic acid complex which to the protein, looks
like the iron coordination center in ferrichrome. This and other experiments demonstrated
a new kind of chiral recognition in biology: one based on a metal center rather than a
carbon center.

3. Enterobactin - Structure and Stability

Enterobactin has been known for almost two decades, but still enjoys the title of the most
powerful iron complexmg agent. There have been several synthetic mimics (Figure 7) of
enterobactin but in every case they are about 10° weaker in complexing ability.

Also given in Figure 7 is the formal stability constant, a measure of the formation
constant of the fully deprotonated ligand, and the pM value, analogous to the pH value.*®
The pM value is a direct measure of the relative free energy under specific conditions. For
a total metal concentration of one micromolar and a total ligand concentration of ten
micromolar at pH 7.4 (physiologic pH), the negative log of the free ferric ion concentration
is the pM. One of our goals has been to explain the remarkable stability of the enterobactin
complex with regard to TRENCAM and MECAM. One might think they should be
similar since the ligating groups are the same: three pendant catechol amide groups. A
major contribution to the stability of enterobactin is the backbone size of enterobactin.
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Figure 7. The relative stability of enterobactin and model compounds*®
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Hydrolysis of the backbone reduces the binding efficiency of enterobactin by 6 orders of
magnitude. Direct calorimetric measurements (Figure 8) have established that about two-
thirds of this loss is entropic and one-third enthalpic in origin.é Only recently have we
been able to report the three dimensional structure of the enterobactm complex as prov1ded
by a single crystal structural analysis. 4T The V(enterobactin) complex anion is shown in
Figure 9 and includes some of the important features of this molecule. The catechol to
amide-proton hydrogen bond is an important feature, not only to the stability of the
complex, but is also involved in the rapid formation of the metal complex. Structural
analyses of enterobactin analogs have shown a hydrogen bond between the protonated
ortho hydroxyl and amide oxygen. On metal complexation, the catechol moiety swings
180° around the CN vector so the ortho oxygen then hydrogen bonds to the amide proton.
This structural change, from the catechols 'pointing out' of the cavity in the free ligand to
'in' the cavity on metal complexation represent one degree of freedom for each catechol.

Thermodynamic Contributions to the Formation of Ferric Enterobactin

OH

OH

N O 0
Oﬁ)\ pH>9.0 O%
0O O
o9 o -
H N NH H N HO
H H O I‘H

Enterobactin Linear Enterobactin Trimer

Hil% + Fe** ——— Fel® + 3H'

LogK AG (Kcal/mol) AH (Kcal/mol) TAS @ 297K

(Kcal/mot)
Enterobactin 12.3 -16.8 -6.5 10.3
Linear Enterobactin 6.5 -8.9 -34 55

Trimer

Figure 8. The loss of stability of the ferric enterobactin complex due to hydrolysis of one
ester bond of the ligand skeleton.*
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If one compares the backbone of enterobactin to comparable trilactones synthesized by
Shanzer and coworkers*® and Seebach and coworkers,* it is evident that there is very little
reorganization of the backbone on metal complexation (Figure 10). A least squares
analysis of the overlay of the enterobactin backbone and Seebach’s trilactone give an RMS
deviation of atoms of only 0.1 A, Although the single crystal structure of the enterobactin
free ligand is not yet available, the crystal structure analyses of several enterobactin
analogs (5inc1uding one which forces a static gearing of the pendant catechol groups) are
available®®, and together with this analysis suggests that the ground state of the backbone
of enterobactin is essentially the same in the free ligand and metal complex and that the
only degree of freedom is rotation of each of the catechol groups. We have concluded that
the enterobacin molecule is thus predisposed for complexation and that the entropic
advantage of enterobactin over linear enterobactin and other analogs is derived from the
backbone architecture.

47

Fig. 10. A comparison of the skeleton of enterobactin and a synthetic trilactone by
Seebach et al*®

The characterization of novel siderophores continues. A series of siderophores from
Aeromonas hydrophila has proven to be a provocative area of research.

The aeromonads are mesophilic, gram negative, fresh water, opportunistic pathogens
causing a wide range of diseases in poikilothermic and homeothermic animals. These
range from red leg and furunculosis in frogs and fish, to septicemia and soft tissue
infections in mammals. They produce a hemolysin under iron stress,”. which is important
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to virulence, and most produce one of two siderophores; either enterobactin or
amonabactin®. The amonabactins were originally isolated, and given their trivial name,
by Barghouthi et al3® Their early characterization of these siderophores indicated two
compounds, containing glycine, lysine, either tryptophan or phenylalanine, and catechol.

H
H H
EOH N rE OH
H, H:
o, NH o.NH
o ou
OH OH

Figure 11. Structures of the amonabactin siderophores. Top left to right: amonabactin T
789 (AmoT 789), amonabactin T 732 (AmoT 7325); Bottom left to right: amonabactin P
750 (AmoP 750), amonabactin P 693 (AmoP 693) 32,

The full structures of the amonabactins (Figure 11) have been deduced using amino acid
analysis, tandem mass spectroscopy, chiral GC-MS, and 2-D NMR.*? As a further proof,
each of the four amonabactins were synthesized and their spectral properties compared
with that of the natural product.

While it is not yet known whether the production of amonabactin is significant in the
virulence of the Aeromonads, there is evidence that the amonabactin producing isolates of
Aeromonas are able to remove iron from transferrin and show greater resistance to the
complement activity of serum.?” Whether amonabactin is a cause or consequence of this is
a question that remains to be answered.
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ON THE MECHANISM OF EPOXIDATION AND HYDROXYLATION
CATALYZED BY IRON PORPHYRINS. EVIDENCE FOR NON-
INTERSECTING REACTION PATHWAYS

JOHN T. GROVES AND ZEEV GROSS
Department of Chemistry

Princeton University

Princeton, New Jersey 08544, USA

ABS’II'BACI‘_: The oxygenation of cyclohexene to cyclohexene oxide and cyclohexen-3-ol by
(O)Fc TMP +(X) (1) at various temperatures was compared with the iodosylbenzene mediated
reaction catalyzed by chloro-5,10,15,20-tetramesitylporphyrinatoiron(Ill) [Fe!!l(TMP)CI]. The
product ratios were found to depend on the axial ligand X in 1 and on the temperature in an unusual
way. The results demonstrate that at least one reaction intermediate must be produced and further,
that while the epoxidation proceeds via the formation of a complex between 1 and the olefin, the
hydroxylation reaction proceeds by a non-intersecting reaction pathway not involving this complex.

The elucidation of the mechanisms of metalloporphyrin catalyzed oxygenation of
hydrocarbons and the relationships of these reactions to the catalytic functions of
cytochrome P-450 continue to pose significant challenges.!-23:45 Of particular interest are
probes of the nature of reactive iron-oxo and iron-peroxo intermediates which have been
indicated in the action of both heme and non-heme iron-containing enzymes.6 The catalytic
cycle currently accepted for cytochrome P-450 is outlined in Scheme I. The structure of the
suspected but still unobserved reactive iron -oxo intermediate is shown in Figure 1.

Figure 1. Proposed reactive species of cytochrome P-450
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Scheme I. Catalytic cycle for cytochrome P-450

ThcIV characterization of a synthetic oxoiron(IV) porphyrin cation radical
[(O)Fe "TMP *(X), 1] derived from the reaction of peroxyacids with chloro-5,10,15,20-
tetramesitylporphyrinatoiron(II) [Felll(TMP)CI] and the ability of this complex to
epoxidize and hydroxylate appropriate substrates’” provides an opportunity to compare
these two reactions. Although we have shown that the mechanism of olefin epoxidation
varies with changes in reaction conditions3, the oxidizing species has been assumed to be
structurally related to 1 in a variety of different oxidation systems.?

There is abundant evidence that the hydroxylation of hydrocarbons catalyzed by
cytochrome P-450 occurs by a mechanism involving hydrogen atom abstraction from the
substrate (R-H) followed by rapid transfer of the metal-bound hydroxy radical to an
intermediate alkyl radical (R-) (Scheme II). This so-called oxygen rebound mechanism

R—H R R—-OH

0 OH
S —
Scheme ILRebound mechanism for the hydroxylations by cytochrome P-450.

is consistent with the stereochemical, regiochemical and allylic scrambling results observed
in the oxidation of norbornane, camphor and cyclohexene by cytochrome P-450. The
hydroxylation of a saturated methylene (CH2) in norbornane was accompanied by a



D
P-450
+
HO
D D

HO—M M—OH

Scheme III. Epimerization and allylic scrambling observed for
cytochrome P-450 catalyzed hydroxylation.
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significant amount of epimerization at the carbon center. Thus, the hydroxylation of exo-
exo-exo-exo-tetadeuterionorbornane by P-4501 M and in the hydroxylation of camphor by
P-450:am gave exo-alcohol with the retention of the exo-deuterium label (Scheme III). The
hydroxylation of selectively deuterated cyclohexene proceeded with substantial allylic
scrambling (Scheme III).10 The intrinsic isotope effects for the oxygen insertion into a C-
H bond are very large!l: (1) ky/kp = 11.5 £ 1.0 for the hydroxylation of tetra-exo-
deuterated norbornane. (2) ky/kp = 11 for the benzylic hydroxylation of [1,1-D]-1,3-
diphenylpropane, (3) kn/kp = 10 for the O-demethylation of p-trideuteriomethoxyanisole,
and (4) ky/kp = 13.5 for the demethylation of 7-methoxycumarin. These large isotope
effects are inconsistent with an insertion process and indicate that the C-H bond is
essentially half-broken in a linear [O---H---C] transition state and thus provide strong
evidence for a nonconcerted mechanism.

The existence of a complex between the ferryl species 1 and olefins as an intermediate
on the epoxidation pathway is supported by several lines of evidence.? It is clear from the
variety of data that more than one type of intermediate can intervene depending upon the
nature of the substrate olefin and the structure of the porphyrin. Several of the proposed
intermediates are shown in Figure 2.

? .
"',,.."l' . "_“‘\\

N

—Fe'— ——Fe"— —TFe

m___

Figure 2. Proposed intermediates in epoxidations by cytochrome P-450
and metalloporphyrins.

Cyclohexene has been shown to be a revealing substrate for the nature of reactive
metalloporphyrin intermediates in both model and enzyme regimes!2, In this paper we
demonstrate that while the epoxidation of cyclohexene by the oxoiron porphyrins such as 1
passes through an intermediate complex, the competing allylic hydroxylation does not
proceed from this complex.

The oxygenation of cyclohexene by 1 with different axial ligands was compared with
that of an iodosylbenzene-mediated reaction catalyzed by Felll(TMP)Cl. The reactions
were performed in CH,Cl, at various temperatures with MCPBA/Fe(TMP)CI,
PhIO/Fe(TMP)CI and with MéPBA/Fe(TMP)Cl in 5% MeOH and the ratio of epoxidation
to hydroxylation was determined in each case (eq. 1).

OH 0O
[O] [3]
O — - ()0 + + O ratio= —— (1)
[41+[5]
2 3 4 5
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The results presented in Figure 3 show that although the observed product ratios for all
reactions were similar at room temperature, the changes observed upon varying the
temperature differed markedly. The response of the iodosylbenzene reaction to lower
temperature (curve b) was to produce more epoxide, while for the MCPBA reaction (curve
a) allylic hydroxylation increased and eventually became the major product. For the same
reaction in 5% MeOH (curve ¢) a more complicated behavior was observed. The reaction
of cyclohexene with MCPBA /Fe(TMP)OH was examined at -78°C as well and the
epoxidation/hydroxylation product ratios obtained from 1 prepared from Fe(TMP)OH,
Fe(TMP)CI and Fe(TMP)Cl in 5 % MeOH/CH,Cl, were found to be 0.44, 0.8 and 2.4,
respectively.

That the trend observed for the MCPBA-initiated reaction eventually reversed the major
and minor products (Fig. 3, curve a) rules out any mechanism in which one common
intermediate (or transition state) leads to all products. Similarly, two simple, independent
pathways cannot be accommodated by these results. In both cases the relative amount of
the minor product is expected to decrease with temperature due to its larger activation
energy, as was the case for the iodosylbenzene catalyzed reaction (Fig. 3, curve b).

The different temperature behavior of the PhIO and MCPBA mediated reactions can be
accommodated by assuming that only epoxide is formed from a reversibly formed complex
between (O)Fe(IV)TMP (1) and cyclohexene . This mechanism is outlined in Scheme IV
and is based on the following observations. Formation of a complex between 1 and
olefins has been shown by us to be fast and reversible under conditions for which epoxide
formation is slow,8 whereas hydrogen abstraction leading to 4 should be irreversible.

The general kinetic expression for the epoxide/alcohol ratio for this situation is
k,k,/ks(k_;+k,), which predicts that under conditions for which complex formation is
reversi%)le, the epoxide/alcohol ratio is governed by K, k,/ks, whereas for irreversible, rate-
determining complex formation, the product ratio is k;/k;. Since at low temperature k_
1>>k,, increasing the temperature should indeed decrease the difference between these
constants, but never to the extent as to change the relative order of k ; and k,. For this to
happen there must be an additional variable which is suggested by the results with various
catalysts to be the axial ligand.

We have shown that the reversible formation of a complex between 1 and styrene was
made irreversible and rate determining by the addition of methanol8. A similar trend
toward irreversibility of the formation of 6 in methanol-containing solutions should be
reflected in a higher epoxide/alcohol ratio as was indeed observed. The fact that 1 prepared
in 5%, MeOH containing CD,Cl 13 or tqlpene-dg!4 has been identified as
[(O)Fe 'TMP *(HOCH3)]" X  rather than (O)Fe 'TMP *(X) and the different product
ratios obtained with Fe(TMP)OH and Fe(TMP)CI leads one to conclude that at the
complex formation step between 1 and cyclohexene, the ligand (X in 6) is still bound and
involved in the rate determining step . V. .

Another indication of the difference between the various (O)Fe” "TMP +(X) species is
the observation that for samples of 1 prepared by the MCPBA oxidation of Fe(TMP)CI and
Fe(TMP)OH in CD,Cl», only broad, unresolved 1H-NMR resonances were observed.
Addition of 5% CDﬁQI% to_the former splution resulted irNhe characteristic 1H NMR
spectrum of [(O)Fe "TMP +(HOCH3)] X" 7 whereas Fe TMP(OCH3)2 was formed
from CD30D addition to the latter solution!5. Significantly, when solutions of 1 were
prepared at -78°C and subjected to temperature excursions prior to olefin addition, the
product selectivity observed was characteristic of the final temperature.16

We conclude that allylic hydroxylation and epoxidation of cyclohexene by 1 proceed via
independent pathways one of which involves an intermediate. This is consistent with the
formation of a complex (6) between the high valent iron oxo species (1) and the olefin on
the pathway to epoxide formation, which under normal catalytic conditions is rate
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determining. However, at low temperatures and/or with strongly bound sixth ligands,
formation of the complex 6 must be a reversible and non-rate limiting step.

T, °C

Figure 3. Product ratios (cyclohexene oxxde/(cyclohexen -3-0l + cyclohexen-3-one,
[31/([4] + [S]R for Fe(TMP)Cl catalyzed oxidation® ¢ of cyclohexene at various
temperatures.” ® MCPBA mediated reactions; at T > -20°C addition of 0.95 equiv
MCPBA to a solution of 2.5 wmol Fe(TMP)CI and 18 equiv cyclohexene in 150 pL

Cl and for T< -40°C 10 pL of 1.2 eq. MCPBA solution were added to 2.5 pmol
Fe( Mlg)Cl in 150 uL. CH,Cl, to observe the characteristic green color of 1 and then 18
€q. cyclohexene were addeg :l)"hc product ratios at RT, 0, -40 and -78 °C were 6.3, 4.9,
1.27 and 0.8, respectively. ~ PhIO mediated; 250 pmol cyclohexene, 100 pmol PhIO and
0.6 umol Fe(TMP)Cl in 1 mL CH,y Cl for 1 hr; The product ratio at RT, 0 and -20 °C
were 8.1, 9.2 and 13.2 respectlvely e same reaction conditions as for a, butin 5 %
MeOH/C . The product ratio M RT, 0, -20, -40, -60 and -78 °C were 8.55, 10.1,
84,54, 4. an 2.4 respectively. Determined by glpc by comparison to authentic
samples
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The ligand effect described here may be helpful in understanding the role of the axial ligand
in determining the reactivity and selectivity of metalloporphyrin catalysts and in controlling
the range of reactivities of heme enzymesl?. It also illuminates the surprising richness and
complexity of these oxygenation reactions which continue to be under investigation in this

laboratory.

H,C

Scheme IV
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SELF-ASSEMBLY, CATALYSIS AND ELECTRON TRANSFER WITH
METALLOPORPHYRINS IN PHOSPHOLIPID MEMBRANES
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JOYDEEP LAHIRI, SOLOMON B. UNGASHE & JOHN T. GROVES
Department of Chemistry

Princeton University

Princeton, New Jersey 08544, USA

ABSTRACT: The design and assembly of synthetic hemes in a model membrane is described. A
synthetic porphyrin with four steroidal appendages has been designed to bind to phospholipid
membranes. The iron and manganese derivatives of this porphyrin are selective catalysts for the
epoxidation of olefins and the hydroxylation of saturated carbon centers. Regioselectivity is
imposed by the restricted motion of the substrates and catalyst in the lipid environment. Electron
transfer reactions to and from this membrane-embedded porphyrin have also been explored. It is
shown that ferricytochrome c is recruited to the membrane surface through ionic interactions with
the anionic zinc porphyrin to form a protein-molecule complex. Electron transfer among various
components in this membrane ensemble suggest a medium-mediated process through multiple
pathways over a distance of ca. 23 A.

The biological importance of processes catalyzed by membrane associated multienzyme
systems has stimulated intensive research aimed at understanding the chemical nature of
these transformations. Yet the sheer complexity of these natural systems, and the lack of
information regarding the structure and topology of the enzymes and enzyme complexes,
especially of membrane-bound proteins, has made investigation of these systems difficult.
As a result, a great deal of effort has been put forth creating relatively simple enzyme
models which allow for the systematic variation of factors which dictate the reactivity of the
natural systems!l. One approach involves synthesizing elaborately arranged molecules in
which the reactive centers are covalently linked, often by rigid spacers. An alternative
approach, which will be reviewed in this chapter, involves compartmentalizing relatively
simple components in membrane bilayers and non-biological organized media, forming
supramolecular arrays capable of biomimetic activity. While some of these self-assembling
systems attempt to closely approximate the structural and topological features of the natural
enzyme complexes, others invoke completely abiological components to affect the desired
transformations. In either case, a major role of the host matrix is to serve as a scaffolding
for arrangement of the individual components into functional arrays. Furthermore, the
microenvironment provided by the host (hydrophobic, electrostatic, amphipathic, etc.) may
alter the reactivity of the catalysts, potentially leading to novel reactivity!b 2. Because the
self-assembling systems typically make use of non-covalent forces to organize relatively
simple individual components, synthesis is often facilitated in comparison to covalently-
linked models. The supramolecular systems require, however, that close attention be paid
to the spatial disposition of the individual groups relative to the host matrix and to each
other, as well as to their mobility in, and their affect on, the organizing medium. Because
of the variety of transformations catalyzed by porphyrins and metalloporphyrins, in
addition to their prominence in biological systems, incorporation of porphyrins into ordered
host matrices has been invoked in the development of such materials as photoconversion
and photostorage devices, conductors and semiconductors, non-linear optical materials,
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oxidative catalysts, and oxygen transport agents. This chapter will present a brief
description of biological membranes, and artificial bilayers which serve as biomembrane
models, and review some of the efforts to assemble artificial heme-containing systems in
membrane bilayers and in non-biological matrices.

The membrane-spanning porphyrin H2ChP, 1, was designed and synthesized and
demonsgrated to insert in a highly ordered microenvironment within phosphatidylcholine
bilayers-.

The C2-symmetric porphyrin was designed to reside at the core of bilayer membranes,
anchored by the steroid appendages located on the meso phen%l rings. This orientation was
corroborated by EPR spectroscopy of metallo derivatives”®. Oriented EPR spectra of
CullChP incorporated in phospholipid multibilayers indicated that the heme plane lay
parallel with the membrane surface. The depth of the macrocycle in the membrane was
probed using a "plum bob" experiment, in which o~ alkyl imidazole acids of varying
chain length were added to membrane-intercalated CoChP, and coordination of the
imidazole to Co(II) was determined by EPR spectroscopy. Ligation was only observed
with a carbon chain-length n 2 8, which is consistent with localization of the heme at the
middle of the bilayer. The fluorescence spectrum of the ZnChP in DPPC membranes was
also indicative of a hydrophobic environment*. The location of the porphyrin ring in the
membrane interior, oriented parallel to the membrane surface, offers good topological
mimicry of the P-450 heme cofactor in the inner mitochondrial membrane-. In addition, the
hydrophobic pocket formed above the heme plane by the steroid appendages and lipid
chains serves as a good model for the
hydrophobic active site of P-450cam
determined from the crystal structure$, and for
P-450 liver hydroxylase enzymes, whose active
sites are also believed to be hydrophobic
clefts’.

We have utilized the highly ordered
microenvironment of liposome-intercalated
FeChP, 1-Fe, and MnChP, 1-Mn, to catalyze
highly regioselective oxidations of amphiphilic
substrates3. The ordered microenvironment
was indeed shown to direct regioselectivity in
the hydroxylation and epoxidation of
amphiphilic steroid and fatty acid substrates.
For example the membrane assembly catalyzed
exclusive epoxidation of the side-chain double
bond of desmosterol, even though oxidations in
homogeneous solution showed the B-ring
double bond to be more susceptible toward
epoxidation. Similarly, cholesterol was
selectively hydroxylated at the C-25 side chain
position. An idealized depiction of the
orientation of desmosterol and the leading to the
observed product is shown in Figure 1.

We have extended this work, creating a

OH biocompatible assembly depicted in Figure 2

M ~dT e I which utilizes molecular oxygen to oxidize

1 MchP, M = Fe'™, cd, Mn™™, cul! lipophilic substrates8. The zwitterionic flavin
AmFI, 2, was shown to catalyze reduction of

MnlIIChP by flavoenzyme pyruvate oxidase (PO) in the aqueous phase, which itself
received electrons from pyruvate. In the presence of oxygen, the pyruvate

OH
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oxidase/AmFI/MnChP system catalyzed the oxidation of ethyl benzene to
methylphenylketone. No oxidation of substrate was measured upon omission of any of the
components.

N(CH3>3 "N(CH3)3
O i O HO HO
0’\/‘0 0

Q

o
°To0 "0 ” 0 o\/o\o,o
0 ,OLALO oPo
50 o) Mn-ChP g
. N(CH
*N(CHy)3 Figure 1 (CHa)s

The proposed mechanism of oxidation involves AmFl-mediated reduction of Mnlllchp
by PO, oxygen ligation to Mn(II), and oxygen activation upon introduction of a second
reducing equivalent, analogous to the P-450 catalytic. The AmFl/MnChP redox couple is
believed to be a good topological model for the P-450 reductase/P-450 binary complex.

A multi-component electron transfer chain which closely models the topological
arrangement of redox partners in the liver microsomal hydroxylase system has been
assembled4. During its catalytic cycle, P-450] M receives two reducing equivalents from
cytosolic NAD(P)H via an associated two-electron/one-electron shuttle cytochrome P-450
reductase, which contains an FAD and FMN cofactor. A schematic depiction of the
possible arrangement of redox sites is shown in Figure 3. The artificial assembly, which
consists of NADPH, zwitterionic flavin AmFIl, 2, and MnChP 1-Mn, mimics the spatial
disposition of the natural redox sites in the membrane.
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Figure 2
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Kinetic studies revealed that the mechanism of electron transfer from NADPH to
vesicular MnllIChP was analogous to P-450 reductase-catalyzed reduction of ferric P-450
by NADPHSY, and thus entailed rapid reduction of the flavin by NADPH, followed b{ rate-
limiting electron transfer from the dihydroflavin to Mn(III). The rate of MnllIChP
reduction was slower than P-450 reduction by ca. two orders of magnitude, and may
reflect the lack of complexation between the flavin and heme centers.

In addition to supramolecular assemblies which shuttle electrons from aqueous
reductants to liposome-intercalated MnChP, we have demonstrated that MnlIChP, 1-Mn,
can transfer electrons to ferricytochrome ¢, docked to the membrane surface by a tricationic
porphyrin amphiphiles, ZnTCAP 34 and ZnTCImAP, 410, The infusion of the amphiphilic
zinc porphyrin 4 into vesicular solutions of 1-Mn were shown to form the 1:1 adduct .

Binding of cyt ¢ to 5 to produce the termolecular ensemble 6 was shown to be
stoichiometric with a binding constant of ca. 107.
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Addition of cytochrome ¢ to mixed DMPC/DPPC vesicles containing MnIIChP and
ZnTCAP resulted in reduction to ferrocytochrome c¢ with concomitant formation of
Mn(IIl). Reduction was first order in the MnlIChP-zinc amphiporporphyrin 4-
ferricytochrome ¢ assembly, indicating that cyt ¢ and MnChP were complexed. By
contrast, vesicles containing cyt ¢ with MnChP, ZnTCAP lacking the imidazole ligand
showed second order kinetic behavior. Thus, the reduction kinetics for the ternary species
6 was consistent with electron transfer from MnllIChP to Fe(lll) in a single three-
component complex. By comparing the rate of electron transfer with other similar systems
of known distance, the electron transfer rate was used to estimate the distance between the
Fe and Mn in the three-component assembly. Factors such as reorganizational energy and
the decay constant were assumed to be similar with other systems. The distance thus
estimated from the electron transfer rate was ca. 23 A, which is remarkably similar to that
anticipated from models.
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We have recently reported the formation of a proton-selective ion channel consisting of
porphyrin-templated peptide helices!!. Previous work by DeGrado demonstrated that in the
presence of an electric potential, amphiphilic peptide helices lined with hydroxyl groups on
one helical face and hydrophobic groups on the other face formed proton-selective ion
channels!2, From molecular modeling studies, and by analogy with natural ionophores
composed of amphiphilic helices, it was predicted that the conducting state consisted of a
parallel four-helix bundle. In order to verify the tetrameric nature of the ionophores, and to
create more stable pore structures, four peptide units were linked via amide linkages to
tetrakis(m-carboxyphenyl)porphyrin, affording tetraphilin 5, shown in Figure 4.
Computer modeling indicated that the meta linkages were well-oriented to allow for
tetramer formation, and would also permit rotation of the meso phenyl groups, thereby
allowing the helices to "seek out" favorable conformations. Insertion of tetraphilin into
BLM's indicated that the porphyrin-templated peptides indeed formed ion channels through
the membrane which were proton-selective, confirming the four-helix bundle structure of
the ionophores. Both the frequency and the length of the conducting state were enhanced in
5 vs. untemplated helices, demonstrating that templating of the peptide units to the
porphyrin enhanced formation of the conducting state. Additionally, the low voltage
dependence of the conducting state suggests that, unlike the unmodified peptides, the
peptide units of the tetraphilin predominantly span the bilayer, even in the absence of an
applied potential.
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Figure 4. Structure of tetraphilin 5. (Top) Chemical structure showing the peptide
attachment sites to the porphyrin template, (bottom) energy-minimized
computer model of the proposed proton-conducting state.
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MECHANISTIC STUDIES ON THE BINUCLEAR Fe ENZYMES
RIBONUCLEOTIDE REDUCTASE AND PURPLE ACID PHOSPHATASE
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Newecastle upon Tyne, NEI1 7RU, UK

1. Introduction

The enzymes ribonucleotide reductase (ribonucleotides —> deoxyribonucleotides), purple acid

phosphatase (hydrolysis of phosphate esters), methane monooxygenase (CH4—>CH3O0H),
along with the Oy-carrier hemerythrin are a diverse and important category of metalloproteins
containing binuclear iron centres. 1' The active site structures of three of these (RNR,2 MMO3
and Hr4) are known from X-ray d1ffract10n studies, and from physical measurements a
structure for PAP has been proposed.”> The active form of RNR has a tyrosyl radical (Tyr-)
close to (5.3 A) but not coordinated to the Fe(III), centre as illustrated, Figure 1. In the case

of PAP
Oo o’—-rﬁm 238

Tyr 122

,-o /°
Aspal. o/
Glu 204
His 118 w
Glu 115 ()/H:s 261

Figure 1

and MMO the active form of the enzyme is in the mixed-valent Fe(I)Fe(III) state. From
physical measurements the most recently proposed PAP structures are as in Figure 2 for the
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rest state Fe(II)Fe(III) form, and a related phosphate bound product.5 Professor Krebs has
presented the latest information on the structures ofy Zn(I)Fe(III) kidney bean
phosphatase.6 There are however as yet no details from/the crystallography of the amino
acids which coordinate the active site. Hemerythrin in the/deoxy Fe(IT), state coordinates Oy
at the vacant coordination site to give a peroxo-bound Fe(IIT), product, oxyHr.7 The structure
of the hydroxylase protein of MMO has many similarities to RNR, and is at an advanced stage
as reported by Professor Lippard.3

o 0
\\P/
HZ/O R Hzo\ O/ \O
O, -
_< “Fel” A O-Tyr fo) g \ O-Tyr
\O// Y. .0 \ - el SFell
His ~\v/ His o/ \O/ O\ 0
Y His H ;—lls
Figure 2

2. Reactivity of RNR

This enzyme from E.coli consists of R1 and R2 subunits each of which is a homodimer M; 2
x 86.0 and 2 x 43.5 kDa respectivelys, Figure 3. The R1 subunit contains the binding sites for
substrate and allosteric effectors and also has redox active cysteines, while R2 has the Tyr
which is stabilised by a y-oxo bridged Fe(IlI)7 centre. The secondary alcohol at the 2'-carbon
of the ribose is reduced as in (1). The first step in

@)
phosphate |— O [ phosphate |
OHOH OHH
ribonucleotide deoxyribonucleotide

the Stubbe mechanism is the abstraction of a hydrogen atom at the 3' position.? The Tyr-
radical of the R2 subunit is believed to be involved in this process. Later the same hydrogen is
returned to the 3' position. However the radical is ~10A buried from the hydrophobic surface
of R2 which is believed to bind R1. The manner in which it is accessed and/or becomes
involved in redox processes is of considerable interest therefore. A possible route for ET
involves Trp48 at the proposed R1 binding surface to a hydrogen bonded Asp-237, which also
forms a hydrogen bond to the Fe coordinated His-1 18,2 and hence presumably to the Tyr' at
122, Figure 4.

The buried nature of the Tyr- and Fe(IIl); makes it more difficult to understand the
mechanism of redox processes. In addition to electron transfer from the surface, H-atom
transfer with or without penetration of the protein matrix has to be considered for reactions of
R2 with different reductants.10 Although dithionite is a strong reductant, it is not able to
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reduce either components of the E.coli R2 active centre.1l  Also reactions of R2 with
inorganic complexes are generally very slow even when there is a high driving force.
Charge appears to bring about a significant inhibition.

ATP

dATP
His118 Trp48

ATP R1 (a,)

dATP 2x857 kDa
aTTP O *

dGTP
HS SH
g
Tyre @ @ Tyre R2 (B,) Asp237
2x434kDa

Figure 3 Figure 4

A number of redox studies of the E.coli R2 subunit of RNR have been carried out. Redox
changes are generally monitored at the Tyr- peak at 410nm, or at 370nm which emphasises
more the decay of the Fe(IlI);. Five categories of reaction of the E.coli R2 protein of
ribonucleotide reductase (RNR) are defined from mechanistic studies with reagents of the kind
hydroxyurea, methylhydroxylamme, hydroxamic acid derivatives, long-lived organic radicals
of which methyl viologen MV-T is a good example, hydrazine, catechol and its derivatives.

Attention is focused on whether a particular reagent reduces only the tyrosyl radical (Tyr-)
giving metR2, or the Tyr- and Fe(III); in consecutive steps to give fully reduced R2. In the
case of hydrazine (NpH4) reduction of the Tyr- and Fe(III)y occurs in a uniphasic process,
while with di-imide (N 2H2) it has already been demonstrated that the Tyr- is reduced and that
Fe(IT)Fe(I11) semi-metR2 is formed.13 "A further mechanism is observed with catechol and
catechol-like derivatives (in this work 3,4-dihydroxybenzo-hydroxamic here abbreviated to
Didox), in which there is reduction of the Tyr- in the first stage followed by removal of the
Fe(IIT), in the second. The latter offers a more permanent inactivation of R2 meriting more
extensive study in the context of cancer drug therapy.

The following observations can be made on the reactions described. First NoHy in view of
the multi-electron nature of the umphasw reaction reported, 14 and O7 (identification of
1ntermed1ates),1 must both react by accessmg the actlve centre. Protonation equilibria taking
place in the pH range 6.4-8.4 and which give e.g. N2H5 and CH3NH» *TOH have little or no
react1v1ty compared to the uncharged reagent. Although methylhydroxylamine (CH3NH0H)
is a better reductant than hydroxyurea (NHoCONHOH) the two are about the same size and
give similar rate constants 0.41M-~ lg-1 and 0.46M-15-1 respectively. Penetration is therefore a
strong possibility. Consistent with this the shghtly bulkier reagents CH3CONHOH (0.020M-
Is-1y" and CeH5CONHOH (0. 040M-1s- ), with a hydrophobic rather than non-polar
component, are less reactive. Moreover in the case of catechol, CgH4(OH), and Didox,
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(OH),CcH3CONHOH, the efficient removal of the two Fe(Ill)'s is likely to require a
mechanism of the reagent accessing the Fe(III), site.
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20—
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Figure 6

Reagents likely to reduce Tyr- and Fe(IIl), from the hydrophobic surface have also been
studied, Figure 5. A feature of these reagents is that one-electron reduction potentials can be
determined (as indicated). In all but the two cases phenylenediamine reagents the approach is
to generate the Long-Lived Organic Radical (LLOR) with dithionite. Since the latter does not
react with R2,11 and the LLOR is generated in a rapid step, the concentration of the LLOR
reagents remains constant and need not be in >10-fold excess of R2 to observe first-order
kinetics. The reactions can also be adjusted to a conventional time range of study and
monitored at 370nm and/or 410nm. Thus solutions of MV2t for example are made up with an
~1000-fold excess of dithionite to generate the LLOR written as MV-T. Rate constants were
determined in all cases for reduction of the tyrosyl radical (k). The free-energy plot, Figure
6, with an initial slope 0.5 is consistent with electron-transfer from the surface. Indeed
penetration of such large (and in the main hydrophobic) molecules is unlikely, added to which
H-atom transfer is only conceivable in those cases in which an NH7 group is present. At high
driving force the reactions appear to become diffusion controlled with a resultant levelling out
of the free-energy plot.

3. Reactivity of PAP

The active mammalian Fe(II)Fe(III) form (PAPr) has a characteristic pink colour with a peak
at 510mn (¢ = 4000 M~ lgm-1 ), and the inactive Fe(III)Fe(IlI) form (PAP,) a purple colour
with peak at 550nm (¢ = 4000 M~ 1cm'l) 1,16 The absorption originates from the tyrosine —>
Fe(IIT) ligand-to-metal charge transfer (LMCT) at the normally redox-inactive Fe(III)

centre.
Reactions of different phosphates (represented here as PO4) with the Fe(II)Fe(III) form of
purple acid phosphatase (PAP;) from porcine uteri (uteroferrin) have been studied by
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monitoring absorbance changes for the iron(III) chromophore at 620nm.18 Reagents studied
include HyPOg4-(as prototype) (e), phenylphosphate (and the p-nitro derivative) (4),
pyrophosphate (*), tripolyphosphate (o), and adenosine 5'-triphosphate (ATP) (¢). In all
cases stopped-flow rate constants are independent of total [PO4] (10-50mM), Figure 7, and
decrease with increasing pH (2.5-6.5), Figure 8.
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At the lower pH's a mechanism of rapid PO4 binding to the Fe(I) followed by rate-
controlling [POg4]-independent bridging to the Fe(IIl) with displacement of a coordinated H»O
is proposed. From Figure 3 it is noted that rate constants vary little with the size and charge
on the phosphate reactant.

Further information comes from experiments on the hydrolysis activity of PAP; monitored
by the release of _a-naphthol (323nm) from _a-naphthyl phosphate, which maximises at pH
4.9. The full mechanism illustrated in Figure 9 requires participation of F e(II1)-OH, which
substitutes into the phosphate moiety thus bringing about hydrolysis.

The faster phosphate displacement of HyO on the Fe(III) does not lead to hydrolysis and in
such instances the reverse bridge cleavage process followed by reformation presumably occurs
until Fe(III)-OH participation results in hydrolysis. Other evidence in support of this
proposed mechanism are the EXAFS demonstration that phosphate bridges the two Fe's, that
inversion occurs at the phosphate,19 and that there is indeed F e(II1)-OH participation.20 An
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essential part of the reaction steps proposed is the replacement of HyO ligands one to each

metal. Fell---Fell Fell---Fgll

|+ H,PO,~

H,0 H0 H2PO,4 H,0 .
A \

Fell---Fell
Kll
HPO,
k2

Fell-- -Folll /

[
H,PO, OH

B
ks

Kez

Fe"- - Felll
HPO, OH

c
Figure 9
Equation (2) summarises the principal step in
Fe" . F Ul '.:e“""’l:em
0 o, 0
SO @
Ro”- // N 7\
OH 0" oH

the hydrolysis, where again the existence of an equilibration process has to be stressed, i.e. the
reaction does not proceed to 100% and the amount of p-phosphato product increases as the
total phosphate increases. One problem is that the equilibration makes it difficult to explain
the independence of rate constants on [PO4]. If coordination of PO4 to Fe(III) involves an
equilibrium process then binding of POy4 to the less charged Fe(II) is likely to behave
similarly. If however the polypeptide is also implicated in binding of PO4 to Fe(II), then
~100% binding may result. An important observation is that PAP has an isoelectric pI of
>9.6, so that at pH _7 it will retain a substantial positive charge.21

The presence of a positively charged region near to the binuclear Fe active centre is clearly a
requirement of redox studies with negatively charged inorganic complexes as will now be
described. F1rst of all with the one- equlvalent reagent [Co(phen)s] 3+ (370mV) oxidation of
PAP; (367mV), Fe(Il)Fe(II) _ Fe III)2, gives simple first-order kinetics (k = 1. 26M-15-1 )
at pH 5.0. However with [Fe(CN)6] (410mV) as oxidant, saturation kinetics are observed
and indicate an association process Kpe = 540M-! prior to electron transfer, k = 1.0s-1, as in

3)-4.

Kpe
PAP; + [Fe(CN)g]3- <& PAP,, [Fe(CN)g]3- (3)
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k
PAP,, [Fe(CN)g]3- —  PAP,+ [Fe(CN)g]* 4)

Furthermore the redox mactlve complexes [Cr(CN)6]3 (550M- 1) and [Mo(CN)8]4' (1580
M- ) inhibit the [F e(CN)6] reaction, and give association constants as indicated for
interaction with PAP;, presumably the result of an interaction at the same site.23  This
behaviour and the magnitude of values suggests a positively charged region of ~+4,24 close to
the surface of PAP;.

The ability of Zn(II) to replace Fe(Il) in plant PAPr,25 and initiate the same chemistry has
been noted. The lability and redox inactivity of zinc supports such a functional role.
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STRUCTURE AND REACTIVITY OF THE BLUE COPPER PROTEINS

P. KYRITSIS, C. DENNISON & A.G.SYKES
Department of Chemistry, University of Newcastle
Newcastle upon Tyne, NE1 7RU, UK

1. Introduction

The blue copper proteins are involved in electron transport and have a single type 1
copper centre which makes use of the Cu(lI) and Cu(l) oxidation states.] The Cu(Il)
proteins have two very striking non-separable properties, an intense S(Cys)—>Cu(Il)
charge-transfer band at ~600nm, giving rise to the blue colour, and an EPR spectrum
which in the parallel region gives unusually narrow hyperfine splitting! (3.5-6.3)x10-3
cm~L. To date probably the best synthetic analogue which has modelled these properties
is that with hydrotris(3,5-diisopropyl-1-pyrazolyl)borate and a thiolate as ligands,
[ {HB(3,5-iprypZ3)} Cu(SR)], where R is e.g. t~buty1.2 This type of molecule has N3S
rather than the normally N»Sy donor atoms of the proteins. Properties of eight different
proteins to be considered are listed in Table 1.

Amino E" Am: £

Protein Source acuds pl* (mV) (nm) (M=! em™")

Plastocyanin Higher plants/green 99 4.2 375 597 4500
algae

Azurin Denitrifving bacteria 128 54 305 625 5200

Pseudoazurin Denitrifying bacteria 123 765 — 593 2900

CBP Cucumber 96 10.5 317 597 3400

Amicyanin Methylotropic bacteria 106 47 260 596 3900

Rusticyanin Thiobactllus ferrooxidans 144 9.1 680 597 2240
bacteria

Stellacyanin Lacquer tree 107 99 184 608 4080

Umecy'nmn Horseradish roots 125 5.8 283 610 3400

Structurally the proteins are very well documented from X-ray crystallography and
NMR studies, Table 2. The first structure information, which was for plastocyanin
from poplar leaves, appeared in Nature3 (1978), Figure 1. While there has been
extensive use of physical techniques to understand properties of the proteins, knowledge
of the structures has been of particular importance. The Cu is coordinated by N(His-
37), S(Cys-84), N(His-87) and S(Met-92) in a distorted tetrahedral arrangement. The
imidazole ring of His-87 separates the Cu from the solvent by 6 A. An unusually long
Cu-S(Met92) bond, Figure 2, and two bond angles differing by >20° from a regular
tetrahedron are features of the active site.

67

D.P. Kessissoglou (ed.), Bioinorganic Chemistry, 67-76
© 1995 Kluwer Academic Publishers.



68

Table 2. X-ray and NMR Structures of Type 1 Cu Proteins

Plastocyanin

Poplar leaves

Enteromorpha prolifera
Oleander leaves
Chlamydo' reinhardtii
Anabaena variabilis
Scenedesmus obliquus
French bean leaves
Azurin

Pseudomonas aeruginosa

Alcaligenes denitrificans

Pseudoazurin
Alcaligenes faecalis
Methylobacterium AMI
Amicyanin

Paracoccus denitrificans
Thiobacillus versutus
Cucumber Basic Protein

Ascorbate Oxidase
(squash)

Nitrite Reductase

A. cycloclastes
A. faecalis

Cu(Il)
Cu(l)
Apo
Hg(II)
Cu(II)
Cu(Il)
Cu(ID)
Cu(Il)
Cu(l)
Cu(l)

Cu(1l)
Cu(Il)
mutants
Zn(ID)
Cu(Il)
Cu(l)
Apo
Cd(In)

Cu(Il)
mutants
Cu(I)

Cu(1l)/apo
Cu(ID)
Cu(D)

Cu(ll)

Cu(Il)

Cu(Il)
Cu(11y/
mutants

Freeman
Freeman
Freeman
Freeman
Freeman
Freeman
Yeates

Freeman
Wright

Wright

Adman
Huber
Huber
Huber
Baker
Baker
Baker
Baker

Adman/petratos
Adman
Kai

Mathews
Messerschmidt
Canters
Freeman

Messerschmidt

Adman
Adman

1978/83
1986
1984
1986
1990
1991
1993
1994
1983(NMR)
1991(NMR)

1978/81
1991
1991/3
1992
1988
1990
1993
1994

1989
1991994

1993
1994
1994(NMR)
1988

1989/92

1991
1994

Nature/J.Mol.Biol
J.Mol.Biol.
J.Biol.Chem.
J.Biol.Chem.
J.Mol.Biol.
Ph.D.Thesis
Biochemistry
Ph.D.Thesis
Biochemistry
J.Mol.Biol.

Isr.J.Chem.
J.Mol.Biol.
J.Mol.Biol.
Eur.J.Biochem.
J.Mol.Biol.
JACS.

Acta Cryst.
Acta Cryst.

J.Biol.Chem.
Prot.Eng.
Acta Cryst.

Prot.Sci.
J.Mol.Biol.
in press
Science

J.Mol.Biol.

Science
Biochemistry
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With minor differences the same active site structure is observed for other type 1
proteins, but in the case of stellacyanin, umecyanin and cucumber peeling cupredoxin
(CPC - not listed in Table 1),4 GIn replaces Met as the fourth ligand.

Figure 1

One difference in the case of the active site of azurin from Alcaligenes denitrificans is
the coordination of the O-atom of the carbonyl of Gly-45 as a fifth ligand in an
approximately trigonal bipyrimid arrangement, Figure 3.

Figure 2 Figure 3

The axial bonds, Cu-O (3.163), and Cu-S(Met-121) of 3.12 A are both long. The
structure has therefore features acceptable to Cu(II) (5-coordination), and Cu(I) (trigonal
3-coordination). Whereas in the case of plastocyanin the Cu(Il) is ~0.3 A out of the
plane defined by N(His-37), S(Cys-84), S(Met-92), with azurin the Cu(II) is only ~0.1 A
out of the corresponding plane. The pronounced B-sandwich structure gives a barrel
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shape to the plastocyanin molecule of dimensions approximately 40 x 32 x 28 AS
Plastocyanin in the Cu(l) state normally has a charge balance of -9 + 1. Notably there is a
negatively charged region resulting from highly conserved acidic residues at 42-45 and
59-61 either side of an exposed Tyr-83, Figure 1. From extensive studies using
inorganic complexes as redox partners, evidence has been obtained for the involvement
of this remote site as well as the adjacent hydrophobic region as a site for electron
transfer(ET). In garticular, use has been made of the [Fe(CN)6]3/ [Fe(CN)6]4_ (410mV)
and [Co(phen)3]>t/ [Co(phen)?,]2+ (370mV) redox couples.

2. Two-Site Reactivity of Plastocyanin

As has been well documentedl, the first indications that the remote site can be used for
ET came from the observation of saturation kinetic behaviour in the oxidation of PCu(I)
with [Co(phen)_o,]?’+ (reactant in >10-fold excess) at pH 7.5.6  Further competitive
inhibition is observed with redox inactive complexes of high ~I1czositive charge such as
[Cr(phen)3]3*, [Pt(NH3)g]*" and [(NH3)5C0NH2C0(NH33251]5 , which by associating
at the remote site inhibit oxidation by [Co(phen)3]”™. An additional detail
demonstrated in the course of such studies was that [Co(phen):x,]3+ reacts 50% at this
site, and in some part at a second site (most likely the adjacent site). Other support for
two-site reactivity comes from IH NMR line-broadening of the PCu(I) protein brought
about by paramagnetic redox inactive analogue complexes [Cr(phen)s 3+ (Tyr-83) and
[Cr(CN)6]3_ (His-87).7 These studies provide support for [Fe(CN)gl”— reacting at the
adjacent site.

Azurin on the other hand has no charged regions, and an insert of ~25 residues gives a
flap in the region of the acidic patch of plastocyanin. It is possible therefore that azurin
uses only one site for ET. The possibility that other type 1 proteins exhibit two-site
reactivity has now been examined and will form a part of this report. Amicyanin for
example with a positively charged remote site has properties appropriate for two-site
reactivity. On the other hand plastocyanin from Anabaena variabilis has much less
negative charge than other plastocyanins, with a charge balance of +1 and no negative
patch. This is reflected in the behaviour observed with [F e(CN)6]3‘ and [Co(phen)::,]3+
as oxidants for the PCu(I) form.

In photosynthesis plastocyanin (a solute in the inner thylakoid) transports an electron
from membrane bound cytochrome f to the P700 component of photosystem 1. From in
vitro studies cytochrome f reacts at the acidic patch, and P700 at the adjacent
hydrophobic surface of plastocyanin.® The evidence for two-site reactivity is a
particularly unique aspect of plastocyanin reactivity. The structure of cytochrome £,9 has
demonstrated that there is a region of positively charged residues Lys-58, Lys-65, Lys-
66, Lys-187 and Arg-209, which could be relevant in docking the protein at the remote
site of PCu(II).

3. Effects of pH on Reactivity
On decreasing the pH from 7.5 to values in the 4-5 region (as low as it is possible to go

without protein denaturation), plastocyanin Cu(I), but not the Cu(Il) form, approaches a
state of redox inactivity. Thus in the case of the [Fe(CN)6]3' (reactant in >10-fold
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excess) oxidation of PCu(l), rate constants of ~8 x 104M- 151 at pH 7.5 decrease to
values at or close to zero. 6 X-ray crystallography has estabhshed this as_a process
involving protonation and dissociation of the coordinated N-atom of His- 87.10 " Active
site pKj's for the different plastocyanins, which can also be determined by NMR, and are
in the range 4.7-5.1, can be as high as 5.4-5.9 when there are deletions at positions 57
and 58 in the polypeptide chain.l  There are various changes accompan gmg the
protonation which result in the Cu(I) becoming trigonal-planar coordinated.1®  Since
Cu(II) does not exhibit trigonal coordination in any of its known chemistry, a barrier to
Cu(I) _ Cu(Il) change is created. Such inactivity fits the requirements of plastocyanin in
photosynthetic electron transport. As soon as the PCu(Il) receives an electron from
cytochrome f, it is rapidly converted to inactive PCu(I) since the inner thylakoid is at a
pH <5.0. The PCu(]) is therefore inactive until it is required to reduce P700. How the
P700 reactivates PCu(I) and becomes reduced at this stage is not yet clear

When PCu(l) is oxidised by cationic oxidants such as [Co(phen)3] protonation at the
acidic patch occurs as well as active-site protonation. From a two pK, fit it can be
concluded that the remote site has pK,'s in the range 5.3-5.8. Such values are high for
single carboxylates. It has also been observed that for the reduction of PCu(Il) by
cationic reductants, there is a decrease in rate constants with pH, giving single pK, fits in
the range 4.8-5.1. The latter is also assigned to the remote acidic patch. It is interesting
that at a distance of 15-20 A from the Cu the oxidation state of the Cu appears relevant.
A possible explanation is that some small movement is transmitted to the remote site so
that two of the carboxylates, which in the Cu(I) state share a proton, are not able to do so
in the Cu(Il) state. 11 “There is some crystallographic evidence in support of this.12 The
effect might constitute (or contribute to) a mechanism for dissociating the cytochrome f
and plastocyanin components after ET between the two.

Two other proteins in Table 1 exhibit active-site protonation and dissociation of the
exposed active site C-terminus His in the accessible range of pH. In all three cases
satisfactory agreement is observed for pK,'s determined by NMR and from kinetic
studies. In the case of T.versutus amicyanin the acid dissociation constant pK, (6.7),
is higher than the range of values (4.7-5.1) observed for the plastocyanin. The value
determined for A.cycloclastes pseudoazurin (4.7) is similar to that of plastocyanin.]
The number of amino acids between the C-terminus Cys and His residues co-ordinating
the active site for these three proteins is 2, whereas other proteins listed in Table 1 have 3
or 4.14 Similarly there is a small loop of 2 residues between the C-terminus His and Met
of amicyanin, which may explain the higher pKj in this case. The need for a higher pK,
in the case of amicyanin may relate to the physiological pH of ~7.0. We note also that as
the one-electron amicyanin reduction of the tryptophan-tryptophylquinone cofactor of the
MADH protein occurs the latter has to lose a proton, and amicyanin may be required to
bring about both changes.l?’b Pseudoazurin is involved in ET to nitrite reductase. The
newly identified blue copper protein halocyanin,15 also has 2 amino-acids between the
coordinated C-terminus Cys and His residues, and it will be of interest whether active
site protonation is observed here also.

4. Electron Self-Exchange Rate Constants

Self-exchange rate constants at 25°C, pH 7.0, e.g. for plastocyanin, are as defined in (1).
PCu(I) + PCu(Il) — PCu(II) + PCu(I) 0y
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Table 3. Self-Exchange Rate Constants Type 1 Cu Proteins

Protein kpgp/M-1s-1|  pH | Method Charge Cu(I) | Ref
Azurin (P.a.) 9.6x10°| 4.5|NMR -1 28
70x109| 9.0 NMR 28
2.4 x 106 5.0 | EPR 29
Azurin (A.d) 40x105| 6.7 | NMR 30
Plastocyanin (A.v.) 32x105| 7.5|NMR +1 31
59x10°| 7.5 | Marcus 32
(Parsley) 33x103| 7.5 | Marcus-8 32
(Spinach) ~4 x 103 6.0 | NMR -9 33
(French bean) << x 104 7.4 | NMR -9 34
Stellacyanin 1.2x 103 7.0 | EPR +7 19
Amicyanin (7.v.) 1.3 x 103 8.6 | NMR -4 13a
Pseudoazurin (A.c.) 29x103| 7.5 NMR +1 35
2.7 x 103 7.5 | Marcus 35
Umecyanin 58x103| 7.5|NMR -4 20
7.9 and 26 7.0 | Marcus 20
Rusticyanin ~104| 5.7 | NMR -3 36

250C; 1 = 0.100M (NaCl)

These can be determined by 1g NMR and EPR methods, and by cross-reaction studies
using the Marcus Equations (2) - 3),!

ki = (k11 kpp Kqp D
f = log (K12)%/4 log (k11 kp2/Z?) 3)

where k11 and ko7 are self-exchange rate constants for the respective couples involved in
the cross reaction, K15 is the equilibrium constant, ko is the rate constant for the cross
reaction, and Z is the frequency factor 1011M-1s-1."'Such rate constants ki1 and kyo,
listed in Table 3 as kggg values, are a measure of the intrinsic ET properties of the
protein. A comparison of recently determined values with those from previous studies is
given in Table 3. The approach in the case of the cross-reaction studies has been to use
Paerugmosa azurin, Table 3, and in some cases cytochrome c551, kgSg = 4. 6x106 Mm-1

, as redox partners, where the kygg values are known from earlier studies. 17" The
pnme advantage is that these proteins have little overall charge, and there is less
likelihood therefore that work terms need to be allowed for. Values of kggE listed are in
the range 103-106 M-1s-1, which confirms a much more favourable rate constant than is
observed for Cu(I)/Cu(ll) self-exchange reactions in which two different geometries
apply.

Points to make about the values in Table 3 are the good agreement of rate constants
determined by the NMR and ESR methods, the inhibiting effect of high overall charge in
the case of plant plastocyanins, the good agreement of the NMR and Marcus values for
A.variabilis plastocyanin and pseudoazurin, and the smaller inhibiting effect of charge in
the case of stellacyanin (carbohydrate attachments contribute ~40% to the mass and may
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be relevant).19 The less good agreement of NMR and Marcus kggg values for
umecyanin is also noted, where both azurin and cytochrome c55; were used in the cross-
reaction studies.20 A possible explanation is that a different protein site is used in the
umecyamn cross-reactions. Also from current work the NMR kggg value of ~ 104 M-1

1 for rustlclyamn is of interest in view of the very hydrophoblc surrounding of the Cu
actwe site.2] In all instances an ESE process via hydrophobic adjacent surface is
believed to occur. Involvement of two remote charged regions, or of one charged and
one hydrophobic region are regarded as energetically unfavourable processes.

The effect of introducing charged residues on the adjacent hydrophobic surface of
plastocyanin and azurin by site directed mutagenesis has been explored. Thus Leul2Glu
at the higher pH's when the Glu res1due is nega‘uvely charged, retards the oxidation of
PCu(l) by [Fe(CN)é]3 by 10-fold.22 Similarly in the case of azurin the Met44Lys
mutant produces a 200- fold effect on the self-exchange rate constant at low pH values. 3

Results for [Cr(CN)6] - lme:-broadenmg2 of 1H peaks in the NMR spectrum of
amicyanin indicate three sites for interaction.<V That occurring to the lower part of the
molecule at Ile-38 is not regarded as relevant to ET. An effect is also observed at the
exposed His-96 at the hydrophobic surface. However the most effective site is that
corresponding to the acidic patch of plastocyanin. From known sequences this site has
an exposed Phe or His at position 92 (corresponding to Tyr-83 in plastocyanin), and is
attached to the active site Cys-93. It is moreover surrounded by positively charged
residues Lys-59, Lys-60, Lys-69 and Arg-100. The latter two sites are candidates
therefore for consideration in biologically relevant ET processes.

The ET route which has been identified involving the remote site of plastocyanin (Cu-
Cys-Tyr/Phe), and is here suggested for amicyanin (Cu-Cys-Phe/His), is also relevant in
the intramolecular ET processes occurring in the case of ascorbate oxidase (Cu-Cys-His-
Cu3) and nitrite reductase (Cu-Cys-His-Cu). The existence of the latter two
intramolecular ET routes provides additional support for the involvement of remote sites
in the reactions of plastocyanin and amicyanin.

5. Other Studies

In collaborative studies the full amino-acid sequence of umecyanin prepared by a
literature procedure has been investigated. 4b  The full amino-acid sequence has been

determined. Not only are there iso-forms from the Val —> Ile change at position 48, but
considerable heterogeneity is observed from the retention of different lengths of
carbohydrate at Asn-76. In addition cleavage of the polypeptide occurs during procedures
carried out at a number of points between residues 103 to 115, the latter being the longest
chain length observed. Protein purchased from the Sigma Chemical Co was found to
give similar behaviour. The most common chain length is 106 residues. In addition to
this heterogeneity, there are sequence homologies with stellacyanin (which has no Met
residues) as well as CBP (structure available),2 24 and CPC. It can be concluded that
umecyanin, stellacyanin and CPC have Gln and not Met as the fourth coordmatmg
residue, Flgure 44>  In solution studies it has been noted that umecyanin and
stellacyanin give colour changes at pH >8 corresponding to an isomerisation process.

This behaviour is consistent with Gln instead of Met coordination. Thus a reasonable
explanation is that at low pH the O-atom and at high pH the N-atom of the Gln side
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chain is coordinated to the Cu(ll). In a further elaboration it is possible that two
sequential processes may be occurring with involvement of the lysine residue nearby.4

CBP Tst | Phe *he  Pro
SCu T | Twr Vat  Pro
CPC Tyr | Phe Vai  Gly

UCu T | T Ve Gly

CBP - - Qe Ala | Val { Asn Ala  Leu 96

SCu Val His |Oc {&m jva | Thr Vva Ag Ser 107
CPC Lew Ser |Oe¢ JAsm §Val [val Ala Ala Am Ala Thr Val Se Me Pro 11S
UCu Lew Ser [De {As {va |val Giv Ala Gy Gy Aa Gy Gy Gy Ala 111

CPC Pro Po S S Sx Pro Pro Se Se Va Ma Po Pro Pro Val 130

UCu Thr Hwp Gly Al 1s

Figure 4

Finally it should be noted that some of the above mentioned blue copper proteins, as well
as others not so far mentioned, have been little studied. These include halocyanin,
CPC,4¢ auracyanin,26 CBP,24 along with the protein from mung beans and mavicyanin,
which have been the subject of earlier reports.2? From the behaviour of different
proteins already observed, and further subtle changes that will no doubt be revealed,
these are worthwhile subjects for further study.
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ABSTRACT. Copper-zinc superoxide dismutase (CuZnSOD) is one of a class of enzymes known
to be excellent catalysts of the disproportionation of superoxide (2 02™ +2 H* — 02 + H202).
An unusual aspect of the structure of this enzyme is the occurrence of a bridging imidazolate ligand,
which holds the copper and zinc ions in each subunit 6.3 A apart. The mechanism of CuZnSOD-
catalyzed superoxide disproportionation is understood in broad outline, but only relatively recently
has it been possible to address several important aspects of the structure-function relationships in
this enzyme. Of particular interest are the pH independence of both the spectroscopic and catalytic
properties of this enzyme over a wide range of pH and the function of the zinc-imidazolate ligand to
the copper in the catalytic mechanism. Recently, there have been several intriguing results
concerning the physiological role played by CuZnSOD in vivo. There is a growing body of
evidence indicating that oxidative damage in mammalian cells is associated with aging,
carcinogenesis, and induction of other serious disease states and that toxic metabolites derived from
the metabolism of O2 may be responsible for such damage. Superoxide dismutases have been
proposed to act as antioxidant enzymes by lowering the steady state concentration of superoxide in
vivo. Mutations in this enzyme have also been reported to be associated with the familial form of
amyotrophic lateral sclerosis (ALS), frequently termed Lou Gehrig's Disease, but the mechanism
by which these mutations cause the discase is as yet unknown.

1. Background

Superoxide dismutases, found in virtually all areobic organisms, catalyze the
disproportionation of superoxide (2 O2- + 2 Ht — O3 + H720»3). Copper-zinc superoxide
dismutase (CuZnSOD) is an enzyme found in relatively high concentration in the cytoplasm
of all or nearly all eukaryotic cells.! CuZnSODs from different organisms are very similar,
particularly in the regions of their metal-binding sites, as judged from a high degree of
homology in their amino acid sequences and the resemblance of the spectral properties of
the native enzymes and metal-substituted derivatives from different organisms.“* Several
CuZnSODs have been extensively studied, most notably bovine, human, and yeast.
Eukaryotic cells also have a mitochondrial Mn-containing SOD, and prokaryotes often have
Fe- and Mn-containing SODs. The Fe and Mn enzymes are structurally related to each
other. Neither the Mn- nor the Fe-containing SOD is structurally related to CuZnSOD. All
of the SODs are believed to function as intracellular antioxidant enzymes by reducing the
steady-state level of superoxide present in the cell.
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2. Relationship between the Structure and the Enzymatic Mechanism
2.1 STRUCTURE OF CuZnSOD

The x-ray crystal structures of the oxidized form of CuZnSOD show it to consist of two
identical subunits held together almost entirely by hydrophobic interactions. Each subunit
consists of a flattened cylindrical barrel of B-pleated sheet from which three external loops
of irregular structure extend.>

Figure 1. Schematic backbone drawing of the CuZnSOD subunit (from ref. 6).

The metal-binding region of the protein binds Cu2+ and Zn2+ in close proximity to each
other, bridged by the imidazolate ring of a histidyl side chain. The Cu2* ion is coordinated
to four histidyl imidazoles and a water in a distorted square pyramidal geometry. The Zn2+
ion is coordinated to three histidyl imidazoles (including the one shared with copper) and an
aspartyl carboxylate group, forming a distorted tetrahedral geometry around the metal ion.

One of the most unusual aspects of the structure of this enzyme is the occurrence of the
bridging imidazolate ligand, which holds the copper and zinc ions 6.3 A apart. Such a
configuration is not unusual for imidazole complexes of metal ions, which sometimes form
long polymeric imidazolate-bridged structures. However, no other imidazolate-bridged bi-
or poly-metallic metalloprotein has yet been identified.
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Figure 2. Schematic drawing of the metal-binding sites of CuZnSOD.

The role of the zinc ion in CuZnSOD appears to be primarily structural. There is no
evidence that water or other ligands can bind to the zinc, and it is therefore highly unlikely
that superoxide would interact with that site. The copper site is clearly the site of primary
interaction of superoxide with the protein. The x-ray structure shows that the copper ion
lies at the bottom of a narrow channel which is large enough to admit only water, small
anions, and similarly small ligands. In the lining of the channel is found the positively
charged side chain of an arginine residue, 5 A away from the copper ion and situated in
such a position that it could interact with superoxide and other anions when they bind to
copper. Near the mouth of the channel at the surface of the protein, are located two
positively charged lysine residues, which are believed to play a role in attracting anions and
guiding them into the channel.

o 24A >

Arg-141 Thr-135

Figure 3. Schematic diagram of a cross section of the active-site channel in CuZnSOD
(from ref. 38).
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2.2. CATALYTIC MECHANISM OF CuZnSOD

The uncatalyzed disproportionation of superoxide proceeds spontaneously in water with a
rate that is strongly pH dependent due to the fact that the fastest pathway is reduction of the

protonated form, HO2, by Oy". Thus the maximum in the rate occurs at pH 4.8, where the
pH equals the pK,, i.e. the pH at which superoxide is half protonated.®
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Figure 4. The rate of HO2/O2- disproportionation as a function of pH.
Catalysis of superoxide disproportionation by metal complexes and metalloenzymes has
been proposed to go by either of two mechanisms. 19
Mechanism A:

M™ + O, — M®D+ 4 O,

2H*
M®DY 4 0y —e M™0,2) — M™ + H0,

Mechanism B:
Mn+ + 02- —-»Mn+(02-)

Mn+(o -) + O, Mn+(O 2 2 H+ n+
2 2 O0) —>» M™ + HZOZ
+ 02
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Mechanism A involves reduction by superoxide of the oxidized metal ion to its reduced
state accompanied by the release of dioxygen, followed by reoxidation by a second
superoxide of the reduced metal ion to its oxidized state with the release of HO7- or HyOs.
In mechanism B, the metal ion is never reduced but instead forms a superoxo complex
which is reduced to a peroxo complex by a second superoxide ion. For both mechanisms A
and B, the peroxo ligands are protonated and dissociate to give hydrogen peroxide. If a
metal ion or complex can be reduced by superoxide and if its reduced form can be oxidized
by superoxide, both at rates competitive with superoxide disproportionation, the complex
can probably act as an SOD by mechanism A. Mechanism B has been proposed to account
for the apparent catalysis of superoxide disproportionation by Lewis acidic non-redox
active metal ions under certain conditions, but could apply to other cases as well. The
mechanism of superoxide disproportionation catalyzed by CuZnSOD is generally believed
to go by mechanism A.

In both mechanisms A and B, the protonation of peroxide dianion, O24-, prior to its
release from the metal ion is required because peroxide dianion is highly basic and thus too
unstable to be released free in its unprotonated form. Thus both mechanisms A and B
would ordinarily be expected to lead to pH-dependent rates for superoxide
disproportionation, with the rate being slower at high pH. In fact, the rates of superoxide
disproportionation, either catalyzed or uncatalyzed, to our knowledge are always pH
dependent, giving faster rates at low pH, except in the case of the superoxide dismutase
enzymes.

In the case of CuZnSOD, mechanism A is believed to be operating, with the copper
center undergoing changes in redox state.

0y + CullSOD —» Oy + CulSOD

Oy + 2H* + CulSOD — H0; + CullSOD

The rates of the individual steps in this mechanism have been measured and the rate
constants found to be identical, i.e. kj = ko =2 x 109 M-1 sec-1, and pH independent over
the range pH 5 - 9.5.3 The pH independence of the catalytic rate constants for CuZnSOD
is a striking characteristic that needs to be explained in any mechanistic proposal (see
below).

The source of the proton(s) that protonates peroxide in the catalytic mechanism of
CuZnSOD is the subject of some interest. Reduction of the oxidized protein has been
shown to be accompanied by the uptake of one proton per subunit. That proton is believed
to protonate the bridging imidazolate in association with the breaking of the bridge upon
reduction of the copper. The same proton is thus an attractive possibility for protonation of
peroxide as it is formed in the enzymatic mechanism.

Attractive as this mechanism appears, there are some problems with it. For example, it
has been pointed out that, at higher concentrations of superoxide, the turnover of the
enzyme is too fast for this protonation and deprotonation cycle of the bridging histidine to
be occurring.!! It therefore appears that the catalysis under such conditions may proceed
without breaking of the imidazolate bridge.



82

Cu'—Nyg, N=2Zn" +0y + H' —» ¢yl H_N\¢N—ZnII
CUI H- N\?N— ZnH + 02- + HY e CuH—NQ/N— ZnH + H202

Electrostatic calculations of the charges on the CuZnSOD protein suggest that
superoxide and other anions entering into the vicinity of the protein will be drawn toward
and into the channel leading down to the copper site by the distribution of positive charges
on the surface of the protein, the positively charged lysines at the mouth of the active site
cavity, and the positively charged arginine and copper ion within the active site region.
Several of the anions studied have been shown to inhibit the SOD activity of the enzyme.
The source of the inhibition is generally assumed to be competition with superoxide for
binding to the copper, but it may also be due in some cases to a shift in the redox potential
of copper known to occur in some instances upon binding of an anion to copper.

Studies of the VIS-UV, ESR, and NMR spectroscopic properties of CuZnSOD and its
metal-substituted derivatives have been particularly valuable in providing detailed
information about the nature of the metal-binding sites. These properties have been
reviewed in detail in other publications and will not be reviewed here.>* With respect to
the catalytic mechanism, however, it is important to note that the spectroscopic properties
of CuZnSOD are unchanged over the same pH range wherein the rate of superoxide
dismutation is unchanged by pH, i.e. pH 5 - 9.5. This property is unusual because the
oxidized form of CuZnSOD contains a water molecule bound to Cull and water molecules
bound to Cull either in a protein or in a coordination complex generally ionize well below
pH 9.5 to give Cull-hydroxide complexes. The implications of this unusual property are
discussed below.

CuOH) + OH =——= Cu©H) + HO

~————

2.3  SITE-DIRECTED MUTANT CuZnSODs

Much of the valuable recent information that has been obtained concerning the mechanism
of CuZnSOD comes from studies of mutant human CuZnSQOD proteins prepared by site-
directed mutagenesis. Examples of some of these studies are given in Table 1.

Argl43 is located in the channel that leads from the exterior of the protein to the copper
ion. Either chemical modification or mutation of this residue resulted in a large decrease in
its SOD activity, thus implicating that gositively-charged residue as a key factor in drawing
the anionic substrate into the channel.1? Thr137 is also located in the channel leading to the
copper. Mutation of this residue to Ile decreases the dismutation rate by 25%, leading to
the conclusion that this residue plays a role in maintaining the hydrophilicity of the
channel.!4-1¢ Mutation of the same residue to Arg decreased the rate by a factor of 3
despite the fact that the anion binding affinity of the mutant was dramatically increased.
These results imply that a precise positioning of the positive charges in the channel is
required for high catalytic rates.!3 Mutation of the negatively-charged residues Glu133 and
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Glu132 on the exterior of the protein either with neutral or positively-charged residues has
been shown to enhance the catalytic rate of superoxide dismutation relative to wild-type,
presumably through enhancement of the electrostatic guidance of superoxide toward and
into the channel leading to the copper center.!’

Table 1. Some Examples of Site-Directed Mutants of Human CuZnSOD

Residue Mutant Proteins Reference
Argl43 Lys, Ile, Glu, Asp, Ala 12
Thr137 Ile, Ser, Ala, Arg, and 13-16

Argl43/Alal37
Glu 132, Glul33 GIn132, Gln 133, 17
GIn132/GIn133, and
GIn132/Lys133
Aspl24 Asn, Gly, and 18
Asnl124/Asn125

The mutations in the first three entries of Table 1 all appear to influence the electrostatic
guidance of the superoxide anion into and through the channel leading to the copper. The
fourth, however, by contrast, influences the metal-binding site directly. In the crystal
structure of the wild-type protein, it can be seen that Asp124 forms a secondary bridge
between the copper and the zinc site by hydrogen bonding to the zinc ligand His71 and the
copper ligand His46. Mutations of this residue produce zinc-deficient proteins which have
substantially reduced SOD activities. More importantly for our discussion here, the SOD
activities of these mutants are markedly pH dependent.!® This characteristic will be
discussed further below.

Recently we have been preparing and characterizing site-directed mutants of CuZnSOD
from the yeast Saccharomyces cerevisiae.>2! We have concentrated in particular on
replacement of the ligands to the copper and zinc ions. In order to investigate the role of the
bridging imidazolate in this protein, we have prepared and characterized the His63Ala
mutant of SOD. We find that the metal-binding behavior of the copper site of this mutant
protein is remarkably similar to that of the wild-type protein, despite the absence of the
bridging histidyl imidazolate from His63. Furthermore, we find that the spectroscopic
properties of the copper site of the mutant and the SOD activity are markedly pH-
dependent.

A histidine-to-alanine mutant (H63A) was prepared using oligonucleotide-directed
mutagenesis on the cloned CuZnSOD gene from Saccharomyces cerevisiae. The mutant
gene was sequenced and expressed in Escherichia coli in the T7 RNA polymerase
expression system, the protein was purified to homogeneity, and apoprotein was prepared.

Addition of one equivalent each of Cu2* and Zn2+ per subunit to apo-H63ASOD gave a
derivative whose visible absorption spectrum showed a d-d transition with Apax = 670 nm,
remarkably similar to Cull in the copper site of wild-type CuZnSOD. Binding of Cu2* was
stoichiometric, indicating that the binding constant is high. In striking contrast to wild-type
SOD whose visible-UV and ESR spectral properties are invariant with pH over the range 5
< pH < 10.5, the spectroscopic properties of H63ASOD show reversible pH-dependent
behavior, with a pKj of 9.3. Reversible, pH-dependent changes in the ESR spectrum were
also observed. We conclude from these results that His63 plays a crucial role in
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maintaining the pH-independence of the copper site of wild-type CuZnSOD.

The visible-UV and ESR spectra for H63ASOD at pH > 9.5 indicate that copper(I) in
that site has an approximately square-planar geometry. The pH-dependent changes in the
ESR spectra are analogous to those observed for copper-substituted carbonic anhydrase??
and met apo hemocyanin.2 The pKj of the pH-degfndent transition is also similar to the
pKa for ionizing water bound to Cu?* complexes.?* Thus the Cu2* jon in H63ASOD is
behaving in a fashion normal for small Cull complexes or copper-containing proteins. An
abnormally high pKj, such as is found in wild-type SOD, is strong evidence that the water
ligand remains in an axial position on the Cul! center even at relatively high pH, since the
interaction between the copper center and its axial ligands is much weaker than that with its
equatorial ligands. The changes observed at high pH resemble those occurring when
cyanide binds to CuZnSOD suggesting that the binding of OH- and CN~ occur in a similar
fashion. It is believed that CN- binding to the Cul! in SOD causes the axes of the copper to
reorient placing the CN- in an equatorial position on the copper and creating a square planar
geometry.2

As might be expected from the pH-dependence of the spectroscopic properties, the
SOD activity of the H63A mutant is also pH-dependent, with higher SOD activity at lower
pH. However, we find the pKa for the pH-dependence of the SOD activity to be
considerably lower than that for the ionization of the bound water in H63ASOD. There are
several possible steps in the catalytic mechanism that might lead to a pH-dependence.

Absorbance
Absorbance

40" 500 600 700 800 o0 000750 500 600 700 800 800

Wavelength (nm) Wavelength {(nm)

Figure 5. Visible absorption spectra of (A) a pH-titration of H63ACuZnSOD and
(B) titration of wild-type CuZnSOD with added cyanide (from ref. 25).

The first of these, ionization of water on Cull leading to inhibition by bound hydroxide,
is a very plausible mechanism for inhibition of the first step of the catalytic mechanism, i.e.
reduction of Cull by superoxide, but cannot account for the low pKj for the SOD activity.
A second possible mechanism, oxidation of Cul by HO; rather than Oy in the second step
of the catalytic mechanism, is also feasible, but the pH-dependence of the catalytic rate does
not match that expected for protonation of Oy either. The third possibility, and the one that
we believe most likely, is that the pH-dependence of the catalytic rate is caused by slow
product release, i.e. that the dissociation of the peroxide formed in the second step of the
mechanism from the Cull center becomes rate limiting in H63ASOD.
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Why would the dissociation of peroxide from Cull in the absence of the zinc-
imidazolate moiety in H63ASOD be slower than in wild-type CuZnSOD? The argument
goes as follows. We know that the pKj of water bound to Cul! in wild-type CuZnSOD is
abnormally high. We conclude, as described above, that this is due to the fact that the
hydroxide ligand, when it is formed by deprotonation of the bound water at high pH cannot
move into a more strongly bonded, equatorial position in the Cu!! coordination sphere. In
H63ASOD, the pK, of the water ligand to the Cu!l is normal, and we therefore conclude
that the hydroxide ligand can move into an equatorial position, just as cyanide does when it
binds to the wild-type protein. It therefore appears likely that peroxide, O22-, or more likely
hydroperoxide, HO7", binds in an equatorial position in H63ASOD but in wild-type
CuZnSOD is restricted to a more weakly-binding, rapidly-exchanging axial position. The
peroxide-dissociation step for H63ASOD and wild-type CuZnSOD are illustrated below.
H63ASOD

N e N
N—4CuH-—OOH > N—lC'uH—OHz + H,0,
N + Hzo N

Wild-type CuZnSOD

H H H‘
'0” O
N A H* O N
_ 'ln_ _ \ _ I ) I..
N— G —00H H-N" “N-zn N—/Cu“——N/-\\N—Zn”
N ——— —H»_,O N \—’
H
+H"* H(I) N N
'H o> N——/C{J“———N 7 IN-zd" + H,0,
+
2 N —

It is our conclusion that the zinc-imidazolate moiety plays a very significant role in the
catalytic mechanism of CuZnSOD by ensuring that peroxide leaves rapidly from the
coordination sphere of the Cull ion in the final step of the mechanism. It does so by an
internal displacement reaction in which the zinc-imidazolate rebinds to Cull, forcing the
peroxide ligand into an axial position, thus ensuring that it will leave rapidly from the
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coordination sphere of the copper ion. In the mutant lacking the zinc-imidazolate moiety,
the rate is presumably pH-dependent due to a requirement that the peroxide ligand be
protonated to make it a better leaving group so that it can leave more rapidly from the
equatorial position of the Cull ion. This mechanistic proposal can explain catalysis under
conditions where the concentration of superoxide is saturating and the turnover of the
enzyme is too fast for the histidine bridge breaking and reformation to occur.!! In this case
the bridge remains intact in CuZnSOD and the peroxide ligand remains in the rapidly
exchanging axial position. The pH dependence of the SOD activities of the zinc-deficient
Asp124 mutants described above!® suggests that both the zinc and the bridging histidine
are required to maintain a copper(II) coordination sphere configuration that will give a pH-
independent SOD activity and therefore a very high SOD activity at physiological pH.

3. Physiological Studies of CuZnSOD

3.1. YEAST AS A MODEL SYSTEM FOR STUDIES OF CuZnSOD IN VIVO
CuZnSOD is one of the antioxidant enzymes found in eukaryotic cells. There is a growing
body of evidence that it, along with catalases, peroxidases, and small molecule antioxidants

such as glutathione, ascorbate, ubihydroquinone, and a.-tocopherol, plays an important
role in defending against oxidative stress in aerobic living systems.
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Figure 6. Cartoon showing some of the antioxidant agents inside the cell (from ref. 39).

Oxidative stress in mammalian cells has been implicated in the aging process and
several disease states including cancer, Down's syndrome, and, very recently, the familial
form of amyotrophic lateral sclerosis (Lou Gehrig's Disease).ﬁ The cell appears to have a
natural balance of antioxidants to cope with oxidative stress, and degenerative states, such
as those mentioned above, can arise when this balance is disrupted. However, it is not yet
known on a molecular level how reactive oxidizing species derived from oxygen exert their
toxic effects nor is it understood in detail precisely how the cells' antioxidants work
together to protect against oxidative damage. To understand how cells defend against
oxidative stress, we are currently studying the role of CuZnSOD and other known naturally
occurring antioxidant proteins in a simple eukaryotic system, the yeast Saccharomyces
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cerevisiae.

The yeast Saccharomyces cerevisiae provides an excellent model system for molecular
studies of oxidative stress.2® In the yeast system, in contrast to mammalian systems,
genetic manipulations are very straightforward. It is easy to remove systematically the
genes for the relevant proteins and to study the effects of each null mutant separately, or in
combination with others. The genes for the major antioxidant proteins in yeast have been
cloned, and strains lacking these genes have been constructed. In addition, Saccharomyces
cerevisiae and some other yeasts do not require respiratory O metabolism for growth since
they prefer to grow by glycolysis (fermentation) with glucose as the carbon source, even
when O3 is present. If glucose is not available, mitochondrial respiration is turned on to
utilize other (non-fermentable) carbon sources such as ethanol or lactate. Wild-type yeast
also have a wide range of O, tolerance and grow well in conditions ranging from 100% O,
to totally anaerobic. These characteristics allow the researcher to grow yeast under
conditions that vary with respect to the rate of Oy metabolism and presumably therefore the
rate of oxygen radical production.

Our laboratory originally cloned the gene for CuZnSOD of Saccharomyces
cerevisiae.®® Since that time, we have been studying its regulation3 and the phenotype of
mutant yeast strains lacking this gene (sodl-).28313% The importance of cytoplasmic SOD
is illustrated by the fact that mutants of yeast lacking CuZnSOD exhibit a very distinct
phenotype which includes extreme sensitivity to redox-cycling drugs such as paraquat,
poor growth in air, sensitivity to 100% oxygen, and requirements for lysine and
methionine or cysteine when grown aerobically.® We have also shown that sodl™~ mutants
exhibit higher aerobic mutation rates than wild-type cells.>! More recently, we constructed
yeast strains lacking MnSOD and double mutants lacking both SODs. The latter are only
slightly worse off than the single mutants lacking CuZnSOD only, in spite of the fact that
the major source of superoxide radicals is believed to be mitochondrial respiration.

We have studied the regulation of the SODI gene of yeast by copper, and found that it
is regulated in response to copper by the same copper-binding transcription factor, ACE1,
that controls the metallothionein gene response to copper. There is a single binding site in
the SOD1 promoter where this factor binds to stimulate transcription two- to three-fold.3

We have continued the work on the relationship between copper and SOD by showing
that copper can rescue the sodl- mutant yeast for growth on lactate and improve their
growth on other carbon sources. The rescue can be attributed to the antioxidant activity of
the metallothionein that is induced by the excess copper, as mutants lacking CUPI or
ACE]I genes are not rescued. In addition, oxygen stress was shown to induce CUP1 32

The sodl- mutant yeast strains have thus provided an experimental system in which to
probe the role of CuZnSOD in general, and recently we have been using this same
approach to develop a model for FALS (familial amyotrophic lateral sclerosis), a disease
that has been shown to be associated with mutations in CuZnSOD in some instances (see
below).

3.2.  THE ROLE OF CuZnSOD IN FALS

Amyotrophic lateral sclerosis (ALS), commonly termed Lou Gehrig's Disease, is a
neurodegenerative disease characterized by late onset, degeneration of motor neurons, and
death, almost invariably within six years. Approximately 10% of cases are "familial"
(FALS), and genetic linkage studies have therefore been possible. A recent collaborative
effort succeeded in tracing the FALS locus to the gene coding for CuZnSOD?’ making this
disease the major neurodegenerative disease with the most direct link to oxidative damage.
One of the surprising aspects of the linkage of CuZnSOD with FALS mutations is that SOD
is a ubiquitous enzyme within the organism while ALS is a highly cell-specific disease.
CuZnSOD has always been thought of as a simple, straightforward, constitutively
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expressed, housekeeping protein. Its importance is generally ascribed to its antioxidant,
protective function. It is found in substantial quantities in every organ of the body and,
indeed, in every eukaryotic organism. Motor neurons, the specific site of damage in ALS,
on the other hand, are a highly specialized cell type which contains high levels of
CuZnSOD.

The most obvious explanation for the link between the FALS mutations in SOD and the
disease itself is that insufficient SOD activity allows excess oxidative damage to a
particularly vulnerable target to occur. However, this explanation does not appear to us to
be entirely satisfactory from a genetic standpoint. FALS is a dominant trait, but with late
penetrance, meaning that one defective copy of the gene is enough to cause the disease, but
it only manifests itself relatively late in life. In most dominant mutations, the mutated
protein has new or altered function. For example, it may interact with other proteins
improperly, have a new enzymatic activity, or be placed in the wrong cellular compartment.
We have taken a two-pronged approach to the investigation of possible causes of FALS by
(1) preparing mutant yeast strains with mutations in CuZnSOD that are analogous to those
found in human FALS and investigating the phenotype of these mutations in vivo and (2)
expressing, isolating, and characterizing in vitro the mutant CuZnSOD proteins with these
same FALS mutations.

Our own structural analysis and prediction of the effects of the FALS mutations on the
CuZnSOD structure using computer graphics agree with the published analysis3* and
indicate that most of the mutations are remote from the active site and are likely to cause
alterations in the structure and/or stability of the enzyme. Using the mutagenesis and
expression system that we developed for the active site mutants in yeast, we constructed
three ALS-equivalent yeast SODs (yALS-SOD mutations). Two mutations, Gly85Arg
(G85R) and Gly93Ala (G93A), were chosen in regions where yeast and human CuZnSOD
have nearly identical structures. Gly85 is involved in hydrogen bonding to another B-strand
and in forming the B-bulge which holds the zinc-binding Asp83 in position; Gly93 is
located at the tight turn of a [3-strand. Both residues are conserved in almost all known
CuZnSODs.3* Based on their positions in the 3-dimensional structure, we anticipated that
the addition of bulky residues at either of these positions would destabilize the protein
relative to wild-type. A third mutation, Lys100Gly (K100G), was also constructed. This
residue is not itself conserved between yeast and human wild—tgge proteins (it is Glu in
human CuZnSOD), but the structure of the region is conserved,>-*¢ and we expected that
substitution of a glycine for this residue would introduce flexibility into this region of either
the yeast or human proteins.

The yeast FALS SODI mutant genes were expressed in yeast lacking CuZnSOD (sod!)
in order to test the ability of the mutant CuZnSODs to provide SOD activity in the native
host. Expression plasmids containing wild-type or mutant CuZnSOD genes under the
control of the native CuZnSOD promoter were constructed and transformed into sodI-
yeast and tested for oxygen sensitivity, paraquat sensitivity and growth in air.
Transformation with the plasmid containing the wild-type gene restored resistance to both
oxygen and paraquat, as well as growth in air. Surprisingly, the G93A and K100G
CuZnSOD mutants were able to rescue completely the sodl- yeast for growth under
oxidative conditions, while the G85R mutant protein was not.

SOD activity was measured in soluble protein extracts for each of the strains. Little or
no SOD activity was found in the strain carrying the G85R mutant protein. By contrast, a
significant level of SOD activity was found in the strains expressing the G93A and K100G
proteins, although the wild-type strain showed a higher level of activity. The vector-only
control showed no activity. In order to determine if the lack of SOD activity was due to the
absence of the mutant CuZnSOD protein, western blot analysis was carried out. This
analysis demonstrated that the concentrations of the G85R, G93A, and K100G mutant
proteins were similar, although somewhat reduced relative to the level of the wild-type
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CuZnSOD protein in the strain carrying the wild-type CuZnSOD gene. The fact that the
CuZnSOD protein levels in the three mutant strains were not noticeably different from each
other indicates that the loss of SOD activity in the G85R strain was due to the presence of
an inactive CuZnSOD protein rather than to the total absence of the ‘protein. We concluded,

therefore, that the SOD activities of the mutant CuZnSOD proteins were markedly different,

i.e. that the G85R protein had a significantly lower SOD activity than G93A or K100G
CuZnSOD.

In order to investigate the reasons for the markedly different abilities of G85R and
G93ACuZnSOD to function in vivo, we purified these proteins to homogeneity3® and
characterized their SOD activity, thermal stability, and spectroscopic and metal-binding
properties in vitro. The UV-vis spectra of wild-type CuZnSOD and G85RCuZnSOD are
strongly similar indicating that the metal-binding regions are very similar in geometry when
the native metals are used. However, substituting other metals in place of Zn2+ gave quite
different results. For example, putting copper in the zinc site did not produce the 810 nm
band characteristic of the derivative of wild-type CuZnSOD containing copper in the both
the copper and the zinc sites. Instead, a further increase in the 700 nm d-d band was
observed, indicating that the site is more flexible and adjusts to the more nearly tetragonal
geometry preferred by Cu2+. In sharp contrast, the G93A protein, in which the mutation is
farther from the active site, bound metals in a manner indistinguishable from wild-type.

We assayed the activity of the isolated mutant CuZnSOD proteins using three different
SOD assays. As isolated from our expression system, G85RCuZnSOD did not contain its
full complement of Cu?* and Zn2* and had an SOD activity about 20% of that of the native
protein at pH 7.4 or 7.8. Reconstituted (fully metallated) G8SRCuZnSOD, prepared from
the apoprotein, had 40% of the SOD activity of native CuZnSOD. The activity of
reconstituted G8SRCuZnSOD was sensitive to EDTA, losing activity with less than one
equivalent of EDTA, while native CuZnSOD was resistant to more than a 2000-fold excess
of EDTA at pH 7.8. By contrast, reconstituted G93ACuZnSOD possessed 80% native
activity and retained this activity even in the presence of a 2000-fold excess of EDTA.

A prediction had been made, based on analysis of the x-ray crystal structure of the
wild-type human protein, that the FALS mutations would destabilize the protein and result
in lowered SOD activity in persons carrying one of these genes. In support of this
prediction, CuZnSOD isolated from red cells of FALS patients using the relatively harsh
conditions that are commonly used for wild-type CuZnSODs §ave preparations with
substantially reduced SOD activities relative to that of wild-type.3? Our yeast system has
enabled us to assess the ability of the yeast FALS mutant SODs to function in an in vivo
system without exposing the protein to the harsh conditions of protein isolation. We are
able to compare the properties of the mutant proteins in vivo with those of the isolated,
purified proteins in vitro. The G85R mutation, for example, clearly resulted in a
structurally altered CuZnSOD protein. However, the protein was stable enough to be
expressed and purified in high yield and retained considerable SOD activity when fully
metallated. On the other hand, expression of the G85R mutant protein under physiological
conditions in its native host did not rescue sod!- yeast. The defect in its in vivo activity and
the partial defect in its in vitro activity may well be due to its altered metal-binding abilities.
By contrast, G93ASOD is spectroscoplcally indistinguishable from wild-type and, like
wild-type, successfully restores the SOD phenotype to sodl- yeast. The fully metallated
form possessed 80% of the activity of wild-type.

The most obvious possible explanation for the association of mutations in CuZnSOD
with FALS is that FALS is caused in some fashion by lowered SOD activity,3 and, in
support of this hypothesis, we find that the SOD activities measured in crude extracts of all
three of our strains are somewhat reduced relative to strains containing the wild-type gene.
However, only one of the mutations, G85R, failed to reverse the sodl- phenotype in vivo.
By contrast, the other two mutant SODs, G93A and K100G, reversed the oxygen-sensitive
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sodl- phenotype in vivo, and significant levels of SOD activity could be measured in their
cell extracts. These results suggest that some of the human FALS mutant CuZnSODs
probably retain significant levels of SOD activity in vivo and that it is therefore premature to
conclude that FALS is caused simply by a large decrease in SOD activity, or indeed that
SOD activity is always reduced in cases of FALS.

It should be noted that we have also co-expressed FALS mutant CuZnSOD and wild-
type CuZnSOD in yeast, a situation that more closely approximates the conditions found in
FALS patients who carry a wild-type CuZnSOD gene in addition to the mutant gene. We
find such strains to be phenotypically indistinguishable from wild-type, so far as we have
been able to determine to date, with respect to their growth rates and resistance to 100%
oxygen or paraquat. We are currently expanding our characterization of representative
FALS mutations in yeast in an effort to find common features or trends. It is our hope that
full characterization of the various mutants will help to identify the disease-causing
aspect(s) of these mutant proteins.
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NMR OF PARAMAGNETIC MOLECULES: A CONTRIBUTION TO THE
UNDERSTANDING OF ENZYMATIC MECHANISMS

IVANO BERTINI and MARIA SILVIA VIEZZOLI
Department of Chemistry - University of Florence
Via Gino Capponi 7, 50121 Florence, Italy

ABSTRACT. The presence of a metal ion with unpaired electrons is not a drawback for NMR as
long as the electron nucleus correlation time is short enough. Actually, the hyperfine coupling
allows the investigaton of metalloproteins as large as 50,000 MW which otherwise are difficult to
investigate. We here report the achievements obtained in the case of CuyCogsuperoxide dismutase
(MW 32,000), peroxidases (MW 34,000-46,000), cytochrome P450 (MW 45,000). The systems
with inhibitors or pseudosubstrates are also discussed.

1. Introduction

In paramagnetic systems the presence of unpaired electrons broadens the NMR lines of the
nuclei sensing the paramagnetic center. However, the interaction between unpaired
electrons and protons may provide a hyperfine shift which often leads to signals outside the
diamagnetic region of the IH NMR spectrum 1-4 Through saturation of the shifted
signals, Nuclear Overhauser Effects are obtained on other signals, which on their turn can
be independently assigned, and a sound assignment can be carried out 5,6,

When the signals of the protons nearby the paramagnetic centers are assigned, precious
structural information can be obtained which allows us to investigate also the interactions
with inhibitors and pseudosubstrates, When the protein is small, a complete tridimensional
structure in solution can be obtained”; the tedious procedure of obtaining the structure can
be avoided if we limit our interest to local information in the vicinity of the metal ion. This
procedure is the unique approach for paramagnetic proteins larger than 20,000 MW.

We report here some examples of investigaton of enzymatic systems like Cu,Zn
superoxide dismutase, peroxidases and cytochrome P450.,,.

2. Superoxide Dismutase

Copper, zinc superoxide dismutase (CupZnpSOD) and the copper,cobalt derivative
(CuyCoySOD) represent a typical and extensively investigated example of application of
Nuclear Magnetic Resonance tecnique to paramagnetic macromolecules in order to
elucidate the enzymatic mechanism.
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The native enzyme, a dimer of molecular weight 32,000, in its oxidized state contains
two zinc(II) and two copper(Il) ions (Figure 1). The copper ion is bound to four His
nitrogens whereas the zinc ion is bound to three His nitrogens and to an oxygen of an Asp

residue. The two metal ions are
bridges by an imidazole ion provided
by a His residue®.9. The long
electronic  relaxation  time  of
copper(1l) (10'8—10'9 s) prevents the
application of high resolution NMR
tecnique4. This relaxation time can be
shortened when zinc(II) is substituted
by metal ions with short electronic
relaxation time, like cobalt(Il), or
nickel(II)lO’ll. This happens as a
consequence of the  magnetic
interaction between the two metal
sites, that are bridged by a histine
residue (Figure 1): the unpaired
electron of copper behaves like those
of cobalt, as far as electron relaxation
is concerned12. Furthermore, the
presence of the paramagnetic ions
induce a hyperfine shift on all the
ligand protons that are observed
outside the diamagnetic region where

Figure 1. Schematic view of the active site of
SOD

most of the protons usually fall. In the case of

CuyCoySOD, it has been possible to detect all the ligand protons of both cobalt and copper

domains ‘2,

Since 1985 our group is engaged in
the investigation of SOD through 1y
NMR of CuyCorSODI3. = The
spectrum, reported in Figure 2, shows
21 resonances, most of them well-
resolved, in the region of the
hyperfine shifted signals. Five of them
disappear when the spectrum is
recorded in D7O. A first assignment
of the spectrum was based on the
attribution of the exchangeable signals
as histidines NH's of residues

QR

& pom

Figure 2. 300 MHz !H NMR spectrum of
CuyCoySOD. The shaded signals disappear in
D»O

coordinated to the metal ions (the signals which disappear in D90), on the dependence of
linewidth from magnetic field and on the calculation of the metal-to-proton distance from

T values!3. However, a significant

spectrum was given in 1989 by NOE experiments1

contribution to the complete assignment of the
4. At that time the observation of

Nuclear Overhauser Effects in a paramagnetic metalloprotein with proton T1's shorter than
10 ms, represented a significative step forward in the evolution of the NMR technique. The
systematic saturation of all the hyperfine shifted signals in both HyO and in DO provided
a network of connectivities that allowed us to firmly establish the assignment of the

hyperfine shifted signals.
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Figure 3. 600 MHz NOESY spectrum of
CuyCoySOD.

Nowadays, in 2D experiments,
through the optimizaton of the
experimental conditions, it has been

possible to detect dipolar and scalar
connectivities between protons with
short Ty and Tp. In the case of
CupCoySOD NOESY and COSY
experiments have recently shown
cross-peaks between fast relaxing
protons. From the NOESY spectrum
reported in Figure 3, with a single
experiment, it was possible to obtain
all the information that were obtained

from a long series of NOE
experiments Furthermore it has
been possible to extend the

assignment around the active site by
taking into account connectivities
between the hyperfine-shifted signals
and the signals belonging to residues
present in the active cavity but not
directly coordinated to the metal ion.
The interaction of SOD with small
inorganic anions has been matter of
investigation and debate. Indeed,
anions like N3~, CN-, NCS-, NCO-,

tppm)

B).

y L
-20

Figure 4. 300 MHz IH NMR spectra of
CupCoySOD in the presence of saturating
amount of (A) CN- and (C) N3~ The
spectrum without anions is reported in Figure

F- may be taken as models of
superoxide, the natural substrate of SOD
and, with respect to superoxide, have
the advantage to form stable adducts.
For this reason their behavior with SOD
is instructive as far as the interaction of
superoxide with the enzyme is
concerned. In the past they have been
studied through a large variety of
spectroscopic techniques (electronic and
CD spectrosc%pg, EPR and NMR
etheronuc]ear)1 -24_ These anions are
reported to bind copper. Some of them
are competitive inhibitors (CN-, N3,
F).

The CuyCoy-derivative is suitable for
the 1H NMR investigation of SOD in
the presence of anions13,25-30_ I all
the cases, but CN-, the exchange
between the anions and the protein is
fast on the NMR time scale. Therefore it
is possible to monitor the shifts of all
the signals as a function of anion
concentration, to assign the spectrum of
the anion adduct and to calculate the
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affinity constant of the anion for the protein. With CN~ we observe the appearance of the
signals of the CN--enzyme species, whereas the signals of free enzyme disappear (Figure
4).
All the anions cause a decrease in the shifts of the His 48 ring protons, but to a different
extent (Table 1).

Table 1. 200 MHz 1H NMR shifis of His-48 ring protons.

CuyCoySOD | §(ppm) signal K(HS1) | 8(ppm) signal L(H82) | 8(ppm) signal O(Hel)
derivatives

BSOD 34.5 284 19.6
BSOD + F- 31.3 25.6 18.2
BSOD + NCS- 27.7 23.8 16.4
BSOD + NCO" 19.8 15.6 14.3
BSOD + N3~ 15.9 12.5 10.5
BSOD + CN- 13.0 9.1 <11

The following order of increasing effect is observed: F- <NCS~ < NCO~ < N3~ <CN~ In
order to obtain structural information and to monitor geometric variations of the histidine
ligands upon anion binding we have performed NOE experiments on the N3~ adduct of
CupCoySOD (N3~ is the anion that has higher affinity constant, among anions in fast
exchange). An accurate optimization of experimental conditions allowed us to monitor
NOE values as small as 0.2 %, with estimated errors of 10-30%. The Nuclear Overhauser
Effects observed in the azide-bound enzyme provided a map of proton-proton distances that
have been compared with the azide-free enzyme-”".

Table 2. Ty, NOE values and proton-proton distances calculated from IH NOE
measurements on native and azide-bound bovine CuyCo,SOD, at 200 MHz.

Saturated Observed Ti(ms) | T{(ms) [NOE (%) | NOE (%) | calc. dist. | calc. dist.
signal signal (nat.) | (+N37) |(nat) (+N37) |nat. (+N3)
A He L H32His48 | 4.3 82 | 0.940.1 | 1.1302 | 2.7402 | 29402
2His63
A He K HS1His48 | 8.0 175 | 0.6202 | 1.140.2 | 3.240.3 | 3.310.2
2His63
AHe |RHP2His48| 2.4 45 | 0240.1 | 0.340.1 | 3.310.3 | 3.240.3
2His63
B HS H He 1.8 2.6 1.0£0.2 | 09402 | 23102 | 2.510.2
1His120 1His120
C He2His46 | G H32His46 | 3.5 3.8 14402 | 2.1202 | 24402 | 2.340.2
C He2His46 |M HelHis46 | 2.7 2.9 1 0.9%0.1 | 0.840.2 | 2.5402 | 2.540.2
G HS C He2Hisd6 | 4.2 4.4 1.740.4 | 1.4302 | 2.440.2 | 2.510.2
2His46
M He C He2Hisd6 | 4.2 4.4 22402 | 1.5%0.1 | 2.440.2 | 2.340.2
1His46
M He N Hé 29 3.7 0.540.1 2.910.3
1His46 2His120
RHB |GHOS2His46| 3.5 38 | 06402 | 0.640.2 | 2.840.3 | 2.840.3
2His48
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Table 2 continuation
QHB |DHS&2His71| 3.8 5.1 1.420.2 | 1.240.1 | 24402 | 2.6320.2
1His71
L H52His48 | yCH3Vall18| 70 120 3316 4849 | 2.8£0.3 | 2.940.3
N HS P"Hp 9+1 410.5
2His120 2His120
R HB P HBIHis46 | 1.6 55 | 54408 | 59+1.0 | 1.740.2 | 2.040.2
2His48
P HB1His46 | R HP2His48 | 2.4 45 | 9.0£1.0 1.740.2
L H82His48 | P HP1His46 | 1.6 55 | 1.3103 2.210.2
P HB1His46 | L H52His48 | 4.3 82 | 55%1.0 2.040.2 | 2.040.2
L H52His48 | R HP2His48 | 2.4 45 | 0.540.1 | 1.3£0.3 | 2.640.3 | 2.610.2
RHB |L H32His48 | 4.3 8.2 | 23402 | 4.0£0.8 | 2.3102 | 2.340.2
2His48

A similar trend is observed for superoxide dismutation and affinity for N3~ and seems to be
strongly modulated by the charge of the residues in the active cavity.

The results, shown in Table 2, indicate that the overall relative spatial disposition of the
hystidines coordinating copper does not change significantly upon interaction with azide,
despite the sizeable effects observed in the electronic and EPR spectra. These data have
been interpretated in terms of a movement of the copper ion, as a consequence of the
binding of a strong ligand. This movement determines the lengthening of His 48 and then
the decrease of the hyperfine coupling between the protons of His 48 and the w falred
electrons on copper. The proposed mechanism is supported by theoretical calculatons31
In order to study the mechanism of electron transfer between Oy~ and copper(Il) we have
investigated the electron transfer process between hexacyanoferrate(Il) and copper(Il) in
wild type SOD and in some mutants in which residues of the active cavity have been
substituted32. The electron transfer rate has been measured for the mutants and compared
with the w11d type enzyme. We have observed that i) substitution of the positive charge on
Arg 143 with a neutral group decreases the overall electron transfer rate; ii) mutation of Thr
137 has little influence; iii) substitution of Glu 133 with neutral groups increases the rate
(Table 3).

Table 3. Reduction rate constants, affinity constant for N3~ and activity for O9~
dismutation of human wild type SOD and some of its mutant

kohs ML s KM for N3~ activity (%)
(CuyCoySOD)
WT 2.88 0445 100
Tle 143 0.018 1641 11
Ser 137 1.44 9017 70
Gln 133 108 534442 222

We have proposed that the Fe(CN)64' anion approaches the copper ion at the entrance of

the cavity. This hypothes1s has been confirmed by
13C-enriched Co(CN)g3-,

13¢ NMR data on SOD titrated with
a structural analog of Fe(CN)6 . From the measurements we
calculate a Cu-N dlstance of 3.9 A. This value indicates the the Fe(CN)6

ion enters the

cavity, approaches the copper ion and a direct electron transfer between nitrogen and
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copper occurs. The rate of the approach depends on the presence of positive charged
residues in the active cavity. These charged residues may also modulate the copper-
nitrogen distance. The parallelism that we have observed in various mutants between the
activity towards superoxide and the electron transfer rate supports the hypothesis that also
in the case of dismutation of superoxide, the rate constant for the approach of 05", ko,
should have a determinant role.

3. Peroxidases
dist. His
Peroxidases are hemoproteins Ho-i
containing iron(IIT) which is further
bound to a proximal histidine33-36,
These systems have been investigated
by a variety of techniques; however IH
NMR  spectroscopy  has  been
particularly useful for the cyanide
derivative which provides a six-
coordinated low spin iron with S=1/2 Y
ground state37-48,  The  atoms
numbering is reported in Figure 5. In
this case electron relaxation times are
very short and NMR lines are sharp. |Figure 5. Active site of yeast cytochrome ¢
The studied protein include horseradish |peroxidase

Ne 11

I, Prox. His
e

n
npuﬂ

Peroxidase (HRP, MW  42000),
Ligninase (LiP, MW 42,000), Mn-peroxidase (MnP, MW 46,000) and Cytochrome c
Peroxidase (CcP, MW 34,000).

The X-ray structure is available for CcP and LiP49-52, The assignment of the heme
protons and of the proximal and distal histidines, as reported in Table 4, shows the
similarity of the active centers of these peroxidases. The large variations occur at the
proximal histidine proton553.

300 T T T T T 300 T T T T
200 L €rof proximal His Meto |l “N signal of C"'N’ Meb |
100 - 4 100} -
<
E ot 1 ol i
© CcP Ala235
& _ioo b MnP o® CcP Ala233 1 ool MHP‘ ° )
ccp eLP LiPg
-200 F ] J _2c0F CcPeo |
HRP A HRP B
L [ ]
-300 : - : : —J ~300 : - ' ' J
-30 -2 -10 Q i 2z 500 600 700 800 00 1000
chemical shift (ppm; chemical shift (ppm)
Figure 6. Relationship of the redox potential Epy7(Fe3¥/Fe2*) to chemical shift of A) H
£1 of the proximal His and B) 15N signal of C1°N- for HRP, CcP, LiP, CcPAla235,
metmyoglobin.
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If we plot the chemical shift of any of the proximal histidine protons, for example of the
€] proton, versus Fe3t/Fe2* redox potential we obtain the plot of Figure 6A, where CcP
and Ala 235 CcP mutant are also reported54’55.lt is believed that the upfield shift of the €]
proton of the proximal histidine is largely due to a strong Fe-imidazole bond, due to the
imidazolate character of the proximal histidine.

Table 4. Chemical shift values for the hyperfine shifted resonances in the cyanide
derivatives of HRP, CcP, LiP, MnP, and Asp235Ala CcP.

shift(ppm)

Assignment | HRP-CN- CcP-CN- LiP-CN- MnP-CN- Asp235Ala

CcP-CN-
heme
2-Hao, 53 7.1 8.5 8.6 8.7
2-Hfcis -1.6 -3.7 -3.6 -3.4 -4.1
2-Hptrans 2.7 -3.0 -4.1 -3.2 -33
o-Mmeso 1.9 1.1 -1.1
3-CHj 26.0 30.6 31.0 30.7 24.0
4-Ha, 20.1 16.0 14.2 12.7 13.8
4-Hpcis -33 -3.8 -3.2 -2.8 -1.9
4-Hptrans -2.2 2.1 -2.0 -1.8 -3.7
7-Ha, 19.6 18.3 13.0 12,5 10.5
7-Ho!' 9.7 6.4 9.2 8.0 6.2
8-CHj 31.0 27.6 204 20.4 28.2
S-meso 6.3 7.6 7.0
proximal His
NHp 12.9 12.9 11.6 12.4
HB 23.7 19.4 17.4 19.5 12.3
HB' 15.6 14.8 17.0 16.9 11.4
HS1 9.9 10.2 14.0 15.1 11.8
Hel -29.9 -20.6 -9.0 -11.8 -9.7
Hb2 23.1 15.8 13.3 20.3 14.6
distal His
HS1 16.3 16.5 17.0 17.0 16.3
Hel 13.3 14.0 13.6 12.8 13.9
HS2 9.8 13.1 13.9 8.7
Hs2 31.0 28.4 352 342 27.1

The degree of the histidinate character depends on the strength of the hydrogen bond
with Asp 235 (Figure 7). An imidazolate ligand favors iron(III) and stabilizes the formal
iron(V) oxidation state which is obtained after reaction with HyOp. The experimental
correlation between the shift of the above mentioned €] proton and the redox potential is
consistent with the above hypothesis. On this light the iron-imidazole bond in myoglobin
would appear quite weak and inconsistent with the relative strength of hydrogen bonds of
histidine NH.
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In fact the proximal His is H-bonded
to CO of Asp 235, whereas the CcP
Ala 235 mutant does not form any H-
bond. It is possible that the different

pseudocontact contribution to the €l
shift between peroxidases and
myoglobin partly accounts for this
inconsistency.

The strength of the iron(III)-
imidazole bond is inversely related to
the strength of the cyanide bond which
in its turn is monitored through
the! >N NMR shifts. Indeed, the shifts
of 19N follow a similar pattern as the

el shifts (Figure 6B). The pseudo- |Figure 7. Scheme of the H-bond between
contact  contributions does not |proximal His and Asp 235

significantly contribute to the I5N
hyperfine shifts which are very large. In such a case contributions to I5N hyperfine shifts
arise from H-bonding and solvation.

It should be noted that all of the above information have been obtained on relatively
large proteins and by starting the NMR analysis from protons shifted outside the
diamagnetic region.

In the case of Mn-peroxidase it has been possible to obtain information on the Mn
binding site, from the broadening of the hyperfine shifted signals56. Mn(II) has five
unpaired electrons and long relaxation time which causes broadening of the signals
depending on the sixth power of the Mn-protons distances (Figure 8).

From the dipolar connectivity of p-cresol and HRP-CN, it has been possible to propose a
binding site of small aromatic molecules in HRP (Figure 9).

4. Cytochrome P450:,m,

Cytochrome  P450.5m, without

substrate, is in the low spin state; it s 42 . Mn 2+
contains an iron(Ill) ion with an S=1/2 in \ Arg 38

its ground state>/. The iron is bound, ~18A : )
besides the heme, to a cystein and a solvent Fhedl

molecule8-65. The two axial ligands are
weaker than in the case of histidine and
cyanide, discussed in the previous section.

This "tetragonal elongation" leads to long

electron relaxation times and the NMR %/
signals are broad®0-69_ If we consider that —/

the protein has a MW of 45,000, it is not Asp 230

difficult to figure out that the NMR
informatipn ‘were scarce. Howevep when Figure 8. The binding of Mn(ll) to
the protein is trea.ted. with aromatic bases Manganese Peroxidase

like - pyridine, imidazole and N-
methylimidazole, 2 molecules of base enter the cavity, one binding the metal and one
interacting with the hydrophobic pocket70. In this case, the NMR lines can be a little
sharper and some assignments have been proposed. The two bases exchange slowly on the




NMR time scale. Figure 10 shows the NMR
spectra obtained through titration with
pyridine (A) and imidazole (B) with the
assignment which has been obtained through
NOEs and some bidimensional NOESY
experiments. The information obtained in this
case is that of revealing two different species.

5. Concluding Remarks

The field of NMR of paramagnetic
metalloproteins has grown to the level which
allows NOEs detection under many
circumstances and to obtain local information
on the surrounding of the paramagnetic
centers even in proteins with molecular
weight of about 50,000.

The detailed assignment of all the protons
of histidine bound to both copper and cobalt
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Figure 9. The binding site of p-cresol
in HRP

in CupCopSOD has provided a precious tool to monitor the reactivity with inhibitors and

substrate analogs.

In peroxidases NMR has proven the similarity of the various proteins and has provided
unique information about the strength of the proximal imidazole-iron bond. Such piece of
information is relevant with respect to the mechanism of action.

Even in the case of Cyt P450, which is the most difficult to investigate by means of

i)
il

ppm 20

4

chemlcal shlft

o

T

(0] -10
chemical shift

Figure 10. A) 600 MHz IH NMR titration of P450 with pyridine: (a) P450; (b) P450 + 1.3
eq of pyridine; (c) P450 + 5 eq of pyridine; (d) P450 + 18 eq of pyridine. B) 600 MHz 1H
NMR titration of P450 with imidazole: (a) P450; (b) P450 + 1.0 eq of imidazole; (c) P450
+ 2.0 eq of imidazole; (d) final adduct (0.15 M imidazole). Signals A and B have been
assigned as 8-CH13 and 3-CH3 protons, respectively.
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NMR, detailed structural and kinetics parameters are obtained on organic molecules

interacting with the protein.
Other systems like Co-substituted Zn-enzymes, iron-sulfur proteins and cytochromes

have been under extensive investigation for a long time>

and references therein

The 2D and 3D spectra, the latter including heteronuclear spectroscopy, have been
optimized to such an extent that the structure in solution of paramagnetic proteins is
nowaday affordable”.

6. References

(1)
@

€)
“4)
)
(6
M
®)
€
(10)
(1)
(12)
(13)
(14
(15)
(16)

(7
(18)

19)
(20)

NMR of Paramagnetic Molecules, Academic Press, New York, 1973

Dwek, R.A. Nuclear Magnetic Resonance in Biochemistry: Applications to Enzyme
Systems, Oxford University Press, London, 1973

Banci, L., Bertini, I., Luchinat, C. & Piccioli, M. in NMR and biomolecular structure
(Bertini, 1., Molinari, H. & Niccolai, N. eds.) pp. 31-60, VCH, 1991

Bertini, I. & Luchinat, C. NMR of paramagnetic molecules in biological systems,
Benjamin/Cummings, Menlo Park, CA,1986

Noggle, J.H. & Schirmer, R.E. The nuclear Overhauser effect, Academic Press,
New York, 1971

Neuhaus, D. & Williamson, M. The nuclear Overhauser effect in structural and
conformational analysis, VCH, New York,1989

Banci, L., Bertini, 1., Felli, 1., Kastrau, D., Luchinat, C., Picciol, M.& Pierattelli,
R.(submitted)

Tainer, J.A., Getzoff, E.D., Beem, K.M., Richardson, J.S. & Richardson, D.C. J,
Mol Biol. 1982, 160, 181.

Parge, H.E., Hallewell, R.A. & Tainer, J. () Proc. Natl. Acad. Sci. USA 1992, 89,
6109.

Owens, C., Drago, R.S., Bertini, I., Luchinat, C. & Banci, L., J. Am. Chem. Soc.
1986, 108, 3298.

Bertini, 1., Luchinat, C., Owens, C. & Drago, R.S., /. Am. Chem. Soc. 1987,109,
5208.

Banci, L., Bertini, 1. & Luchinat, C. Nuclear and electron relaxation. The magnetic
nucleus-unpaired electron coupling in solution, VCH, Weinheim,1991.

Bertini, 1., Lanini, G., Luchinat, C., Messori, L., Monnanni, R. & Scozzafava, A., J.
Am. Chem. Soc. 1985, 107, 4391.

Banci, L., Bertini, 1., Luchinat, C., Piccioli, M., Scozzafava, A. & Turano, P., Inorg.
Chem. 1989,28, 4650.

Banci, L., Bertini, 1., Luchinat, C., Piccioli, M. & Scozzafava, A. Gazz Chim. Ital,
1993, 123, 95.

Blackburn, N.J., Hasnain, S.S., Binsted, N., Diakun, G.P., Garner, C.D. & Knowles,
P.F., Biochem. J.,1984, 219, 985.

Fee, J.LA. & Gaber, B.P. (1972) J. Bioi. Chem.,1972, 247, 60.

Pantoliano, M.W., Valentine, J.S. & Nafie, L.A., /. Am. Chem. Soc.,1982, 104,
6310.

Rotilio, G., Calabrese, L., Bossa, F., Barra, D., Finazzi Agro', A. & Mondovi, B.
Biochemistry 1972, 11,2182,

Liebermann, R.A., Sands, R.H. & Fee, J.A., J. Biol. Chem., 1982, 257, 336.



(21)
(22)

23)
(24)
(25)
(26)
@7)
(28)
29)
(30)
@31)
(32)
(33)
(34)
(35)
(36)
(37)
(38)
(39)

(40)
(41)
(42)
(43)

(44)
(45)

(46)
(47)

(48)
(49)

103

Van Camp, H.L., Sands, R.H. & Fee, J.A., Biochim. Biophys. Acta , 1982,704, 75.
Huettermann, J., Kappl, R., Banci, L. & Bertini, 1., Biochim. Biophys. Acta

1988,956, 173.
Fee, J.A., Peisach, J. & Mims, W.B., J. Biol. Chem. 1981,256, 1910.

Blackburn, N.J., Strange, R.W., McFadden, L.M. & Hasnain, S.S., J. Am. Chem.
Soc. 1987, 109, 7162. .

Banci, L., Bencini, A., Bertini, I., Luchinat, C. & Viezzoli, M.S., Gazz. Chim. Ital.
1990, 120, 179.

Ming, L.J., Banci, L., Luchinat, C., Bertini, I. & Valentine, J.S., Inorg. Chem.
1988, 27, 728.

Banci, L., Bertini, 1., Luchinat, C., Monnanni, R. & Scozzafava, A., Inorg. Chem.
1988, 27, 107.

Banci, L., Bertini, 1., Luchinat, C., Scozzafava, A. & Turano, P., Inorg. Chem.
1989, 28, 23717.

Banci, L., Bertini, 1., Luchinat, C. & Scozzafava, A., J. Biol. Chem. 1989, 264,
9742.

Paci, M., Desideri, A. & Rotilio, G., J. Biol. Chem. 1988, 263, 162.

Banci, L., Bencini, A., Bertini, 1., Luchinat, C. & Piccioli, M., Inorg. Chem. 1990,
29, 4867.

Bertini, 1., Hiromi, K., Hirose, J., Sola, M. & Viezzoli, M.S., Inorg. Chem. 1993,
32, 1106.

Dunford, H.B. in Peroxidases in Chemistry and Biology (Everse, J., Everse, K.E. &
Grisham, M.B. eds.) pp. 51-84, CRC Press, Boca Raton, FL, 1991.

Bosshard, H.R., Anni, H. & Yonetani, T., in Peroxidases in Chemistry and Biology
(Everse, J., Everse, K.E. & Grisham, M.B. eds.) pp. 51-84, CRC Press, Boca
Raton,FL, 1991.

Poulos, T.L. & Kraut, J., J. Biol. Chem. ,1980, 255, 8199.

Finzel, B.C., Poulos, T.L. & Kraut, J., J. Biol. Chem. 1984, 259, 13027.

de Ropp, J.S, Yu, L.P. & La Mar G.N., J. Biomol. NMR, 1991, 1, 175.,

de Ropp, J.S, La Mar, G.N., Smith, K.M. & Langry, K.C., J. Am. Chem. Soc. 1984,
106, 4438.

Thanabal, V., de Ropp, J.S & La Mar, G.N., J. Am. Chem. Soc. 1987, 109, 7516.
Thanabal, V., de Ropp, J.S & La Mar, G.N., J. Am. Chem. Soc. 1986, 108, 4244.
Thanabal, V., de Ropp, J.S & La Mar, G.N., J. Am. Chem. Soc. 1987, 109, 265.
Thanabal, V., de Ropp, J.S & La Mar, G.N., J. Am. Chem. Soc. 1988, 110, 3027.
Satterlee, J.D., Erman, J.E., La Mar, G.N., Smith, K.M. & Langry, K.C., Biochim.
Biophys. Acta 1983, 743, 246.

Satterlee, J.D., Erman, J.E. & de Ropp, J.S., J. Biol. Chem. 1987, 262, 11578.
Satterlee, J.D., Erman, J.E., La Mar, G.N., Smith, K.M. & Langry, K.C., J. Am.
Chem. Soc. 1983, 105, 2099.

Satterlee, J.D., Erman, J.E., Mauro, J.M. & Kraut, J. , Biochemistry 1990, 29, 8797.
Banci, L., Bertini, 1., Turano, P., Ferrer, J.C. & Mauk, A.G.,Inorg. Chem. 1991, 30,
4510.

Banci, L., Bertini, 1., Kuan, I-C., Tien, M., Turano, P. & Vila, A.J., Biochemistry
1993, 32, 13483.

Wang, J., Mauro, J.M., Edwards, S.L., Oatley, S.J., Fishel, L.A., Ashford, V.A.,
Xuong, N. & Kraut, J., Biochemistry 1990, 29, 7160.



104
(50)

(51)
(52)

(33)
(54)

(5%
(56)
(57)
(58)
(39
(60)

(61)
(62)

(63)

(64)
(65)

(66)
(67)

(68)
(69)
(70)

Edwards, S.L., Raag, R., Wariishi, H., Gold, M.H. & Poulos, T.L., Proc. Natl. Acad.
Sci. USA ,1993, 90, 750.

Piontek, K., Glumoff, T. & Winterhalter, K., FEBS Lett. 1993, 315, 119.

Poulos, T.L., Edwards, S.L., Wariishi, H. & Gold, M.H., J. Biol Chem. 1993,
268, 4429.

Bertini, I., Turano, P. & Vila, A.J. , Chem. Rev. 1993, 93, 2833.

Banci, L., Bertini, I., Turano, P., Tien, M. & Kirk, T.K., Proc. Natl. Acad. Sci. USA
1991, 88, 6956.

Ferrer, J.C., Turano, P., Banci, L., Bertini, 1., Mauk, A.G. & Smith, K.M.,
Biochemistry 1994(In Press)

Banci, L., Bertini, 1., Bini, T., Tien, M. & Turano, P., Biochemistry 1993, 32,
5825.

Weiner, L.M., CRC Crit. Rev. Biochem. 1986, 20, 139.

Poulos, T.L., Finzel, B.C. & Howard, A.J. , J. Mol. Biol. 1987, 195, 687.

Poulos, T.L., Finzel, B.C. & Howard, A.J., Biochemistry 1986, 25, 5314.

Poulos, T.L., Finzel, B.C., Gunsalus, [.C., Wagner, G. & Kraut, J., J. Biol. Chem.
1985, 260, 16122.

Collman, J.P., Sorrell, Th.N. & Hoffmann, B.M., J. Am. Chem. Soc. 1975, 97, 913.
Tang, S.C., Koch, S., Papaefthyomyou, G.C., Foner, S., Frankel, R.B., Ibers, J.A. &
Holm, R.H., J Am. Chem. Soc. 1976, 98, 2414.

Collman, J.P., Sorrell, Th.N., Hodgson, K.O., Kulshrestha, A.K. & Strouse, C.E., J.
Am. Chem. Soc. 1977, 99, 5180.

Griffin, B.W. & Peterson, J.A., J. Biol. Chem. 1975, 250, 6445.

Philson, S.B., Debrunner, P.G., Schmidt, P.G. & Gunsalus, 1.C., J. Biol Chem.
1979, 254, 10173.

Lukat, G.S. & Goff, HM., Biochim. Biophys. Acta 1990, 1037, 351.

Keller, R.M., Wéthrich, K.J. & Debrunner, P.G., Proc. Natl. Acad. Sci. USA 1972,
69, 2073.

Sato, R. & Omura, T., Cytochrome P450, Academic Press, New York, 1978.
Banci, L., Bertini, 1., Eltis, L.D. & Pierattelli, R., Biophys. J. 1993, 65, 806.

Banci, L., Bertini, 1., Marconi, S., Pierattelli, R. & Sligar, S.G. (1994) J. Am. Chem.
S0c¢.1994 (In Press).



MAGNETIC AND EPR STUDIES OF SUPEROXIDE DISMUTASES (SOD):
ELECTRONIC STRUCTURE OF THE ACTIVE SITES FOR THE (COPPER-
ZINC)SOD, ITS COBALT SUBSTITUTED DERIVATIVE AND THE
IRON(IISOD FROM E. COLI

IRENE MORGENSTERN-BADARAU

Laboratoire de Chimie bioorganique et bioinorganique
Institut de Chimie Moléculaire d'Orsay

Université PARIS-SUD-XI, 91405-Orsay, France

1. Introduction

There are three types of superoxide dismutases (SOD), based on the metal involved in the
catalysis {Cu(ll), Fe(III) or Mn(IIl) in the native enzymes}. The most intensively studied
protein is the copper-zinc superoxide dismutase (Cu-Zn)SOD and its metal substituted
denvatlves1 an imidazolate bridging the two metal ions is the characteristic feature of the
active site2. Manganese or iron SOD are a different class of proteins: X-ray crystallogra-
phic data indicate that they are structural homologs characterized by a trigonal b1pyram1da1
arrangement around the metal ion with four protein ligands and possibly a water molecule3.

Magnetic susceptibility (or magnetization) and EPR studies are efficient in probing
electronic structure and especially the ground state structure which is important with
respect to the possible mechanisms. In order to get a consistent description of the results,
we have developed a protocol based on the two complementary techniques. We have
applied this protocol to study various problems. We present here our approach, focussing
on the following examples:

(i) the Co subsituted (Cu-Zn)SOD with the cobalt at the tetrahedral zinc site? in order
to determine the exchange interaction between cobalt and copper which provides insight
into the bridging imidazolate ligand

(ii) the Fe(III)SOD from E. Coli in order to evaluate the ground state zero-field
splitting which is strongly related to the symmetry of the metal center and its chemical
environment.

2. Experimental protocol

For many years, EPR spectroscopy has been used to study metalloproteins. It is an
important tool in the case of odd spin systems.Currently, many different problems can be
considered, as listed below in a non exhaustive way. For example, the EPR utility is found
to indicate the site symmetries of the paramagnetic centers, to independently identify each
Kramers doublet, to evaluate their relative energy positions and their associated effective g
factors, to show the possible hyperfine interactions and to study saturation phenomena.
Experiments are usually performed on glassy samples, according to well known
procedures.

In addition to odd spin systems, magnetic susceptibility measurements can also be used
for integer systems and therefore is one of the most powerful techniques to study the
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electronic structure of these systems. Spin states, their relative energy positions, mean g
values and zero-field splittings are usually obtained. In the case of exchange coupling in
polynuclear molecules, magnetization and magnetic susceptibility studies as a function of
the temperature are of prime importance to determine the nature and the magnitude of
metal ion interaction .

The use of magnetic techniques for the case of metalloproteins needs the solution of
several serious problems in order to get reliable resultsS. Due to their large molecular
weight and the small amount of paramagnetic centers, the proteins are essentially dia-
magnetic. The difficulties are firstly, to extract a very small paramagnetic effect from an
high diamagnetic signal overall, and secondly, to precisely determine the amount of metal
ions in order to obtain the molecular magnetic properties. Therefore, to resolve the contri-
bution of interest, we have perfected a protocol based on the following points:

- high degree of purity and homogeneity of the proteins;

- precise analysis of the metal content;

- high sensitivity and accuracy of the susceptometers as those built on quantum flux
detection methods;

- direct and independent measurement of the diamagnetic susceptibility of the apoproteins
which is crucial for getting absolute values of susceptibilities.

In order to get a consistent set of data, all the experiments have to be run on same
samples.

3. The copper-zinc superoxide dismutase and its cobalt substituted derivatives

In the native enzyme, the active site contains one copper(ll) ion in a square pyramidal
arrangement, and a zinc(Il) ion in a tetrahedral symmetry with an imidazolate group
bridging the two metal ions. A cobalt(Il) ion can replace the zinc in its site. The resulting
copper(II)-cobalt(Il) pair interacting through the imidazolate bridge characterized the
cobalt substituted protein. Two apo proteins are also available, the apoSOD with no metal,
and the (apoCo)SOD with only the cobalt present in the zinc site. These four proteins, the
native (Cu-Zn)SOD, the (Cu-Co)SOD, the apoSOD and the (apoCo)SOD have been stu-
died. They have been prepared from the same source, according to established procedures4.
They provide an unique set for testing the perfected protocol for the study of exchange
coupling in proteins.

From the apoprotein, a reasonable value of the diamagnetism of the four studied
proteins has been obtained, since they differ only in their metal contents. The diamagnetic
susceptibility was found to be equal to -1.43 x 10-6 cm3g-1,

From the (Cu-Zn)SOD and the (apoCo)SOD, the properties of the isolated Cu and Co
chromophores are deduced from both magnetic and EPR experiments and can be compared
to the ones in the coupled systems. Figure 1 shows the temperature dependence of the
effective magnetic moment (in Bohr magnetons pg). (Cu-Zn)SOD follows a Curie law as
expected for a S=1/2 system (Meff=1.73 pg and g=2.06). From EPR, axial symmetry is
revealed with the corresponding g;=2.26 and gy =2. (apoCo)SOD has a magnetic moment
varying from 4.27 g at high temperature to 3.8 ug at 6 K, in good agreement with a S=3/2
state (Figure 1). The zero field splitting obtained from the fit of the magnetic data to the
susceptibility equation was found to be equal to 10.8cm"1, very close to the value of 11.5
cm-! obtained from the temperature dependence of the EPR spectrum®.

The copper-cobalt interaction in the cobalt substituted derivative (Cu-Co)SOD has
been studied by using magnetic susceptiblity measurements which in this case were
particularly challenging as this derivative is a non Kramers system and does not show any
EPR signal’.
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Figure 1. Magnetic moment data for 1 (Cu-Zn)SOD, 2 (apoC0)SOD, 3 (Cu-Co)SOD.

The comparison of the magnetic behavior of the three paramagnetic proteins as displayed
in Figure 1, clearly shows an antiferromagnetic interaction between the cobalt and the
copper ions since, under 100K, its moment is lower than the moment of the (apoCo)SOD.
The copper-cobalt antiferromagnetic couplingd has been made quantitative. The spin
Hamiltonion parameters describing the energy levels arising from the interaction are
collected in Figure 2. The energy gap between the two states S=1 and S=2 is found to be
equal to 33 cm1.
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Figure 2. Electronic structure of the (Cu-Co)SOD active site. Spin Hamiltonian parameters
associated with the energy levels.

These results unambiguously indicate that the imidazolate bridge propagates the
electronic effects. They can also predict that the efficient pathway is essentially a "¢"
pathway in agreement with the results found for the copper-copper interaction in the copper
substituted® (Cu-Cu)SOD. Indeed, only one electron pair, with one unpaired electron on
each copper center is active in the (Cu-Cu)SOD. It corresponds to the "¢" pathway through
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the imidazolate bridge. In the case of the cobalt derivative, three electron pairs have to be
considered. From the comparison of the magnitude of the coupling found in both enzymes,
it can be deduced that only one electron pair is active in the cobalt substituted enzyme,
which implies that the same pathway is used for propagating the electronic effects.

In other respects, the effect of this coupling on NMR parameters has been intensively
investigated10.

4, The Fe(I1Il)superoxide dismutase from E. Coli

The studies have been carried out by using both EPR and magnetic techniques , in solution
and lyophilized forms, after purification according to published procedures!!l. The
experimental approach is the same as described above.

The diamagnetic contribution measured on the apoenzyme is equal to -0.5 x 106
cm3g1, It is in good agreement with the calculated diamagnetic atomic susceptibilities
obtained from the primary structure of the protein.The effective magnetic moment has a
constant value of 5.85 pg over a large temperature range which is an indication of a $=5/2
ground state with small spin quantum mixing. The fit to the data of the susceptibility
equation for high spin iron(III) gives the spin hamiltonian parameters g and zero-field
splitting D: from the high temperature range, the g value is found to be equal to 1.98; from
the low temperature rang, a reasonable estimation of the Dparameter is obtained D=2.5
cm! (the degree of rhombicity and the sign of D can't be reached).

The X-band EPR spectrum for the native enzyme at liquid helium temperature reveals
three intense signals in the 1500 gauss region with the corresponding effective g values
equal to 4.7, 4, 3.7, and two weak signals at low field with effective g values equal to 9.8
and 9.4, which have been assigned to the three different Kramers doublets arising from the
S=5/2 ground state (Figure 3).

i
e

Pott
43 4 31

Figure 3. X-band EPR spectrum of the iron(IIN)SOD active site recorded at 4.2K. Effective
g values.
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The three intense resonances are typical of the transitions w1th1n the intermediate
Kramers doublet of the 5/2 spin system in rhombic symmetryl2Z: a maximum of the
intensity for the three signals has been observed at 9K. The fit of the corresponding
effective g values to theoretical equations!3 gives an estimation of the degree of rhombicity
E/D= 0.25. The "9.8" resonance shows an intensity that decreases when the temperature
increases and therefore has been assigned to the ground Kramers doublet; the experimental
effective g value is in good agreement with the calculated one (9.83) from the evaluation of
the rhombicity factor. The intensity of the "9.4" signal reaches a maximum at 18 K and
then the corresponding transition was assigned to the second excited doublet; the observed
effective g value agrees with the calculated one (9.39).

The consistency of the effective g values, associated with the observed temperature
dependence of the intensities leads to the identification of the ground Kramers doublet as

+5/2> and therefore to a negative zero-field splitting parameter. From the variation of the
intensities and using the following approximate equation

F=1/ {T(1+exp3D/kT+exp6.6D/kT)}
the energy gaps 3.6D and 3D within the three doublets have been calculated. They
correspond to the value of the zero field splitting parameter D=-2 cm™* (Figure 4).

"
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Figure 4. Electronic structure of the ground state for the Iron(III) SOD. Energy gaps
between the Kramers doublets associated with a negative zero-field splitting
parameter.

These properties have been mterpreted in terms of ligand field theory. We have
developed a ligand ﬁeld model for d° configuration , in the case of five coordinated ions in
trigonal symmetry!4. We have defined the position of the metal ion relative to the
equatorial plane by the angle ¢, as shown in Figure 5.

In order to simulate the ground state zero-field sglitting, the calculations have been
done for the value of ¢ equal to the value in the protein> ¢=83°. The energy level positions,
and the quantum admixtures have been calculated as a function of the ratio A/C_, with A and
€ as ligand field and spin-orbit coupling parameters respectively, and taking into account
the covalency effect. The simulation reproduces a negative zerofield splitting associated
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Figure 5. Bipyramidal trigonal site. The metal ion M is located at a position defined by the
¢ angle.

with a "Ms=5/2" ground Kramers doublet, with the quartet 4E as the lowest excited
intermediate spin state. For the value A/{= -20, the total energy gap between the Kramers
doublets has been evaluated to 10.5 cm-1, which, compared to the experimental one, is
reasonable owing to the overparametrization of the model. It corresponds to a quantum
mixing of approximately 2% of the quartet state and 98% of the sextet, for the ground

doublet.
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Figure 6. Ligand field simulation of the zero field splitting as a function of the position of
the metal ion.
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It is also shown in Figure 6 that varying the relative position of the metal ion with
respect to the equatorial plane as A¢ induces sensitive changes in the ground state
essentially due to a change in the position of the first excited intermediate spin state 4E. In
other words, moving the metal in the direction of the fifth axial position would drive the
system towards a larger stabilization of the intermediate state, a point which may be
relevant to the possible mechanism of the enzyme.
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MECHANISM OF ACTION OF THIAMIN ENZYMES ROLE OF METAL IONS

N. HADJILIADIS, K. DODI & M. LOULOUDI
University of loannina, Department of Chemistry,
Laboratory of Inorganic and General Chemistry,
IToannina 45-110, Greece

ABSTRACT: The mechanism of action of thiamin enzymes involving bivalent metal ions is
examined in this paper.

1. Introduction
1.1. HISTORICAL BACKGROUND

In 1926 Jansen and Donathl, with a series of experiments, succeeded in the isolation of
Vitamin B (thiamin) in the form of crystalline hydrochloride 1, from rice bran.

I + OR

R

1 R=H, Thiamin
2 R=P2063-, Thiamin pyrophosphate
3 R=HX, Thiaminium salts

Williams and his collaborators23 succeeded in proving its chemical structure. By first
treating vitamin B in neutral sulfite solution at room temperature, the molecule was cleaved
into two halves, as follows,
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C12H|3N4SOCly+NapS0O3 — CgHygN3S03+CgHgNSO+2Nacl (1)

Compound CgH4N3SO3 (4) was proved to be a pyrimidin derivative, while compound
CeHgNSO (5) was proved to be a thiazole derivative.

The first structure however published by Williams for thiamin was incorrect lacking the
methylenic brid e2. The correct formula | was finally proposed again by Williams? a little
later. Williams- succeeded also to its first laboratory synthesis.

1.2. CHEMICAL PROPERTIES
The structure of thiamin is strongly pH dependent. In acidic aqueous solutions the
predominant structure is 3. At pH 11 however it is converted to dihydrothiochrome 6, by

the addition of the 4-amino group to the thiazole ring, followed by the formation of the
yellow thiol form 7.

NZ N ‘2H+ NZ M
)\ | /}\—/’E/\ 20+ k\ | ) s
N 1~|{ o S OH N N
H

6 A

OH

This reversible transformation has an apparent pKa of 11.6. From the yellow thiol form,
thiochrome is formed, 8.

The colorless thiolate 9 is produced with hydrolysis of 7 with an apparent pKa of 9.3 or by
hydrolysis of thiamin through the formation of a pseudobase with a pKa of the thiol of 7.9.

OH .
N7 N)\/\/ AT N N
I o=y - o | mo| |
J\ co s H ~ NH.
N~ NH ° N 2y S oH
- 10
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The thiolate form 9 is readily reduced to a disulfide 11 which in turn is easily reduced
back to the vitamin. Itis

2

OH
N7 N/\'/\/
J\ | 1: NP8 g
SN~ NHy
11

for this reason that it was used as a vitamin substitute, because the neutral form passes
through membranes more readily than the ionic material.

Compound 12 can finally be obtained from 6 in basic alcoholic solutions and can be
converted back to the vitamin by the action of an acid.

12

1.3. BIOLOGICAL ACTION

Vitamin B deficiency accumulates pyrouvic acid in the blood and produces the disease
beri-beri. In modern societies however, alcoholism produces a dietary deficiency giving rise
to neurological (Wermicke's disease) and heart disease (Korsakoff disease).

The biologically active form of thiamin is its pyrophosphate ester 2, thiamin pyrophosphate
or TPP. This was first isolated by Lohmann and Schuster®.

TPP is the coenzyme of many enzymes like carboxylase, pyrouvic dehydrogenase,
transketolase, phosphoketalase, etc. It was first named cocarboxylase, believed to be the
coenzyme of only carboxylase’. For its action bivalent metal ions like Mg2+ are required’.
Other bivalent metal ions such as Co2t,Zn2%,Cd2*, Mn2% etc can also catalyze the
reactions of TPP in vitro. The reactions catalyzed by TPP are the decarboxylation of a-
ketoacids and the formation or degradation of a-ketols. Both imply the breaking of a C-C

bond near a )C = O group and the creation of an acyl carbanion R-CO .
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2. Mechanism Of Action Of Thiamin Enzymes
2.1. INTRODUCTION

Since TPP was first thought as the coenzyme of only carboxylase, the early investigations
were referring to the mechanism of decarboxylation of pyruvic acid, known to be catalyzed
by the enzyme. Cocarboxglase has a molecular weight of about 150 000 (apoenzyme) and
contains also TPP and Mg2* ions in the ratio (1:1:5) respectively .

Pyruvic acid oxidation to acetic acid and CO9 was believed to be catalysed by TPP.

CH3COCOOH + [0] — CH3COOH + CO, (4)

TPP on the other hand was catalyzing the anaerobic decarboxylation of pyruvic acid to
acetaldehyde and CO9, according to Lohmann and Schuster0>8.

CH3COCOOH — CH%CH =0 + COy 5)
Pyruvic acid can also dismutate

2CH3COCOOH —> CH3CHOHCOOH + CH3COOH + COy (6)

It could also be reduced to lactic acid and carboxylized to oxaloacetic acid’. All these
reactions were due to an activation of pyruvic acid caused by TPP, according to Barron et
al”,

O+

CH3COCOOH —TIPP % CH3((

COOH
Later it was shown that TPP as an integral part of many other enzymes except carboxylase,
could take part in various reactiohs.

2.2. THIAMIN AS A REVERSIBLE REDOX SYSTEM
After showing that TPP can be hydrogenatedlo in the presence of Pt black or sodium

dithionate to dihydrothiamin pyrophosphate (8), Lipmann/>10 proposed that cocarboxylase
must act as a reversible redox system.

Based on the fact that thiamin decomposes to products 7 and 9 which are then converted to
disulfate 11, that can subsequently be reduced back to thiamin, Zima and Williams!! also
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suggested that thiamin may act as an oxidation-reduction enzyme, similar to the cysteine-
cystine system1 2. All these were subsequently proved to be incorrect”.

2.3. FORMATION OF A SCHIFF-BASE

A mechanism involving the formation of a Schiff-base intermediate w1th the amino group of
the pynmldln moiety of thiamin was later proposed by Langcbeck 13 and later by Wisner
and Valental4 (Scheme I). It was based on the fact that primary amines were able to
decarboxylize pyrouvic acid through the formation of such bases. Since thiamin itself was
not able to form Schiff bases involving the amino group, due to the poor basic properties of
the latter, the lone pair of electrons of which take part to the pyrimidine ring resonance,this
model was also abandoned later, as well.

H30- C* COOH

CH2 CH,
& )
+ CH3COCOOH ‘ o
2
I
N
(l}HCH:;
NHy N
N7 CHy NZ CHy (10)
T T T
\N \N
NH) NH,
NZ CHy NZ CHy
J\ l + H0 "_’/l\ | + CH3CH=0 (11}
Scheme I

2.4. CATALYSIS BY THIAMIN IN NON ENZYMATIC MODELS

Based on the known procedure of formation of condensation products of pyrimidin
compounds to form adducts to the a-position of the quaternary nitrogen atom (12), Ugai et
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all3,14 found that the similar to pyridinium, thiazolium nitro%en of thiamin was catalyzing
acyloin condensation. These findings allowed Mizuhara et all7,18 to show that thiamin at
room temperature

= "

] ) e

RCHO + R~CHy — 3 R-CH
|
R - CH-OH

(pH = 8.4), could decarboxylate pyrouric acid, catalyze the formation of acetoine and the
reactions of diacetyl and acetaldehyde to acetic acid and acetoine. They proposed that these
could be achieved by the attack of the carbonyl carbon atom of the substrate to the tertiary
nitrogen atom of the pseudo base (13).

R \é'/ OH

+/

.
RCHO + N | N l (13)
Hy\s H%\
s
HO HO

However, since no appreciable amounts of a pseudobase was present in solution at any
pH19, this mechanism was also abandoned. Based on these nonenzymatic models,
Breslow20 modified this mechanism by proposing the combination of pyrouvic acid with the
methylenic bridging group of thiamin, prior to its loss of COp and production of
acetaldehyde and thiamin. Deuteration experiments however2l, showed that the methylenic
protons are not readily exchanged with deuterium, a requirement for supporting this
mechanism. Breslow confirmed this lack of exchanges of the protons of the methylenic
bridging group, but found instead that the C(2) proton of the thiazolium ring exchanged
readily with deuterium. Following these findings, Breslow proposed the nowadays generally
accepted mechanism for the catalysis of thiamin, by analogy between cyanide ion 13 and the
thiamin C(2) carbanion 14, adopting a similar to the benzoin condensation one, mechanism

T:C=N: «——— C=N: l\-j [j

13
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A general form for the decarboxylation of pyruvic acid by thiamin is presented in Scheme II.

NH
N/ N- N py/CHZ\;f
J\ | J\ | ' o L ‘
NT LTS oH ~J s

—C ~o OH
H3C Ccoy
. CH2
py-Cl2—y cop | SRy N
‘ ‘ Z, N l ) Py N
l:{OC ] S OH‘)\ HO\ /'\
N ~c s C7ZI™~s
H3C” ~C=0 / OH - ‘c'/ OH
o CH3 3

. l’)'!;CHz\I:‘+
N - +
B, HO )I\ l —— py-CHy_ + agcno
Yer~s o L |
H3C~ "\ -
B=base OH
Scheme II

This mechanism was confirmed later by many other works in both enzymatic and non
enzymatic  systems. These included among others the synthesis of 2-(a-
hydroxyethyl)thiamin PP (HET-PP) and the proof for its chemical competence in many
enzymatic systems23. The similar to HET=PP compounds were named "active aldehyde"
derivatives of thiamin 15.

+
N3 4|
/“2\ 1 2 0 0
I i
5 o—p~—~ O\P —OH
OH |
HO HO

R=alkyl ,phenyl ,etc
15

Despite the general acceptance of the Breslow mechanism, there are many unknown details
on it~ concerning the role that the various parts of TPP may play during the enzymatic
action, as well as the role of the bivalent metal ions, which are required both in vivo (Mg2h)
or in vitro Mg2t,Co2+,Zn2t Ni2* Cd2* etc.). These will be examined here.
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2.5. ROLE OF PYRIMIDIN AND THE METHYLENIC BRIDGING GROUP

Schel]enberger25 , based on enzymatic and model studies, concluded that the N(1') site of the
pyrimidin moiety of TPP should be the binding site with the substrate, through the
intervention of bivalent metal ions. He also proposed that the role of the 4-NHy group of
pyrimidin is to act as a proton acceptor, e.g. to act as a Brensted base, accepting the liberated
protons in the mechanisms of Breslow (Scheme II), despite its low basicity, which according
to Schellenberger could be enhanced by its interaction with the substrate. The 4'-NH; group
could however act as a proton donor rather than a proton acceptor, according to the
theoretical calculations of Jordan and Mariam26 (Scheme II).

Later Schellenberger27 proposed that the 4'-NH group takes part in both the binding of the
molecule to the substrate and to the liberation of the aldehyde through the formation of a
hydrogen bonding (NH-----O). For such roles however, to be played by the 4-NH group, the
pyrmidin and thiazole orientation relative to each other should bring this group near the C(2)
of thiazole.

The orientation of these two rings depends upon the torsional angles ¢ ”Ngg) -C(b)-C(5"-
C@4") and @T=C(5")-C(b)-N(3)-C(2), 16, defined by Pletcher and Sax , based on
crystallographic studies. Both angles have positive values in the clockwise direction.
Thiamin and its derivatives are found in three possible conformations, depending on the
values of @, and ¢T. The S conformation with ¢ = £100, Pp = = %150 usually found in the
C-2 substituted derivatives of thiamin, the more common F conformanon T = 09, (pp—
+900 usually found in free thiamin denvatlves and the V conformation ¢ = +90°, ¢
£900, found only rarely? 24, The V conformation is the one that allows the 4'-NHy group to
play the role of either a proton acceptor or donor during the enzymatic action, bringing it
near the C(2) site of thiazole.

NH; q)P d
T
SN I\S OH
16

This however is very rare]g found24 and it was the reason for the non acceptance of the
Schellenberger's proposa] . More recently however, Shin et al a130 based on results of
molecular mechanics calculatlons and the known X-ray structures of enzymic systems
containing thiamin in the V conformation, emphasized again the importance of this form in
the formation of hydrogen bonds between the 4'-NHo group and pyrouvic acid, during the
enzymatic action.
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co,
:B
A
SHOCAR SN OO
0 o]
H/N\ CH3 H/N\ R
B=base

Scheme IIT

Witorf and Gubler35 assigned a stabilization role of the coenzyme-apoenzyme binding
being played by the 2'-CH3 group of pyrimidin with hydrophobic interaction. Finally, the
methylenic bridging group -CH2- is important in the enzymatic action of thiamin, regulating
the distance between the two tings. Its lengthening resulted to the destruction of the
enzymatic act1v1ty

2.6. ROLE OF THIAZOLE AND THE PYROPHOSPHATE GROUP

The C(2) position's importance in the mechanism of action of TPP has already been
emphasized (Schemes ILIII). According to Schellenberger?’ the _a-carbanion 17,
represents better the intermediates of the various enzymatic processes, than enamin 18 or the
enol forms 19.

N ~ ~*
| S GRS G U5 G €
HO - 8 HO_ /8 HO\C N HO )\ N
N N\ 7 /C
CH:3 CH3 H20 H30 N\ o-
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The transition state intermediate 20, producing 17, is stabilized by the use of the 3d
orbitals of sulfur of TPP, according to Hogg37 The crystal structure determination of several
C(2) substituted derivatives of thiamin on the other hand 24 show a strong electrostatic
interaction between the S atom of thiazole and the carbonyl O atom of the substituent at the
C(2) position. These results together with other data24, led Hogg37 to propose a mechanism
that emphasizes the electrostatic interaction S+(1 O(Za) (Scheme IV).

Supporting evidence for this mechanism was a?so given by the crystal structure of Zn(2-a-
(hydroxy-a- cyclohexyl)thlamm)Clg and Hg(2-a-(hydroxybenzyl)thiamin)Cl; 38 but this
will be discussed in the chapter 3 of this article.

The 4-CH3 group of thiamin interacts with the substrate by hydrophobic interactions, as the
2'-CHj group of pyrimidin does. Finally the pyrophosphate ester group of TPP is believed
to be the binding site of the coenzyme with the apoenzyme through Mg2* or other metal
ions -9,

N

&%Q—H e DT

C(Z S Ry
OH
Co

Ry

9"
CH3CH (o]
L /L
/C -
H
RI\N NH,
NNy R1=J\ | Ry=-CH,CH,0 P,0
2 \N
Scheme IV

3. Role of the Bivalent Metal Ions in the Enzymatic Action of Thiamin
3.1. GENERAL CONSIDERATION

As already mentioned, bivalent metal ions are essential for the enzymatic action of thiamin
enzymes. Their activity varies and the most active are Mg2*t ions. Thus for the
decarboxylation of pyruvic acid with carboxylase isolated from wheat germ, the activity
follows the order”:
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support Schellenberger's mechanism (Scheme III), except of course the recent crystal
structure of the enzymatic systems31'34. Instead and especially in the structures of all the
C(2) substituted derivatives of thiamin, either free or metal co Elexed the ligands are
always found in the S conformation, always stabilized with an S™---O~ type electrostatic
interaction24,15. This strong interaction led us to the hypothesis that metal complexes
would be easier formed than ionic salts, if the "active aldehyde" derivatives of thiamin than
thiamin itself, since in the former an internal neutralization of the thiazole charge occurs
through the S+ -0 electrostatlc mteract10n24. This was Eroved to be the case38:41-44 for
all the complexes with Co2t, Ni2*, Zn2¥, Cd2* and Hg2™, with the ligand always being in
the S conformation both in solutlon and the solid state and retammg the ST--~O" interaction.
These findings are in support of the mechanism proposed by Hogg 7 (Scheme IV).

More recent results also show that Zn2t ions bind with both N(1') site and the
monophosphate group of TMP (thiamin monophosphate), depending on pH.

3.2. DISCUSSION OF CRYSTALLOGRAPHIC DATA

3.2.1. Pyrimidin. The high basicity of the N(1') site of pyrimidin seems to play the major
role for the metal ions binding in thiamin24. On the other hand, the role of the 4-NH, group
of thiamin in the enzymatic reactions (e.g. its basicity and ability to take part to hydrogen
bonds) depend upon the bond length C(4')-N(4' a) This in turn, depends upon the protonation
and metallation at the N(1') site causing shortening or lengthening of its
correspondmg]y 24 with subsequent reduction to its ability to act as a proton donor in the
latter case. Also, the size of the C(2')-N(1')-C(6") angle is influenced by protonation or
complexatlon at N(1") increasing with protonatlon and decreasmg with complexatlon This
angle increases however systematically in the series of metals Zn4t < Cut < Cd 2+ < ng
The mcrease of the C(4 )-N(4'a) bond length on the other hand, follows the order Cu*
+<Cd?t < Hg

3.2.2. Thiazole and the Pyrophospate Group. The torsional angles ¢5¢=S(1)-C(5)-C(5a)-
C(5B), 95p=C(5)-C(50)-C(5B)-O(5Y), 95y=C(5a)-C(5)-O(5v)-P(58), 955=C(5B)-O(5v)-
P(58)- 0(58[; and @5,=0(5y)-P(58)-O(5¢)- P(%C) 21 determine the relative orientations of the
hydroxyethyl and pyrophosphate side chain of thiazole in TPP, 21.

When @sg== 60° a strong S(| ----0(5 electrostatic interaction is taking place. This is
favored by metal complexation at N(1'), which may be transferring some additional small
positive charge on the S(1) atom24. This interaction may have some importance in the

enzymatic action.
0
¢l
/ P ~5 P \

OH

NH)

OH

21
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The pyrophosphate side chain is flexible and it may be folded over the thiazole ring
(structure of TPP.HCI1) or extended away (structure of neutral TPP, 21). (See Newman
projection 22,23 respectively).

TPP.HCI TPP
Ose X3Py, _ TPP-HCI
@) 139.9¢
05, It
23

The electrostatic interaction S(yt+O(q)" observed in all the C(2) substituted derivatives
of thiamin 15, strongly influencés the side chain conformation at this site. The values of the
torsional angle S(1)-C(2)-C(2a)- O(2a) and the corresponding S+(1 )" 0(2%)' distances of
the structures of four C(2) substituted derivatives of thiamin, 15 are given 1n Table 1.

The strong S 1)+ ~+O(2q)” interaction lowers the pKa of the O(24)-H proton and its
liberation is faci?itated in support of the Hogg's mechanism37, as already mentioned. This
interaction also facilitates the formation of metal com[{)lexes through N(1') once the
C(2)"active aldehyde" derivatives of thiamin are formed38,41-44,

Substituted derivatives of thiamin, 15 are given in Table 1.

Such a S(1y"+O(¢)" electrostatic interaction was not observed only in the case of the
crystal structure of the ‘methyl-acetyl-phosphonic acid derivative at C(2) of thiamin, which
however is a strong inhibitor of the enzyme pyruvic dehydrogenaseZ4.

Table 1
Angle in °C Distance
Compound S(1)-C(2)-CRa)-0Qa) S1T00q"
HET.HC1 20.6 2.901

2-(a-hydroxyethyl)thiamin HCI
HBT.HCI 8.4 2.764
2-(a-hydroxybenzyl)thiamin HCIl
HBOT.HCI 11.7 2.749
2-(a-hydroxybenzyl)oxythiamin HCI
Hg(HBT)Cl3 10.5 2.790

3.2.3, Stabilization of the F, S and V conformations of thiamin. As already mentioned, the
F,S and V conformations of thiamin are defined by the values of the torsional angles ¢
N(3)-C(6)-C(5)-C(4"y and ¢1= C(5")-C(b)-N(3)-C(2) of ¢,=+90°, ¢T=0° for the F, ®p
+1500, =% 1000 for the S and @,= £900, T = +£90° for the V conformation24.

The two forms F and S do not differ significantly energetically. The following factors
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Mg2+ > Co2t > 7n2t > Fe2t > Mn2*t > Ni2t > cd2t
The order for carboxylase taken from yeast, becomes;

Mg2t > Mn2t > Co2t > Ca2t > Fe2t > Cd2t > Zn2*

and for transketalase from yeast,
Mn2t > Mg2" > Fe2t > Ni2t > zn2* > Co2t > Ca2t

Later, Schel]enberger25 found with kinetic methods that Mg2+ ions are required for the
apoenzyme binding with TPP, (14),

apoenzyme + Mg2t + TAP < holoenzyme (14)

This is achieved with Mg2+ ions binding to the N(1') position of pyrimidin and to the
pyrophosphate group25.

Subsequent studies were concentrated in determining the coordination sites of thiamin and
its derivatives with various spectroscopic and other techniques, including X-ray structure
determinations. Early IHNMR solution studies showed that M2™ ions bind either through
the pyrophosphate ester group or/and through the N(1') site of pyrimidin, directly or through
a water molecule 7>24. Studies in the solid state however, were leading for many years to
the isolation of ionic solid adducts, without an§ direct metal-ligand bonding. They
corresponded to formulae [MX4]2-[Th]2", [MX4]2-[Th],*, [MX3], [Th]2", with M =
Co2t Ni2t, cu2t, zn2t, U4t Cd2*, Hg2t and X = Cl, Br. Thus, no conclusion on the
metal site bonding with thiamin could be made, during the enzymatic action. This was due
to the net positive charge on thiazole and the pKa of about 5, of the N(1') site of pyrimidin,
making thiamin to exist as a dication at pH <5 and a monoanion at pH = 5.7, at pH > 7
being unstable. The complexes MLX3, with M = Pd 2F, Pt2*, L = Th(thiamin), TMP and
TPP monocations and X = Cl, Br were the first solid adducts reported to present a direct M-
L bond in the solid state39. Later the proposed structure3? for the Pt(Th)Cl3 complex was
confirmed with X-rays40. Today the known structures of thiamin and derivatives that
contain a direct metal-ligand bonding include24, Cd(Th)Clz. H»O, Cu(Th)Clp,
Rhy(CH3COO)4(TMP), 1.5H70, Zn(Th)Cl3.4H70, Cu(Th)Brp, Hg(HBT)Cl3.HO,
(HBT=2-(a-hydroxybenzyl)thiamin), Zn(HCMT)Cl3 (HCMT=2-(a-hydroxy-a-cyclohexyl-
methyl)thiamin), Co(Th)Cl3.0.4H,0, Zn(Th)Br3.0.2H20 and Zn(Th)(SCN)3. In all cases
the metals are bound to the N(1')site of pyrimidin, except the Cu2t complex with the metal
bound to the pyrophosphate group of TPP, the complex Cd(Th)(SCN)3 with Cd2*  bound
to O(5y) of the side hydroxy-ethyl group and the complex [Mn(Th)Cly(H20)]2
[Th],Cly4.2H5O, with Mn2t binding simultaneously the N(1') site and the O(5 ) site.

Also in all the enzyme structures known today31'34,Mg2Jr and Ca2% ions are bound to
pyrophosphate group, making the binding of the apoenzyme with the coenzyme.

Except the determination of the bonding sites, the conformation (F,S, or V), of thiamin or
its derivatives after metal complexation is also of interest and importance, to conclude for
the enzymatic action of thiamin. In this aspect, it should be noted that in none of the known
structures of thiamin metal complexes the molecule was found in the V conformation, to
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have been proposed to influence the F or S conformation:

a. In thiamin complexes with polychlorometallic anions the F form is favored by small
metallic ions and smaller non bonding Cl--+Cl distances of about 3.4 A, while the S form
requires a 3.9 A distance. This suggestion however was not confirmed since it has many
exceptions (Table 2).

b. When thiamin is in the F form, the two rings of thiazole and pyrimidin are connected with
the so called "one point" anion bridge of the type HN(41¢ )X --thiazole, while in the S form
this connection is achieved with the "two points" ‘anion bridge, HN¢4'q)-H X M-
X2~-thiazolez4. The first bridge obviously brings the two rings closer than the latter. It was
proposed that carboxylic anions like aspartic and glutamic acids etc., should play an
important role in the recognition and stabilization of one of the F and S forms.

Table 2
Complex X--Xin A Conformation
(ThH)(PtCly) 3.247 F
(ThH) (PtCly4)Cl, 3.262 F
Pt(Th)Cl3 3.270 F
(ThH)(CuCly) 3.420 F
Zn(Th)Cl3 3.700 S
Cu(Th)Cly 3.867 F
(ThH)(CdCly) 4.000 S
Cd(Th)(Cl3) 4.000 S
Hg(HBT)Cl3 3.857 S
Cu(Th)Bry 3.995 F
(ThH)(CoCly) 3.720 S
Zn(Th)Br3 3.900 S
Co(Th)Cl3 3.710 S

¢. The F conformation may be stabilized by a C(2)- H---X---pyrimidin bonding24. The F
conformation is also protecting the C(2)-H protons through an electrostatic interaction with
the aromatic electron density of the pyrimidin ring. In the S conformation this position is
exposed to reaction with the substrate. Therefore gyruvic acid will rather attack the C(2)
position, when the molecule is in the S conformation 4,

d. When a bulky tetrahedral metal complex (X--X > 3.7 A) is approaching the thiazole ring
with a trigonal plane, thiamin undertakes the 'S conformation to reduce steric hindrance
between its two rings. Thus when the complex anion is not bulky, the F conformation is
preferred.

e. Steric hindrance between the substituents at C(2) and C(4'), and C(4) and C(6") should
favor an S over an F conformation, since with the former they achieve their maximum
separation distance.

f. The only structures of thiamin known in the V conformation were the ones of oxythiamin
and thiamin thiazolone, prior to the strucures of the e es, pyruvate decarboxylase,
apotransketalase, pyruvate oxidase and transketolase31-34, all containing TPP in this
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conformation.
It was proposed that this conformation might be adopted whenever the repulsions and the

sizes of the substituents at C(2) and C(4') are minimized.

3.2.4. Metal Complexes of HBT and HCMT. These were gre{)ared ?l easil 2y from aqueous
and/or alcoholic solutions of the ligands with the metals3 + + zZn2t, cq2t
and ng They correspond to the general formula MLCI3. Cu2* on the other hand ox1dlzed
both ligands to thiochrome, forming complexes with the latter (L"), of the e
CuL'(H»O)CI, containing Cu2 and Cuy(L'H)Cl4,MeOH containing both Cul and Cu
Vanous techm?ues including X-ray structure determmatlons vibrational IR-Raman, 1-D, 1H

31p and HgNMR 2-D THNMR and solid state 3CNMR electronic UV-Vis and
mass spectra were used to determine the structures of the various complexes in solution and
in the solid state#1-45. The results that will be presented in detail, showed that the metals
coordinate preferentially at N(1') of pyrimidin. The pyrophosphate g1'oup45 of TMP may
also be a coordination site at pH ~ 5.5 with Zn2t. The ligand conformation is always kept S
both in solution and in the solid state. These studies allowed us to conclude that the S
conformation must be important besides the V, in the enzymatic action and possibly the
metal ions coordinate to N(1'), if such an interaction is finally taking place, after the
formation of the "active aldehyde" intermediates at the C(2) position of thiamin.

3.2.5. Concluding Remarks. From the above discussion it is obvious that all the steps
followed in the enzymatic action of thiamin enzymes using metal complexes are not yet
known in detail. Two main mechanisms, (i) the one involving the V conformation of
thiamin (Scheme III), where the 4'-NH2 group approaches the C(2) site of thlazole and (ii)
the one involving the S conformation and emphasizing the importance of the S 1) “O(2a)
electrostatic interaction (Scheme IV) exist.

The recent X-ray structures of the enzymes3 -34 containing Ca2t or Mg
the first (i) mechanism.

According to Shin30 even the C(2) "active aldehyde" derivatives of thiamin assume the V
conformation in the enzymatic systems. To our opinion, both the V and the S conformation
of thiamin may be important during the enzymatic action and may succeed each other in the
various steps. Thus the V conformation may facilitate the - ylid formation in the first step,
while the S conformation may be formed once the "active aldehyde" intermediate is formed.
The metal ions may be bound to N(1') of pyrimidin and the substrate, after the formation of
the C(2) substituted derivatives. There remain a crystal structure of an enzyme containing a
C(2) substituted derivative of thiamin to be solved, to substantiate or not this hypothesis.

2+ seem 1o favor
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PLATINUM ANTICANCER DRUGS

STEPHEN J. LIPPARD

Department of Chemistry
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139 USA

ABSTRACT. Cisplatin, cis-diamminedichloroplatinum(II), is a simple inorganic complex widely
used in cancer chemotherapy and especially effective against testicular tumors. The trans isomer
is biologically inactive. A principal target of cisplatin in the cancer cell is DNA. The major
adducts of cisplatin with DNA, accounting for 90% of platinum on the duplex, are intrastrand
cross-links in which adjacent guanine or adenine/guanine bases are coordinated in the cis
positions originally occupied by chloride ions. The resulting platinated DNA unwinds by ~ 13°
and is bent by ~ 34° toward the major groove. Details of this structural distortion were obtained
by gel electrophoretic and X-ray crystallographic studies of DNA containing intrastrand cis-
diammineplatinum(II) d(GpG) or d(ApG) cross-links. Both gel-electrophoretic mobility shifi
assays and expression library screening of human cells with cisplatin-modified DNA revealed the
existence of proteins that bind specifically to the major DNA adducts of the drug. These proteins,
designated structure-specific recognition proteins, or SSRPs, have in common a 75 amino acid
sequence known as the HMG domain which is the source of specificity for platinated DNA.
Deletion of a non-essential HMG-domain SSRP in yeast desensitized the cells by twofold to
cisplatin but not to the inactive analogue trans-DDP. When DNA containing the major adducts of
cisplatin was added to a mammalian cell extract, the damage was excised by the excinuclease
excision repair system. Specifically, the platinated strand was cleaved ~ 5 nucleotides to the 3'
side and ~22-24 nucleotides to the 5' side of the damage. This process was selectively inhibited
by addition of HMG1. Adding the HMG-domain protein human mitochondrial transcription
factor mtTFA gave similar results. This shielding phenomenon was selective for the major
d(GpG) intrastrand cross-link of the drug and not the less abundant long-range cross-links such as
the 1,3-adduct, d(GpTpG). The latter was repaired but not shielded. These results suggest that the
molecular mechanism of cisplatin might involved shielding of its adducts by HMG-domain
proteins in the cancer cell, protecting them from repair and thereby preserving their ability to
block replication of DNA required for tumor cell proliferation. Thus new anticancer platinum
drugs might be developed based upon the ability of their DNA adducts to be recognized and
shielded by HMG1 and related proteins.

1. Introduction

Cisplatin, known also as cis-DDP or cis-diamminedichloroplatinum(Il), is an effective
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anticancer drug with demonstrated activity against head and neck, ovarian, and especially
testicular cancer.! The trans isomer is inactive. A compound having fewer toxic side
effects, carboplatin, has also been approved for use. Cisplatin and carboplatin are
administered by intravenous injection, but recently platinum(IV) complexes having
activity following oral administration have been introduced. Fig. 1 summarizes these
developments.

NH; Cl 3
O(O)CR
HSN—-— Pt—-Cl1 H3N_P1_NH3 C6H1 1NH27P'.— Cl
| | RC(0)O |
Cl cl cl
cis-[PNH3)2Cl;]  trans-[PUNH3),Cly]  ¢is-[PUCYNH 2)(NH3)Cl(OAc),]
active drug inactive analogue oral analogue

Discovery of Anticancer Activity: Rosenberg, 1969
Approval of cis-[Pt(NH 3),Cl;] (cisplatin) by FDA, 1979
Approval of [Pt(NH 3)3(1,1-{0,C} 2C4Hg)] (carboplatin) by FDA, 1990

Figure 1. Platinum anticancer drugs. Summary of developments.

When cisplatin and related compounds diffuse across the cell membrane, they
encounter a much diminished chloride ion concentration compared to blood serum. As a
consequence, the complexes hydrolyze in a stepwise manner forming positively charged,
aquated species that ultimately migrate to and bind nucleobases on DNA.

Table 1. Percentage of Various Adducts for Cisplatin, [Pt(en)CI2], and [Pt(NH3)
(C6H11NH2)(OH2)2]12+ on DNA.

Cisplatin [Pi(en)CI2]  cis-[PUNH3)(C6H11
NH2)(OH2)2]%*

GpG 55-65% GpG 57-62% 40%, 20%*

ApG 25-35% ApG 5-10% 5-10%, 0%*

GpNpG 6% GpNpG or 13-18%

G-Pt-G <5% G-Pt-G <5%

FThe two values correspond to orientational isomers (see ref. 10).

The DNA molecule may itself to promote this covalent reaction? by serving as a one
dimensional template upon which cationic platinum complexes aggregate before
migrating to their thermodynamically preferred binding sites, the purine nucleobases
guanine and adenine. Table 1 summarizes the binding site preferences for cisplatin and its
active analogues, from which it can be seen that intrastrand d(GpG) and d(ApG)
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comprise the major targets. The molecular structure of one such adduct, the intrastrand
d(GpG) cross-link formed l())y cis-{Pt(NH3)2}2+, as revealed in a single crystal X-ray
structure determination,-0 is depicted in Fig. 2. The structure reveals that the two
guanine ring planes, which in normal, B-form DNA are parallel to one another, are tilted
at an angle of ~ 80° in order to optimize binding of the N(7) atoms with platinum. This
structural distortion, detected for the binding to a simple dinucleotide, takes on a slightly
different form in double-stranded DNA platinated with cisplatin. From gel electropho-
resis studies of DNA duplex oligonucleotides modified site-specifically with cisplatin it
was deduced that platinum bends the DNA by ~32-34° while unwinding it locally by ~
13°.7-9 Similar experiments were performed on a variety of site-specifically modified
DNAEs, the results of which are summarized in Table 2. Also shown in the table is the
extent to which specific platinum adducts can inhibit the replication of DNA on a
template containing a single, site-specific adduct. 10 From the data it is apparent that both
clinically active and inactive platinum complexes damage DNA differently, but all
bifunctional adducts are capable of blocking replication.

VJ
( MR cen 068

Figure 2. Molecular structure of the major cisplatin adduct on DNA cis-
[Pt(NH3),{d(pGpG)}]. Reprinted with permission from ref. 5. Copyright 1985, American
Association for the Advancement of Science.
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Thus the differential activity of the compounds must arise from some other cellular
processing event(s). With this information in hand, a search was undertaken to identify
proteins that might recognize and bind specifically to DNA adducts of active, but not
inactive, platinum complexes with the goal of determining whether such interactions
might be important in the molecular mechanism of the drug. Two approaches were taken,
one biochemical and one genetic, both of which revealed the presence of a class of
proteins, designated as structure specific recognition proteins or SSRPs, which displayed
the desired property of binding specifically to platinum complexes exhibiting anticancer
activity.

2. Identification and Properties of Structure-Specific Recognition Proteins which
Bind Selectively to Cisplatin-DNA Major Adducts

When radiolabeled DNA restriction fragments modified with cisplatin were incubated
with human or other mammalian cell extracts, their electrophoretic mobility shifted
dramatically as a result of the binding of specific proteins.1 1 Further work revealed that
this behavior was selective for the major adducts of cisplatin, intrastrand d(GpG) and
d(ApG) cross-links (Table 1). When proteins from the cell extract were separated by gel
electrophoresis and identified by staining with radiolabeled, cisplatin-modified DNA in a
Southwestern blot assay,12 it was determined that they belonged to two classes according
to whether they had high (80 < MW < 100 kDa) or low (<30 kDa) molecular weights.

Table 2. Properties of Platinum-DNA Adducts.

cis-DDP Adduct  Unwinding Bending Translesion
Angle Angle Synthesis
GpG intrastrand 13° 32-34° 3-5%
ApG intrastrand 13° 32-34° 6-14%
GNG intrastrand 23° 32-34° 25%
trans-DDP Adduct
GTG intrastrand 6-13°  hinge joint N/A
globally modified 9° good block

In parallel work, an expression cDNA library was screened with platinated DNA12
and a gene fragment was identified that encoded a protein with cisplatin-modified DNA
binding capability. Further human library screening ultimately produced a full length
gene encoding an 81 kDa protein, designated human SSRP1, which bound specifically to
the major cisplatin-DNA intrastrand cross-links.13 Examination of the sequence revealed
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several domains, one of which bore a remarkable similarity to the high mobility proteins
HMG1 and HMG2. This HMG domain is shared by a variety of eukaryotic proteins,
most of which are transcription factors, as shown in Fig. 3.

Once it was realized that HMG1-domain proteins bound specifically to DNA modified
by cisplatin, studies quickly revealed that HMG1 itself was such a cisplatin-damaged
DNA-binding protein.14 This conclusion was independently reached when HMGI1 and
HMG2 were found to bind to DNA modified with (:isplatin.15 Investigations with site-
specifically platinated DNAs further proved that, as with hSSRP1, only the intrastrand
d(ApG) and d(GpG) cross-links were recognized.14 These conclusions were reached on
the basis of gel electrophoretic mobility shift assays, in which bands corresponding to
radiolabeled, platinated DNAs exhibited retarded mobilities in the presence of HMG1.
Subsequent work revealed that most proteins containing an HMG domain share the
property of selective binding to the major adducts of cisplatin on DNA. The specificity
of binding over unmodified, sequence-neutral DNA is on the order of 102.1

3. Models for How Structure Specific Recognition Proteins Might Promote the
Anticancer Activity of Cisplatin-Modified DNA

Fig. 4 summarizes several models to explain how the SSRPs might effect the
antitumor activity of cisplatin.11 One possibility is that DNA repair in eukaryotes
involves one or more proteins containing an HMG domain. This feature would account
for the selective binding of HMG-domain proteins for cisplatin-DNA adducts.
Diminished levels or activity of such a protein would sensitize cells to cisplatin. Since no
other DNA damaging agent, for example photo-crosslinking, produces a lesion that is
recognized by the SSRPs, however, this possibility seems unlikely.

Acidic Basic 1 HMG Basic Il Mixed Charge
SALHRARTARRAANNRNAN] K0T
b / // @' initlttialestinly [ad dececs

440 - 496 512-534 539 - 614 623 - 640 661 - 709

SSRP1 539
HMG1 85
hUBFb1 104
hUBFb2 188 Q

hUBFb3 399 KAQSERKPGGE
TCFla 297 ROLHMO ,w
SRY 576 DAMHREKY BNY]
mtTF1 1 WMrKEEISRE
LEF-1 289 3 > : W
ABF2bl 43 RNELIKQ(P! 3 : 4 KNhKKEF
ABF2b2 116 KEFDEXLPRKK] potiEpKED ) DEYNARYPLN

Figure 3. Comparison between the HMG box of human SSRP1 and various other
eukaryotic DNA bonding proteins.
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Isolation and purification of the components of DNA excision repair16 should enable this
conclusion to be tested. If none of the damage-recognition components contains an HMG
domain, this model can be eliminated.

A second possibility is that HMG1 or a related protein facilitates the binding of
cisplatin to DNA, perhaps by bending or otherwise distorting the duplex. In addition, the
ternary complex between platinum, DNA, and HMG-domain protein might better disrupt
gene function. Both events could lead to anticancer activity if the levels of the SSRP were
elevated in cisplatin-sensitive tumor cells. Although the features of this model have not
yet been experimentally tested, it seems unlikely that the rate of DNA platination could
be accelerated by the protein. As indicated previously, the rate-determining step in
platinum binding to DNA is hydrolytic loss of chloride ion, followed by relatively rapid
binding to the nucleobases. Such a mechanism would not be significantly affected by
acceleration of the DNA-binding step.

Possible Functions of the Cisplatin/DNA Structure Specific
Recognition Protein: Role in the Antitumor Mechanism

©® Structure recognition as the first step in
excision repair of the P/DNA lesion

® Titration of a tumor regulatory protein;
removal from its normal functional role

NH™ © Protection of the cisplatin/DNA lesion
from repair, thus assuring its ability to
block replication and cell division

@ Facilitates platination of DNA as well as
SSRP disruption of gene function

Figure 4. Models for how SSRPs might potentiate the action of cisplatin.

A third model for how SSRPs might potentiate the action of cisplatin is that one or
more of the proteins controls the transcription of a gene that is critical to the survival of
the tumor cell. Binding of the protein to platinum adducts would divert, or "hijack",17 the
SSRP from its natural site on the genome, diverting it from its natural role. Such a
mechanism would sensitize the cell to the drug if the function destroyed in this manner
were critical to survival. This model has also not been tested in vivo, but recently it was
determined indirectly that the HMG-domain protein hUBF, a factor which controls the
transcription of ribosomal RNA, could be competed away from its natural binding
sequence by a site-specifically platinated 100-bp duplex DNA containing a single
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intrastrand cis-[Pt(NH3)2[d(GpG)}] cross-link.17 Thus, in principle, this mechanism
could contribute to the selective cytotoxicity of cisplatin.

The fourth model depicted in Fig. 4 proposes that binding of the HMG-domain
proteins to cisplatin 1,2-cross-links on DNA masks their presence and renders them
unable to be repaired. According to this model, elevation of SSRP levels would sensitize
cells to the drug by shielding adducts from repair. The irreparable platinum lesions
would kill cells by blocking gene function and/or by induction of apoptosis.18 Recently,
evidence has come from several directions that supports this model, as described in the
next section.

4. HMG-Domain Proteins Can Potentiate Cisplatin Cytotoxicity by Shielding the
Major Intrastrand d(GpG) Cross-links from Excision Repair

When a yeast Saccharomyces cerevisiae expression cDNA library was screened with
cisplatin-modified DNA, a gene encoding a SSRP was identified and sequenced. 19 Not
surprisingly, the translated 68 kDa protein sequence had two tandem HMG domains. The
expressed protein was able to bind specifically to cisplatin-modified DNA in a gel
mobility shift assay, in much the same manner as HMG1.20 Interruption of the non-
essential gene, designated IXR (for "intrastrand cross-link recognition”), for this yeast
SSRP afforded the

100 100
Percent Percent .
Survival . Survival ixrl
ixrl
1o} IXR1
IXR1 w0k
1
A L . o] R R
0 a3 Q6 [05°) 12 0 12 23 3
[cis-DDP] mM [trans-DDP] mM

Figure 5. Survival of wild type (/IXR1) and mutant ixr] cells in the presence of cis- or
trans-DDP

interesting result shown in Fig. 5. The mutant cells were desensitized to the drug. When
similar "knockout" expenments were attempted with repair-deficient yeast cells, no
desensitization was observed.2! The phenomenon thus seems to involve DNA repair
protection. This conclusion was supported by the finding of substantially lower levels of
platinum on DNA isolated from the mutant compared to the wild type yeast cells
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following treatment with cisplatin. Direct evidence that HMG-domain proteins can
protect the major cisplatin-DNA adducts from repair was provided by in vitro
experiments in which excision repair was monitored in human cell extracts.

Pt
A
TCTAGGCCTTCT

S CAGCTGATTTGCAGACTCAGTACGAATTC * g TGAGGCCATCG — 3
156
)

Figure 6. Partial sequences of site-specifically modified DNAs used to study excision
repair in human cell extract. The oligonucleotides were prepared by annealing and
ligating seven fragments, one of which contained a specific cis-diammineplatinum(II)
intrastrand 1,2-d(GpG) or 1,3-d(GpTpG) cross-link.

First (Fig. 6) an oligonucleotide containing a site-specific cisplatin adduct was
prepared and characterized. This material was then allowed to incubate in a cell extract
from normal or excision-repair deficient human cells.

CFE F G H

F
G

»E
% 4

Fig.7. Repair of cis—[Pt(Nl-g)z)2+ intrastrand cross-links by human cell extract excinuclease .
Cell free extracts (CFE) were prepared from Xerodemra pigmentosum (XP) cells F or G, lanes
1and 2, respectively. Lane 3 shows results for a mixture of XPF and XPG lanes and lane 4,
results for human Hela cell extracts.
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Only the former were capable of removing the adducts, which they did as 29-base
oligonucleotides terminating 22-24 bp to the 5' side and 5 nucleotides to the 3' side of the
damage (Fig. 7). Both intrastrand 1,2-d(GpG) and 1,3-d(GpTpG) cisplatin cross-links
were repaired, the latter slightly more efficiently.

When these experiments were repeated in the presence of increasing amounts of HMGI,
excision repair in the extract could be blocked. This shielding phenomenon was selective
for the major 1,2-d(GpG) intrastrand cross-links of the drug and not the less abundant
long-range 1,3-d(GpTpG) cross-link (Fig. 8) Only the former adduct reacts
specifically with HMG-domain proteins, indicating that it is the specific recognition of
the major cisplatin adducts that is responsible for the shielding effect. Similar results
were obtained when the human mitochondrial transcription factor mtTFA, which contains
an HMG domain, was employed. These results suggest that the molecular mechanism of
cisplatin might involve recognition of its major adducts by HMG-domain proteins in the
cancer cell, protecting them from repair and thereby preserving their ability to block
replication of DNA required for tumor cell proliferation. Thus new anticancer platinum
drugs might be developed based upon the ability of their DNA adducts to be recognized
and shielded by HMG1 and related proteins.
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Fig. 8. Plot of excisiont repair of site-specific cisplatin 1,2-d(GpG) and 1,3-d(GpTpG)
cross-links, assayed as indicated in Fig. 7. The more efficient blocking of the former adducts
is clearly apparent.
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NMR SPECTROSCOPIC STRUCTURE DETERMINATION OF METAL ION -
OLIGONUCLEOTIDE COMPLEXES - THE RESULTS OF SEQUENCE-
SELECTIVE BINDING STUDIES

EINAR SLETTEN and NILS AGE FR@YSTEIN

Department of Chemistry, University of Bergen,
N-5007 Bergen, Norway.

ABSTRACT. This overview will address the current state-of-the-art in characterising metal ion -
oligonucleotide interaction by NMR spectroscopy. First the methodology of structure
determination of oligonucleotides - metal ion complexes in solution will be discussed. In the
second part recent results on sequence-selective metal ion binding to DNA oligonucleotides by
NMR methods will be presented. Metal ion titrations of several dodecamer duplexes have been
carried out using Mn(II), Zn(IT), Hg(IT) and Pd(II) salts. The selectivity is shown to be determined
by the sequential variation in molecular electrostatic potential along the chain and also to a certain
degree by the preferred coordination geometry of the metal ion.

1. Introduction

A large amount of data have been published on structures of metal ion complexes of
nucleic acid monomers both in solution and in the solid state. Especially, NMR methods
have been shown to be very effective in elucidating the bonding pattern in solution.
Application of these methods to structure determination of complexes of oligonucleotides
has proved to be considerably more difficult than for proteins. This is partly because DNA,
with only four different bases in a generally linear structure, require a different assignment
strategy and most importantly, are lacking the long-range structure information found in a
folded protein.

A large variety of experimental techniques have been shown to yield valuable, indirect
information on metal ion - nucleic acid interactions; e.g. gel-electrophoretic mobility
studies suggest that the anti-tumor agent Pt(NH;3),Cl, induces "kinks" and/or bending of
DNAY; circular dichroism spectroscopy has been used to monitor metal ion induced B-
to Z-DNA transition?, UV spectroscopic studies on the melting and renaturing behaviour
of native DNA in the presence of rather high concentrations of various divalent metal ions
showed an interesting variation through the series of metals3. These observations could be
explained in terms of a varying degree of affinity towards the phosphate backbone and the
base nitrogens.

In order to distinguish between inherent sequence-dependent bending of duplex DNA
and metal ion induced distortion one needs to know the molecular structure of the
unperturbed system. The method of choice for determining the structure of biomolecules in
the solid state is X-ray crystallography and in solution NMR spectroscopy. The latter
method is often used in combination with Molecular Dynamics calculations?.
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2. The Structure of Oligonucleotide Ligands

Two-dimensional nuclear resonance spectroscopy (2D NMR) in combination with
distance geometry (DG) calculation has the potential for quantitative structure
determination of intermediate-sized biological polymers in solution. At present, the size
of palindromic DNA oligomers conveniently handled by this technique is limited by
spectral resolution to approximately 20 base pairs. For a particular oligomer the amount of
overlap in 2D maps is also dependent on sequence heterogeneity.

The method is based on the NOESY experiment measuring through-space dipolar
coupling (cross-relaxation) between protons. The NOE build-up rate are equal to the rate
of magnetisation transfer (R#j) between nuclear spins ( 75 ) ( initial rate approximation)
and given by the simplified expression:

Ry =—— when ote >> 1

The NOE build-up rates (R](ij)) are seen to be proportional to the correlation time, tc and
the sixth power of the inter-nuclear distance between nuclei, 17, The strong dependence
upon inter-nuclear distances makes it difficult to observe a direct (two-spin) off-diagonal
cross-peak in the NOESY map for proton pairs less than 5A apart. A typical example of
the spectral resolution in a NOESY map recorded for a palindromic 12-base pair
deoxyoligonucleotide is shown in Fig.1.

CGCGAATTCGCG

c1 Hé

5.4

~ H'
©

8.2 8.0 7.8 7.6 7.4 7.2 7.0
(ppm)

H8 H6

Figure 1. Contour plots of the H8/H6 vs H1’ region in the 500 MHz NOESY spectra
of the dodecamer d[CGCGAATTCGCG],. The sequential connectivities are
indicated.



143

The sequential cross-peak pattern corresponding to inter nuclear dipolar coupling between
the base protons (H8/H6) and the anomeric protons H1" is also shown. Both the intra
residue and the inter residue base - sugar distances give rise to cross-peaks. The four
largest peaks in the map correspond to the cytosine H5 - H6 distances of 2.45 A.

If all the inter-nuclear vectors have the same correlation time t¢ (i.e. assuming no
internal motion) it is possible to relate relaxation rates of unknown distances to that of a
known fixed reference distance:

RG) 16D

R 15(5)

The use of such scaling to a reference distance is only valid if the unknown proton pair
has the same correlation time as the reference proton pair. If the molecule under study
exhibits internal motion in addition to the global motion in solution it is important to
choose a proper reference.

The two-spin approximation is only an approximation for a real multispin system in
which relaxation through multiple pathways occurs simultaneously. To circumvent this
problem several NOESY spectra are recorded at different mixing times. The spin-diffusion
effects from intervening spins are progressively reduced at shorter and shorter mixing times
and the initial rate two-spin approximation approaches that for the true interproton
distance. In practice, the ability to sample the true initial cross-relaxation rates is limited by
the signal-to-noise ratio at very short mixing times.

In summary the NMR structure analysis is based on the following assumptions:

1. The molecule tumbles isotropically in solution

2. All pairs of protons have the same correlation time tg

3. The two-spin approximation is valid in multi-spin systems
4. Only one conformation is present in the solution

The dimensions of a hydrated DNA dodecamer ( diameter = 20.5 A, length = 41 A )
implies that this molecule has anisotropic tumbling in solution. However, a distance error
of less than 3% is introduced by ignoring the effect of anisotropy’. The second assumption
is also found to be valid within the level of precision of measuring cross-peak intensities.

The validity of the two-spin approximation depends on how well the initial rates are
obtained from a series of NOESY spectra. Usually, a better approach is to match the
experimental spectra with simulated (back-calculated) spectra where the spin-diffusion
present in a multi-spin system has been taken into account. An example of visual
comparison of experimental and simulated spectra is shown in Fig.2.

A more convenient way of monitoring the fit of the simulated intensity Vjj to the

experimental NOE intensity is to calculate a residual R factor analogous to the one used
for X-ray structures:

The problem with this type of R-factor is the r® dependency. Unlike the X-ray
crystallographic R-factor the corresponding NMR factor can be quite misleading -
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especially for long global distances in the range 4-5 A. R factors calculated for several
different bond regions may be used to monitor the refinement procedure.

Structure of d(GAATTTAAATTC)2

ppm

Figure 2. Stacked plots of the H6/H8 -H2'/H2"" region for the experimental (upper) and
calculated (lower) NOESY spectra for the structure of {GAATTTAAATTC],
obtained after visual refinement (from ref.4).

The conclusion based on several NMR studies of DNA oligomers is as follows: i) It is
relatively easy to distinguish between A, B, and Z-forms of DNA, ii) the determination of

glycosidic angles converge to within 10° variability, iii) the pseudorotation phase angles of
the individual sugars and the local helical parameters tilt, roll, twist and slide appear to be

rather well-determined. However, the degree of helix bending is difficult to assess?.

3. Metal Ion - Oligonucleotide Complexes.

DNA and RNA oligonucleotides offer a wide range of potential binding sites for metal
ions; the most important are: i) Backbone phosphate, ii) nitrogen atoms of the heterocyclic
rings, and iii) exocyclic amino- and oxogroups of nucleobases. When elucidating the
bonding pattern in these systems by 'H NMR spectroscopic methods it is convenient to
distinguish between two distinct type of complexes: i) diamagnetic and ii) paramagnetic.
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In the former chemical shifts may be monitored at stoichiometric metal ion - ligand ratios
while in the latter strong paramagnetic proton broadening and shifts allows only systems
with large excess of ligands to be studied.

3.1 DIAMAGNETIC COMPLEXES

Interactions between diamagnetic metal ions and oligonucleotides may be detected by
monitoring chemical shifts for constituent nuclei (‘H, °C, 15N, 31P). The interpretation of
observed chemical shift changes in terms of binding pattern is not always straightforward.
Protonation or the establishment of a chemical bond to a metal ion may cause changes in
the chemical shifts of !H resonances of hydrogens in the proximity of the binding site.
However, the intrinsic shift changes induced by certain metal ions are found to be rather
small for nucleobase monomers; e.g. for Hg?" complexes of DNA or its constituents,
intrinsic 1H shifts due to covalent binding to nucleobases are rather insignificant, as shown
for thymidine and guanosine®. Metal binding induced changes in nucleobase stacking
pattern, which in turn alter the ring current shifts, are probably the major source of the
observed shifts in proton resonances.

The chemical shifts of nuclei of heavier atoms than hydrogen are increasingly dominated
by intrinsic electronic effects. The 1SN chemical shifis of pyridine-like nitrogens of
nucleobases change markedly in the up-field direction upon protonation’ , or binding to
cis-[Pt(NH;),Cl,] 8, ZnZ*, Hg?* . These changes can largely be attributed to reduced
local paramagnetic deshielding at the ligand nitrogen?.

In order to determine quantitatively the effect of metal ion complexation a complete
set of 2D NOESY spectra may be recorded at stoichiometric ratios. A set of integrated
cross-peak intensities are used as input to distance geometry calculations to obtain gross
structural features. A less elaborate procedure involving the measurement of rotational
correlation time may be followed in order to distinguish between a "bulged" duplex and a
single stranded hair-pin structures1?,

3.2 PARAMAGNETIC COMPLEXES

Paramagnetic relaxation phenomena arise in NMR spectroscopy whenever an unpaired
electron spin interacts with a nuclear spin. A large magnetogyric ratio of the electron
compared to that of the proton or any other nucleus makes dipolar coupling to the electron
spin a very effective means of relaxation for the nuclear spin. Scalar interaction between
the electron and nuclear spins have similar effects!l. In the simplest possible case, a ligand
molecule exchanges between a paramagnetic environment ( e.g. bound to Mn?*, S = 5/2)
and a "free" state. However, due to very effective paramagnetic line-broadening it is
necessary to use a large excess of ligand (102 - 10%) in order to observe the affected
signals.

A strong scalar effect requires that a chemical bond is established. In other words, if
such an effect is observed, there must be a bond between the paramagnetic centre and a site
in the neighbourhood of the affected resonance. However, even this qualitative
interpretation may not always be straightforward when for instance a water molecule is
bridging a metal ion and a nucleobase nitrogen atom.

The fast exchange observed in a paramagnetic system preclude quantitative structure
determination in solution except in special cases where rapid sampling of NOESY data
may give important information on paramagnetic shifted signals. On the other hand, the
presence of small amounts of paramagnetic impurities in samples of biomolecules may
have detrimental effect on a NMR structure based on integrated NOESY maps. The
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published 3D solution structure of the duplex, [{(CGCGAATTCGCG)], was determined
based on NOESY intensities!2. However, we now show that critical cross-peak intensities
in the NOESY map involving G4-H8 was drastically affected by paramagnetic impurities
in the sample. This obviously introduce large errors in the integrated interproton cross-peak
intensities, and consequently produced serious structural artefacts.

4. Sequence-Selective Metal Ion - Oligonucleotide Interaction

Metal ions play an important part in regulating enzyme-DNA interaction; e.g. in the
presence of Mg?* ions the EcoRV restriction endonuclease cleaves DNA at one particular
recognition sequence, 5'-G-A-T-A-T-C- 3’, at least one million times more readily than
any other sequence. If Mg?* is replaced by Mn2* both activity and specificity —are
drastically reduced!3. How does metal binding influence the recognition mechanism ?

The nucleic acid monomers, guanine (G), adenine (A), thymine (T), cytosine (C), have
different metal ion affinities. The order of stability of 3d transition metal ion - nucleobase
complexes are: G > A, C > T. 14 For other metal ions e.g. Hg?* ions the relative affinities
have been found to decrease in the order : T > G > >A, C 14 | At physiological pH the
preferred binding sites on the nucleobases are: guanine N7, adenine N1 and/or N7,
cytosine N3 , thymine O4. A typical example of mononucleotide - metal ion binding is
the polymeric Cu?* complex of guanosinemonophosphate (GMP) where the metal ion is
bridging the GMP ligands through alternating N7 - Cu - phosphate bonds!>.

The nucleobase affinities towards metal ions are modified when incorporated into a
duplex DNA matrix. It has been shown that several divalent metal ions like Mn?*, Cu?*,
Pt2* prefer GC-rich regions while e.g. Hg?* prefer AT-rich regions. However, the most
important question to ask concerning the recognition mechanism is whether or not metal
binding to base residues is sequence-dependent, i.e. will all guanines in a particular
sequence show identical affinity towards a specific type of metal ion ?

Another aspect of metals in biological systems is the increased flux of metals in the
environment through the last decades. An assessment of the toxic effect of an unnatural
metal ion concentration must include information on the processes in which the metal can
participate. The metal ions Cd2*, Ni2*, Zn?* and Co?* are known to be carcinogenic!®,
however, the mechanisms involved are not understood.

In this second lecture NMR studies of the interaction between metal ions and short
oligodeoxyribonucleotides are presented. We will focus our attention on certain transition
metal ions which are expected to interact with DNA in a site-specific manner and
concentrate on the following problems:

1. Determination of the preferred binding sites of single metal ions on DNA

2. How metal binding may affect the structure of duplex DNA, possible local
variation as well as overall changes in secondary structure.

3. How the base composition of DNA may affect the interaction between a certain
metal ion and DNA.

4. Elucidate differences in binding mode between various metal ions.

4.1. METAL ION TITRATIONS

The effect of adding paramagnetic metal ions to an aqueous solution of DNA fragments
are monitored by observing the differential line-broadening of specific resonances in the
'H NMR spectrum. Often, in 1D spectra of oligonucleotide molecules containing 10 base
pairs or more key !H resonances may be severely overlapped, preventing an accurate



147

assessment of the influence of the added metal ions. In these cases 2D NOESY
experiments may provide improved resolution and valuable information.

Table 1. Paramagnetically broadened and/or diamagnetically shifted guanine H8
resonances (marked in bold) in a series of duplex deoxyoligonucleotide sequences?.
DNA oligomer sequences

1. 5"-CGCGAATTCGCG * 7. 5-GCCGTGCACGGC

2. 5"-GCCGATATCGGC * 8. 5-GCCGTTAACGGC

3. 5"-GCCGTATACGGC * 9. 5-GCCTGATCAGGC

4. 5'-GCCAGATCTGGC * 10. 5'-CCAAGCTTGG

5. 5-GAATTTAAATTC 11. 5-GCCGAATTCGGC

6. 5'-CGCGTATACGCG * 12. 5"-ATGGGTACCCAT *b

OThe line broadening is induced by paramagnetic impurities. Sequences marked with an
asterisk(*) have also been subjected to EDTA treatment , purified and subsequently

titrated with MnCl, and /or ZnCl, and /or Hg(C104),. b Ref. 19.

a

Linewidth [Hz] Chemical Shift [ppm]

4.0
(Mn(ID] (pM] (Zn(ID1[mM]

Figure 3. (a). The line widths of the four guanosine H8 resonances vs manganese(II)
concentration. (b) The chemical shifts of the H8 resonances of the four
guanosine and the two adenosine residues. vs zinc(II) concentration.

The sequences studied (Table 1) are divided into two groups according to the type of
experiments carried out; duplexes subjected to controlled titration by metal salts, and
duplexes where selective line-broadening was observed both in 1D 'H NMR spectra
and/or 2D NOESY spectra, owing to the presence of small amounts of non-specific
paramagnetic impurities. To confirm that the line-broadening was caused by traces of
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paramagnetic metal ions EDTA was added to these samples in order to chelate the metal
ions and eliminate the line-broadening of the affected resonances.
4.1.1. Mn(II)-Titration . The first metal ion titration experiment of this type was carried out
on the oligonucleotide duplex d[CGCGAATTCGCG], which contains the EcoRI
recognition sequence -GAATTC- 7. In this sequence, most base proton signals are well
resolved in the 1D spectrum enabling us to observe the effect of added metal salts .
Substantial line-broadening was observed for the G4-H8 proton when aliquots of MnCl,
solution were added while much smaller effects were observed for the other proton
resonances in the duplex. The observed preference for guanine residues by 3d transition
metals is not surprising, considering the differences in thermodynamic stability of the
corresponding nucleoside and nucleotide monomer complexes!4. However, the sequence-
dependent metal binding pattern manifested through the apparent preference for G4-N7
rather than N7 of residues G2, G10, or G12 , was unexpected (Fig. 3,a)

11 c3
610 AS/H2 9 (a)
oq 12

AS 6l

| ) AT/H2 1’7 f\.‘m
Lo

e

8.2 8.0 7.8 7.6 7.4 7.2 7.0
ppm

-

Figure 4. 500 MHz 'H NMR spectra, the aromatic region, of the dodecamer duplex
d[GCCAGATCTGGC],. (a) Mn(II) - free solution and (b) with 81 mM MnCl,.
The H6/HS8 proton resonances are labelled according to assignment from ref.
18.

In order to elucidate the rules for this apparent sequence-selectivity several different
oligonucleotides were studied (Table 1)!8. The duplex helix d[GCCGTATACGGC],



149

contains the recognition site, -GTATAC- for the restriction enzyme Accl. Titration with
Mn2* salt causes G10-H8 broadening, leaving H8 of G1, G4, and G11 unperturbed. A
common bonding pattern emerges from a comparison of the oligonucleotides 1-3;
Guanines in the context 5’-py-G-pu- seem to be the preferred binding sites.

To test this hypothesis the duplex { GCCAGATCTGGC],, containing BglII restriction
fragment ,-~AGATCT-, was titrated. In this sequence we can compare the affinity of G in
the context 5"-pu-G-pu- and 5’-py-G-pu, respectively. We find that both G5-H8 and G10-
H8 are selectively broadened by Mn?*, whereas H8 of Gl and Gl1 are relatively
unaffected (Fig.4, a, b).

Significant line-broadening, although far less severe than that found for G5/G10, is
observed for the base protons of the 5'- preceding residues A4-H8 and T9-H6, while
broadening effects were not detected for the neighbouring residues on the 3’side.The
5’lead-in residue ( pyrimidine or purine) does not seem to influence the metal ion affinity
of the subsequent guanine residue. Evidently, the sufficient requirement for G-binding is
the presence of a purine residue ( G or A) on the 3’side.

A support for this hypothesis is the observed drastic paramagnetic broadening of the
G1-H8 signal for the duplex d{GAATTTAAATTC],. For the other oligomers with a
terminal 5'-G-py- step, there is no apparent G1-H8 line-broadening, neither in controlled
titration experiments nor as a result of paramagnetic impurities in the samples. This leads
to the conclusion that 5'-Gs are susceptible to manganese binding whenever the sequence
contains 5 -GG or 5'-GA steps.

In Table 1 where all the duplexes studied so far, are listed, one may notice one exception
to the proposed rule, sequence nr 6, where G4-H8 in a 5'-GT step is broadened by Mn?*
ions. However, the discrepancy may be explained by the fact that in this particular duplex
there is no 5’-G-pu- step present to compete with 5’-GT step for metal ions.

4.1.2. Zn(I)Titration. The use of diamagnetic metal ions requires the addition of
equimolecular amounts of salt. The first of these diamagnetic selectivity experiments was
the titration of the duplex d{CGCGAATTCGCG], by ZnCl, up to a 4:1 metal ion -
dodecamer ratio!”. The most pronounced changes in the aromatic/anomeric region of the
IH spectrum induced by Zn(II) are the down-field shift of G4-H8 (0.10 ppm) and the up-
field shift of G4-H1'(-0.19 ppm) (Fig. 3, a, b). These diamagnetic shift effects are most
likely due to a combination of the slight Zn(II) induced alterations of the local geometry
of the DNA helix and intrinsic electroninc perturbation brought about by direct metal
binding at or close to G4. Another interesting effect of the titration is observed in the base-
pairing imino region where the G4 imino signal has disappeared. Thus the Zn(IT) binding

seems to cause an opening of the Watson-Crick base-pair G4----C9.

In one other binding study, involving Zn(II)-ions and the duplex oligonucleotide
d[ATGGGTACCCAT],, H8 of G3 and G4 are reported to show the largest chemical shift
effects while G5 is left almost unaffected!®. Thus the results of this study and the one
above corroborate the hypothesis that guanine in the context 5'-G-pu- is the preferred 3d
metal ion binding site in duplex DNA oligonucleotides.

4.2, THEORETICAL BASES FOR THE POSTULATED SELECTIVITY RULE

It has been suggested that the magnitude of the partial negative charge on the potential
binding sites of the nucleobases themselves is a major factor which determines the
preferred metal ion binding site!®. Theoretical calculations of the molecular electrostatic
potentials (MEPs) along the double helix show marked sequence-dependent variations2’.
Calculations carried out for several combinations of base triplet have shown that the
magnitude of DOIMEP) on N7 of 5°-G residues in 5'-GG and 5°-GA steps are larger than
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for N7 in 5"-GC and 5°-GT steps indicating that the former is more susceptible to metal
binding.

The flanking residues, as expected, modify the MEP to a certain degree. More realistic
theoretical MEP values may be obtained by using experimentally determined coordinates
for the oligonucleotides based on X-ray or NMR data rather than regular B-DNA
geometry. Fluctuation in nucleophilicity of G-N7 sites as a consequence of subtle
sequence-dependent conformational changes that alter base stacking could account for the
3d metal ion binding pattern.

Selective methylation reactions on DNA oligomers have been reported?!, where
positively charged groups attack specific G-residues at N7 in a manner analogous to the
sequence-selectivity observed for metal ion interaction. The methylation intensities
between different guanines in DNA fragments show six-to eight-fold variation suggesting
the possibility of sequence-dependent G-N7 nucleophilicity. Indeed, for small alkylating
grou1)2s2 there seem to be a positive correlation between reactivity at certain sites and
MEP-=~.

4.3. Hg(Il) - TITRATIONS

Hg?* ions have been found by UV and potentiometric methods to interact most strongly
with AT-rich DNAZ. The exposure of native calf thymus DNA to increasing amounts of
Hg(ClO,4), produces profound changes in its CD spectrum as well as decrease in
endonucleolytic DNA cleavage rate?*. The changes (inversions) in the CD spectrum are
explained by a transition of the secondary structure of DNA from B-form (r<0.01) to Z-
form (0.12<r<1.0). These observations are explained by inter-strand cross-linking of DNA
bases by Hg(Il)-ions, thus assisting the complete renaturation of DNA when Hg is
removed by NaCN.

We have carried out Hg(IT)-ion titration of two different duplex deoxyoligonucleotides,
5"-CGCGAATTCGCG (1) ¥ and 5-GCCGATATCGGC (2), monitoring the
complexation process by 'H and 1SN NMR. The expected binding sites, the AT-regions,
appear in distinctly different environment in the two sequences, and the question is: will
the mercury ion bind in a sequence-selective manner? Also, it is of interest to check if the
Hg(II) induced B -> Z transition, proposed based on CD spectra?®, takes place in the
titration of the duplex helix.

The titrations of (1) were carried out by successive addition of aliquots of Hg(Cl0,4), to
the oligomer dissolved in phosphate buffer?>. The thymine imino hydrogens as well as the
guanine imino protons G4-NH1 and G10-NH1 disappear while, simultaneously, new
strong signals emerge at 13.07 ppm and 12.93 ppm.(Fig. 5,A) In the intermediate titration
range an equilibrium exists between the native and the mercurated oligomer.

The conformational transition is most clearly illustrated for the thymine methyl
resonances which are gradually reduced at the native positions (1.26 ppm and 1.52 ppm)
and a concomitant build-up at 1.05 ppm and 1.80 ppm (Fig. 5, B). The complete transition
requires about one Hg(II)- ion per thymine in the duplex. The results indicate that the
normal B-form of the duplex (I) has adopted a new well-defined form interacting
specifically with mercury at the thymines. The NOESY maps of the new form show that
the molecule has retained its duplex structure (Fig. 6). A complete "walk" of sequential
NOE connectivities can be completed indicating that the dodecamer remains in a right-
handed double-helical conformation after the addition of Hg(II) salt. All characteristic
inter-strand cross-peaks involving A5/A6 H2 of one strand and the H1" proton on the
opposite strand are observed as well.
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Figure 5. The effect upon the 'H imino resonances (A) and methyl resonances (B) of
adding successive amounts of Hg(ClOy4), to a 4.8 mM solution of the duplex
form of the dodecamer d[CGCGAATTCGCG],. The Hg(II)- concentrations
were as follows: (a) 0, (b) 6, (c) 13, (d) 19, (e) 25, and (f) 28 mM.

The N chemical shift data (not shown) suggest that no chemical bond is established
between Hg(II) and A5/A6 N1 in the duplex. We propose the formation of a complex
where each of four Hg(II) ions are forming a bond to (i) a NH6 (A NH,) through a release

of a proton and (ii) to an enolic T O4 on the opposite strand, thus cross-linking all A-T

base pairs. The way Hg(II) ions are inserted into the A-T base pairs may also explain
why the chemical shifts of, e.g. T7 CH; and T8 CHj; changes differently upon
incorporation of Hg(II). During the opening and slight stretching of all A-T base pairs the
reorientation of the nucleobases may cause changes in the ring-current induced chemical
shifts, and therefore their chemical shifts move differently.
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The titration of sequence (2) , 5'-GCCGATATCGGC, where the two thymines, T6 and
T8, have different environments, indicate differential binding. In this sequence all the
imino protons involved in Watson-Crick base pairs remain intact.

(@) (b) o
3 s
o
. [~
[©

Figure 6. Contour plots of the aromatic/anomeric region from NOESY of the dodecamer
duplex d[CGCGAATTCGCG],. The sequential connectivities are indicated
with continuous lines. (a) without Hg(II) added, (b) with Hg(ClO4); / duplex
ratio of 5.8:1.

However, large shifts are observed for the T8 and G4 imino signals, but not for the Tt
imino.signal. Furthermore, the methyl signal of T8 shift to a new position while no effect i
observed for T6 CHj;. Clearly, in this sequence T8 is the preferred binding site rather than T¢
At present, the data is not sufficient to present a consistent model for the binding of Hg(II
ions to the two sequences studied. A complete 2D NOESY data set will be collected for th
mercurated species in order to carry out a complete structure determination

5. Concluding Remarks

The sequence-selective metal ion binding described above may be rationalised in terms of
nucleophilicity and steric factors. The selectivity for Mn(II)/Zn(II) ions seems to be
primarily determined by variation in the molecular electrostatic potential along the
oligonucleotide sequence. For Hg(II) ions the preference for linear coordination geometry
is obviously an important factor in addition to variation in nucleophilicity.

Several reports on the interaction between different platinum species and
oligonucleotides using NMR spectroscopy have appeared in the literature?6-28. The
platinum studies, so far, have not dealt with the question of sequence-selectivity, but
mainly trying to elucidate structural alteration as a function of metal binding. We are
presently carrying out a series of sequence-selectivity experiments involving different
Pd(II)- species analogous to the well known anti cancer compounds of platinum?’
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METAL ION-COORDINATING PROPERTIES IN SOLUTION OF
PURINE-NUCLEOSIDE 5'-MONOPHOSPHATES AND SOME ANALOGUES
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ABSTRACT The stability constants of the 1:1 complexes formed between Mg2+ Ca2+ s Ba

n%*, Co®*, Ni2*, Cu?*, Zn®*, or Cd** and adenosine 5'-monophosphale (AMP?"), inosine 5'-mono-
phosphate (IMP2) or guanosine 5'- monophosphate (GMP 7) as well as the AMP analogue 9-[2-(phos-
phonomethoxy)ethyl)]adenine (PMEAZ'), which owns antiviral propemes are analyzed with regard to the
structures of the complexes formed in solution. Based on log KM(R-P03) versus ng(R -PO3) straight-line
plots, where R- P03 represents simple phosphate monoester or phosphonate ligands that can only undergo
a P03 M2 coordination, the stabilities of the M(AMP), M(IMP), M(GMP), and M(PMEA) complexes
are evaluated. By including tubercidin 5'-monophosphate (= 7—deaza-AMP2'; i.e., N-7 is replaced by a CH
unit) into the study it is proven that an increased stability of the M(AMP) complexes is due to macroche-
late formation of a phosphate-coordinated metal ion with N-7 of the adenine residue. This macrochelate
formation is quantified for the M(AMP), M(IMP), and M(GMP) complexes. Plots of the log stability in-
creases versus the negative log of the micro acidity constants of the H*(N-7) site of the monoprotonated
nucleosides reveal that the extent of macrochelate formation is mainly determined by the basicity of N-7. In
the case of the M(PMEA) complexes the also observed stability increase has to be attributed lo the forma-
tion of five-membered chelates mvolvm the eLher oxygen presem in the -CH,-0-CH;- P03 residue of
PMEA for the complexes wnh Mg ,Ca** Sr + Co Zn?* ,and cd*; ; only in the case of
Cu? *, and possibly also NiZ* , an interaction wnth the ademne res1due (probably with N-3) occurs in addi-
tion. The equilibrium scheme for the three isomers of Cu(PMEA) is elaborated and the formation degree of
the various isomers is quantified. Finally, the properties of the M(PMEA) and M(AMP) complexes are
compared and it is emphasized that the ether oxygen, which influences so much the stability and structure
of the M(PMEA) complexes in solution, is also crucial for the antiviral properties of PMEA.

1. Introduction

The biological activity of nucleotides depends in general on the presence of metal jons;! this and

. . . .74 .
the fact that nucleotides are among the most widely used substrates in cell metabolism“™" explain
and also justify why nucleotide metal binding is receiving considerable attention.” ® Indeed, the
ambivalent properties of nucleotides and their derivatives present a true challenge to coordination
chemists” and much effort has been devoted to_describe the structure of nucleotide-metal ion
complexes in solution, 10-1 smce Szent-Gyorgyi ~ proposed a structure for the Mg complex of
adenosine 5'-triphosphate (ATP ") (see also ref 13a).
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In Scction 2 of this prescntation the focus is on metal ion complexes of some purine-nuc-
leosmc 5'-monophosphates (NMP2) occumng in nature, i.e., adenosine 5'-monophosphate
(AMP ’), inosinc 5'-monophosphate gIMP ), and guanosine 5'-monophosphate (GMPZ)
The structures of these nucleotides are shown in Figure 1 together with that of tuberci-
din 5'-monophosphate (TuMPz) Tubercidin is synthesized by molds and fungl, ¢ this nuc-
leoside and its derivatives arc antibacterial and antiviral agents, which are also active against
some forms of cancer.!” TuMP differs from AMP in the replacement of N-7 by a CH unit
(sce Figure 1) and is thcrcfore also known as 7-deaza-AMP. A comparison of the coordina-
ting propertics of AMP? and TuMP?" should thus allow an evaluation of the influence of
N-7 on the mctal ion-binding properties of AMP?*

In Section 3 the complex-forming properties of an AMP analogue, i.c., 9-[2-(phosphono-
methoxy)cthylJadenine (PMEA), will be considered together with those of some related
phosphonate dcrivatives (Figure 6, vide infra). PMEA shows antiviral properties1 against
DNA viruses, like herpes viruses, and also against retroviruses including human immuno de-
ficicncy ‘viruses (HIV). The advantage of such phosphonate derivatives is that they are con-
verted by cellular nucleotide kinases into their dlghosphates, and as such they inhibit viral
and, to a lesscr extent, ccllular DNA synthcs1s, whereas base- or sugar-modified nucleo-
tide analogues with monophosphate-ester residues undergo enzyme-catalyzed dephosphory-
lation,2° rendering therapeutic application of such antimetabolites inefficient. One may add
that the mctal ion-binding propcmcq of PMEAZ" arc complicated by the presence of the
cther oxygen in the -CH,-O- CHz-PO3 residuc;! participation of this oxygen in metal ion

NH,

=,/
& 89
< N/,\H 0 _< )\H
’ -0—p—0—t
4
o]
AMP? TuMP*
0
() /H

/I\NH2

IMP% GMP*

Figure 1. Chemical structures of the nucleoside monophosphalcs (NMP:z ) adenosine 5'-monophosphate
(AMP2'), tubercidin 5'-monophosphate (TuMPz' = 7- dcaza~AMP2) inosine 5'-m0nophosphatc (IMPZ')
and guanosine 5'-monophosphate (G MP2) in their dominating anti conformation.
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binding gives risc to various isomeric equilibria (sce Scction 3).

It may be emphasized that all the ethbnum constams discussed bclow were obtained
under cxpenmemal conditions (usually [NMP] <€ 3 x 10* M) where self-association is
neghgxble 3 Indeed, purine derivatives are well known to undergo self-association via
slackm§ of their nuclcic-base-ring syslcms,24 a property promoted by metal ion coordin-
ation.“” All the results presented below apply to monomeric species.

2. Extent of Macrochelate Formation in Complexes of AMPZ', IMPZ', and GMP*

2.1. ESTABLISHMENT OF RELATIONS BETWEEN COMPLEX STABILITY AND PHOSPHATE
GROUP BASICITY

On the one hand it is long known that the number of phosghate groups determines to a laﬁe
part the stability of metal 1on comi)lcxes of nuclcotldcs, thls is also true for the NM
complexes formed with Mg2*, Ca?*, Sr**, Ba%*, Mn*, Co?*, Ni*, Cu?*, Zn**, or Cd** (=
m? ) 8 On the other hand therc are mdncatxons, for a s1m11ar ?' lon§8ume that purine-NMPs
may undergo macrochelatc formation with certam metal ions, and indeed, recently
this has been proven by various mcthods.

Considcrations on cquilibria and the way they arc connected with each other show that any
stability increasc of a complex that goes beyond the stability expected on the basis of the
basicity of a certain ligating site in a family of structurally related ligands proves that a fur-
ther metal ion interaction must occur.3* Of course, this general conclusion must also apply to
the stabilitics of M(NMP) complcxes and their dependency on the basicities of the corres-
ponding phosphate groups. With thesc rcasonings in mind the properties of scvcral simple
phosphate monoesters, like phenyl phosphate or n-butyl phosphatc (= R- PO3 ), were
studicd.>® R- PO% specics arce dibasic and may accept two protons; therefore, the following
deprotonation cquilibria necd to be considered:

Hy(R-PO;) = H(R-PO;) + H* (1a)
ng(g.po:,) = [H(R-PO3) J[H']/[Hy(R-PO3)] (1b)
HR-PO;) == R-PO} +H' (2a)
Kii®-po3) = [R-POJIHV/[HR-PO3)] (2b)

The releasc of the first proton from monoesterified derivatives of phosphonc acid, i.e.,
from H,(R-PO3) specices, occurs at a very low pH: usually pK, <1 (eq 1). 35 This means, the
first proton from the phosphoric acid residue in Hy(R-PO3) species is completcly relcased at
pH 2 3 and does thercfore not affect the equilibrium H(R-PO3)/R- P03 (eq 2), the pK
values of which are usually 3 between S and 7, and the complex formation between M“" and

-P03 the last two rcactions occur only at pH > 3.

Indecd, under experimental conditions with a large excess of 1Y Cad regarding the concen-
tration of R PO% the experimental data of potentiometric pH titrations may be completely
described? by considering cquilibria 2 and 3:

M?** + R-PO}" == M(R-PO3) (3a)
KM®-po3) = IMR-PO;)I(IM*'I[R-PO3 ) (3b)



158

As expected, there is a correlation between complex stability and phosphate group basicity,
i.c., there is a linear relationship between log Kyg- ) and pK H(B;PO3) as is evident from
Figure 2, where the corresponding data for the Mg + 2!1 +, and Cu** complcxes are plotted
as an example.

It is clcar from Figure 2 that for a given mectal ion the complexes with 4-nitrophenyl phos-
phate (NPhP "), phenyl phosphate (PhP“"), and n-butyl phosphatc (BuPz) fit within experi-
mental error on a straight linc; furthcrmore, the value for D-ribose 5-monophosphate also
fits on this line, indicating that RibMP%" behaves like a simple phosphate monoester with a
non-coordinating organic residuc. 35 Morcover the equilibrium data avallable from the
litcrature for hydrogen phosphate (HPO4 ) and methyl phosphate (CH3OPO3 ),
simplest phosphate ligands to be thought of, also fit excellently on the base lines.

Today we know that uridine 5'-monoghosphate (UMPz') and thymidine (= 2'-deoxyribo-
syl thymine) 5'-monophosghate (TMP“")”” as well as methanephosphonate (MePz') and
ethanephosphonate (E also excellently fit on these correlation lines. The correspon-
ding straight line equanons cach based on eight simple R-PO%' ligands, for the above men-
tioned ten metal ions are listed in ref 21.

HPO e

32

M
log KM(R-P03)

Mg* CH0POY

b I I I

NPhpP? PhP*  RibMP* BuP*
50 52 54 56 58 60 62 64 66 68 70

H
PKRH(R-PO)

Figure 2. Relationship between log KM thos) and ng(R -POg) for the Mg2+ Zn?*, and Cu?* 1:1
complexes of 4-nitrophenyl phosphate (NPhP™), phenyl phosphate (Pth) D-ribose 5-monophosphate
(RnbMP2 ), and n-butyl phosphate (BuP2 ) (from left to right, O). The least-squares lines are drawn
through these data (25°C I=01M, NaNO3) S The ponms due to the complexes formed with methyl
phosphate (CH3OP03 ) 6 and hydrogen phosphate (HPO4 ) (C) are inserted for comparison. This
figure is a slightly altered version of Figure 2 from ref 35; it is redrawn by permission of the American
Chemical Society.
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2.2. ENHANCED STABILITY OF COMPLEXES FORMED WITH PURINE-NMPs AND PROOF
THAT N-7 IS ITS CAUSE

Reference lines such as those shown in Figure 2 can now be used to decide whether or not a
further metal ion intcraction occurs in nucleoside monophosphate complexes. It has to be
cmphasized that any stability increasc must be duc to a metal ion-nucleic base interaction
because the data for D-ribose 5-monophosphate complexes fit on the reference lines (Scction
2. 1) > That there is a stability increase, at least in some instances, in purme-NMP2 comple-
Xcs is sccn from the three examples for plots of log 5V M(R-PO3) VCrsus ng(R PO3) Shown 5121
Figure 3.23 The values for Zn(AMP) and Cu(AMP) are clearly above Lhc referencc lmes
This is also true for all the M(IMP) and M(GMP) complexes with Mg Zn , and Cu +
nicely proving the enhanced complex stability of these M(NMP) species. & In each case the
vertical distance between the point due to a certain M(NMP) complex and the base line is a
reflection of its increased stability (cf. also eq 4, vide infra).

Of course, this increased stability can bc clcarly defined by calculating the expected
stability of a M(NMP) complex by using the corresponding acidity constant of HINMP),
i.e., pKgonmp), and the straight line equations of the various correlations. 21 The stability
increase follows then from the diffcrence between the experimentally determined (exper)
and calculated (calc) stabilities as dcfined in equation 4.

M M
log Apynmpy = 108 KMNMPyexper - 108 KMqNMP)cale 4)

The experimentally detcrmined and calculated stability constants for the M(AMP), M(IMP),
and M(GMP) complexes with the mentioned mctal ions are summarized in Table 1. Compa-
rison of these data confirms the observations made in Figure 3 that in many instances the
stability of the M(NMP) complexes is larger than that expected for a sole m? *_phosphate
group coordination.

That the mentioned stability increases must be due to an interaction of the phosphate-
coordmaled metal ion with N-7 of the purine moiety follows from studies with Tu
TuMP? differs from AMP* only by the absence of N-7, which is replaced by a CH unit (sce
Figure 1). Indced, the measured stabilities of all M(TuMP) complexes are identical with the
calculated values, i.e., they fit on the refcrence lines, proving that TuMP? has the coordma-
tin progcmcs of a snmplc phosphate monoester.2? In contrast, the complexes of Mn?*
Co“* Cu Zn , and Cd%* with AMP*" show increased complex stabilities (see Fxgure
3 and Table 1), Wthh prove that macrochclates involving N-7 are formed; 22,23 hence, the
question about the position of the following intramolecular equilibrium arises:

phosphate-ribose-base phosphate-r
;12+ — |§2+ g o)

5 s

base - e

As the threec purine-NMPs, i.c., AMP?, IMP?, and GMP?", are structurally closely related
(Figure 1), one expects that the increased complex stabilities (Figure 3 and Table 1) and
consequently also the position of equilibrium 5 depend on the basicity of N-7. In other
words, one is also expecting a correlation between log Aynmp) (€9 4) and pKy /N7
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M
logKpr-pos)

|
5 UMP? TMPY Lot
2] | | MeP? EtP

|
NPhP?" PhP? RibMPY  BuP?
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H
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Figure 3. Evidence for an cnhanced stability of scveral M(AMP), M(IMP), and M(GMP) complexes
(.g, based on the relationship between log K MR-PO3) and ng(R_P%) for the 1:1 complexes of Mg2+,
Zn“*, and Cu?* with some simplc phosphate monocster or phosphonate ligands (R-PO?): 4-nitrophenyl
phosphate (NPhPZ'), phenyl phosphate (PhPZ'), uridine 5'-monophosphate (UMPZ'), D-ribose 5-mono-
phosphate (RibMIf"2 M), thymidine (= 2'-dcoxyribosyl thyminc) 5'-monophosphate (1’1\4P2'), n-butyl phos-
phate (BuP2), mcthancphosphonate (McP*), and cthancphosphonate (ELP2) (from left to right) (O).
The Icast-squarcs lincs arc drawn through the corresponding cight data sets, which are taken for the
phosphatc monoesters from ref 35 and for the phosphonates from ref 21; the cquations for these base
lincs are given in refs 21 and 23, The points duc 10 the cquilibrium constants for the NMP systcms (@)
(AMPZ' = A; IMP® = I; GMP* = G) are bascd on the data listed in Table 1. The vertical dotted lines
cmphasize the stability diffcrences to the corresponding reference lines; these differences equal log
Apmvmp) s defined in Scction 2.2 by eq 4. All points for the complexes with TuMP* (= T) (®) fall
within the crror limits on the reference lines; the log stability constants of the M(TuMP) complexes are
plottcd versus the microconstant ij'-rl:.htfql;-n = 6.24 and thesc data are taken from Table III and Figure 2 of
ref 22, respectively. All the plotted equilibrium constant values refer ¢ aqucous solutions at 25°C and / =
0.1 M (NaNOy). This figure is a slightly altered version of Figure 3 from ref 23; it is redrawn by
permission of the Amcrican Chemical Socicty.

2.3. BASICITY OF THE N-7 SITE IN THE ADENOSINE, INOSINE, AND GUANOSINE RESIDUES

The difficulty in carrying out the indicatcd cvaluation is that the most basic site of the ade-
ninc moicty in H(AMP)" is N-1 and not N-7. This mcans, the protonation reaction of the N-7
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Table 1. Evidence for an Incrcascd Stability of Various M(NMP) Complexes by Compa-
rison of thc Mecasured (cxper) Stablhty, K'mmp) (Egs 3,13), with the Calculated (calc)
Stability for an Isomer with a Solc M“*-Phosphate Group Coordination in Aqucous Solution
at 25°C and / = 0.1 M (NaNO;)*?

M M M
log KMcamp) log Kmamp) log Km(Gmp)
exper® calc® cxper? calc® exper’ calc®

M2+

Mg?*  1.60£0.02 1.56£0.03  1.6740.02 1.57£0.03  1.70£0.02 1.57+0.03
Ca?*  1.4610.01 1.45:0.05  1.50£0.01 1.45:0.05  1.5310.01 1.45%0.05
St 1.2410.01 1.2440.04  1.3240.02 1.2430.04  1.3610.02 1.24:0.04
Ba®*  1.17£0.02 1.16£0.04  1.280.02 1.164£0.04  1.3240.02 1.170.04
MnZ* 2233001 2.16£0.05  2.31#0.02 2.1640.05  2.3940.02 2.17+0.05
Co?*  22310.02 1.94£0.06  2.59+0.01 1.94+0.06  2.72+0.02 1.950.06
NiZt  2.49:10.02 1.9440.05 2.9130.03 1.95+0.05  3.13£0.03 1.95+0.05
Cu?*  3.144£0.01 2.87+0.06  3.3840.02 2.8840.06  3.6110.04 2.8910.06
Zn®*  2.38£0.07 2.1330.06  2.5410.02 2.1330.06  2.69+0.02 2.14%0.06
Cd?*  2.8610.02 2.4440.05  2.8840.02 2.4510.05  2.98+0.02 2.4610.05

Acndlty constants of the Hz(NMP) specics: pKHz(A y =3.84 £0.02, pK H(AMP) = 6 21 % 0.01,2
pKHZ(IWZ = 1.30+0. 10 pKH(IMP) 6.22 £ 0. 01 pKHz(GMP) =248 1+ 0. 04 pKH(GMP) =6. 25
+ 0.02. b The range of error given with the constants is three times lhc standard error of the mean
value or the sum of the probable systematic errors, whichever is larger. € From ref 22. 4 From ref
23. Somc of these values may actually be slightly larger due to difficulties in the determination of the
stability of the M(H-IMP) and M(H-GMP) complexcs; for details sec Scction 1.6 ("A Caveat") in ref 23.
However, if so, this would only mean that the effects dcscnbcd m Sections 2.4 and 2.5 arc in some
instances cven somewhat more pronounced.  © Calculated® with pKH(NMp) (sce®) and the reference-line
equations of Table 3 in ref 23 or in Tables 5 and 6 of ref 21.

site in the presence of an unprotonated, and hence ncutral, N-1 site cannot directly be
mcasurcd. However, recently we have succeeded in estimating in an indirect way, via the
complicated procedure summarized below, the micro acidity constant for the HY(N-7) site of
monoprotonated adcnosine.>’

The overall stability constant measured in solution for a complex formed between a metal
ion and adcnosinc (Ado) is dcfincd by eq 6:

M%* + Ado == M(Ado)** (62)
KMado) = [M(Ad0Y**1/(IM**][Ado]) (6b)

Considering that M(Ado)2+ may cxist in two isomeric forms, 3839 je., one species with N-1

binding and a sccond one with N-7 binding, onc may rewrite cq 6b in the form of eq 7:

(IM(N- 1/Ado)2+]+[M(N 7/Ado)**])
[M2*][Ado]

KM(Ado) = (7a)
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M(N-1/Ado)**] [M(N-7/Ado)**]

Kadoy = b + b
M(Ado) [M2*][Ado] (M2*}[Ado} (7b)
M M

KMado) = KM(N-llAdo)J"KM(NJ/Ado) (7¢)

It becomes thus apparent that the basicity of N-1 and of N-7 governs metal ion binding of
adcnosine.

From all adenosme-mctal ion systems studicd the information regarding cu®* is certainly
most complctc For this metal ion the interactions with a purine residue have been detalled
i.e., the correlation line for an imidazolc-like or purine N-7 type coordination of Cu 2* has
been given. 39 Similarly, a correlation line for a pyridinc-like or N-1 type binding has also
been determined®® and more important, the corresponding correlation line for pyridine-like
or N-1 type llgands with an ortho amino substituent, i.c., for the adenine residue, has also
been elaborated.*? These results are summarized in Figure 4, where also the steric inhibitory
effect of the ortho ammo group on N-1 binding is nicely seen. Moreover, the stability con-
stant for Cu(Ado) has also been independently determinced in several laboratories with a
satisfactory agrecement.

In using an average valuc for the stability of Cu(Ado)*t, ic., log K%‘l',( Ado) = 0.8 (c£37), the
ovcrall stability constant of cq 7c is defined. Furthermore, because N-1 of adenosine is much
more basic than N-7.7 the acidity constant dctermined by potentiomctric pH titration’
cquals the intrinsic pkyN.1/ado) Value, i.c., K},}( Ado) = pk}}l{(N_l /Ado) = 3.61 £ 0.03. By using
this acidity constant and the rcference line™ given in eq 8

10g KShN-1/ortho) = (0-456 % 0.029)pK,, — (1.428 % 0.175) ®)

for N-1 coordination in the presence of an ortho amino group, a value for log K Cu(N-1/Ado)
may be calculated: log K‘éu(N 1/Ado) = 0.22 £ 0.07. With this constant, the mentioned overall
valuc for log KCCu(Ado), and c¢q 7c¢ one may calculatec a value for log K%u(N 7/Ado) and one

obtains: log K(éu(N 7/Ado) = 0-67
With this log stability constant and the corrclation linc for N-7 bmdmg givenineq9,

log K& .7y = (0.499 £ 0.019)-pK, + (0.766 + 0.084) ©)

we have now the possibility to calculate a value for pkH(N 7/Ado) (see also the arrow on the log
K axis in Figure 4). Application of log K(C:u(N 7/Adoy = 0.67 10 eq 9 gives pkg(N 7/Ado) = -0.19.
The average result given in ref 37, which is based on several experimentally determined
valucs for log K%:’,(Mo), is

PRHN-7Ady = —02 £0.3.

To obtain the above given micro acidity constant for the HY(N-7) sitc of monoprotonated
adenosinc was the difficult part. In inosine and guanosine no competition between the proton
affinity of N-7 and another site exists; i.c., the measured macroconstants2>*2%¢ are identical
with the corresponding microconstants:

PKH(inoy = PH(N.7/1no) = 1.06 2 0.06  (ref 24c)
PKH(Guo) = PRHN.7/Guoy = 211+ 0.04  (ref 23)
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Cu
log Kcomplex

Figure 4. Rclauonshlp between log o complex and pK for the 1:1 complexes of Cu®* with imid-
azolc-hke or purinc N-7 type ligands (O, broken lme) pyridine-like or N-1 type ligands (‘, full
lmc), % and pyridinc-like or N-1 type ligands with an ortho amino substitutent (©, dotted lme) % The
lcast-squarcs lincs are drawn according to the equations given in refs 39 and 40, respectively. The inserted
numbers correspond to the following ligands (for details sce refs 39 and 40): H(adenosine)* (1), 1-methyl-
inosine (2), inosine (3), guanosine (4), imidazole (5), and 1-methylimidazole (6); pyridine (7), 4-(2-thie-
nyl)pyridine (8), 4-methylpyridine (9), 7-methylinosine (10), inosine (11; for Cu®* no value is avail-
able), and ammonia (12; sce ref 39 and also Section 2 of ref 37); 2-phenylpyridine (13), tubercidin = 7-
deaza-adenosinc (14; this point is in addition 1denuﬁcd by "Tu"), 2-methylpyridine (15), 2-amino-pyridine
(16), and 2-amino-3-methylpyridine (17) The two arrows placed on the pK, axis correspond to the
acidity constams of monoprononatcd adenosine; i.c., pkH(N -TIAdo) = -0.2£0.3 and pk{{{(N 1/Ado) =361 %
0.03 = pkj; H(Ado) (ct. 1); regarding the arrow on the log K axis scc text in Section 2.3.

2.4. INTERRELATION BETWEEN THE OBSERVED STABILITY INCREASE FOR M(NMP) COM-
PLEXES AND THE BASICITY OF N-7 IN THE CORRESPONDING PURINE RESIDUES

The above given pkl}"‘{(N_WNs) valucs for the H(N-7) sitc in the three nucleosides (Ns), Ado,
Ino, and Guo, reflect in a rclative scnse also the basicity of the N-7 site in AMP?, 1 )
(rcgarding the microconstants scc Scction 2.4 in ref 23), and GMP? because in all three
cascs the distance between the phosphate group and N-7 is identical (sec Figure 1). As
pointcd out before in Section 2.2, the extent of macrochelate formation (eq 5) in the com-
plexes of the purine-NMPs is expected to depend on the basicity of N-7 in the correspon-
ding purine residucs. Thercfore, a plot of the stability increase log Aynmp) (eq 4), which
reflects the extent of macrochelation, versus the pk, values of the H'(N-7) site in the
nuclcosides should result in a straight line. From the data listed in Table 1 the values for the
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stability increases log Apnmp) can be calculated according to equation 4; these results are
listed in the second column of Table 2 (vide infra). For six representative metal ion systems
the values of log Ayyymp) versus the three pk}ﬁ(N_—,,Ns) values are plotted in Figure 5.

Indeed, for all ten metal ion systems studied in a first approximation within the error limits
of the data straight lines are observed, unequivocally proving that the formation degree of
the macrochelates (equilibrium 5) as summarized in Table 2 (vide infra) depends on the
basicity of the N-7 site. This indicates further that the (C-6)=0 group of IMP”" and G 2-
(sec Figure 1), if at all, only pla;s a marginal role.

For some metal ions, like Co** and NiZ*, the log Apm(nmpyversus pk};l{(N_WNs) plots might
also be drawn as indicated by the broken lines in Figure 5 and this could then be taken as an
indication®® for an additional (outer-sphere) coordination to O-6. These fincr details, in

log &yynmp)

0.2 MnZ
0.14 Mgz'
‘e
0 , .

-05 0 05 10 15 20

H
pkH(N—?/Ns)

Figure 5. Relationship between log Ayvmp) for the Ni2*(0), Co** (@), Cu** (0), Zn** (@),
Mn2* (O), or Mg?* (@) [from top to bottom] 1:1 complexes of AMP>", IMP?", or GMP*" and
pk,*}(N_7,N,) of the corresponding nuclcosides (Ns), adenosine (Ado), inosine (Ino), and guanosine (Guo).
The values for log Ayjqmp) are from Table 2 and those for ki o) are gziven in the text of Section
2.3 (25°C; I=0.1 M, NaNOj3). With the data points for the Ni”" and Co * systems also error bars
(dotted lines) corresponding to the error limits (30; Table 2) are inserted. The straight broken lines for the
Ni%* and Co** systems are based in cach case only on the two data points for Ino and Guo; their
relevance is shortly indicatcd in the text of Section 2.4 (for further details ref 23 should be consulted).
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conncction with X-ray crystal structurc data, have been comprehensively discussed in ref 23,
which should be consulted regarding thesc aspects.

2.5. EXTENT OF MACROCHELATE FORMATION IN THE M(NMP) COMPLEXES

The important point in the present context is that the increased complex stabilitics prove that
macrochelates are formed and, as Figurc 5 demonstrates, that the extent of their formation
depends on the basicity of N-7 in AMP2', IMPZ', and GMP?", However, the actual formation
degree of these macrochelates remains to be determined, in other words, the position of the
intramolccular equilibrium 5. If we designate the macrochelated or 'closed' specics as
M(NMP),; and the 'open’ isomer as M(NMP),,, the dimension-lcss cquilibrium constant Ky of
equilibrium 5 can be defined (eq 10):

Ky = [M(NMP).J/[M(NMP),,] (10)

The rcaction between a metal ion and one of the mentioned nucleoside 5'-monophosphates
(N%Pz') thus produces cquilibrium 11 (which can also be considered as a rewriting of eq
3):e

MZ* + NMPY == M@NMP),, == M(NMP) (11)

The equilibrium constant, KM(NMP)OI,' for the formation of the open complex is given by eq
12,

KM(MPyop = IMANMP),,}/(M**][NMP?]) (12)

and the overall cquilibrium constant, KM(NMP), which is dircctly accessible by experiments
(sce Table 1), covering both, open and closed, species, is defined by eq 13:

[M(NMP)] _ _ (IM(NMP)o,|+[M(NMP)])
MZ[INMP?] [MZ*][NMP?]

KM(NMP) =
M M
= KM@MP),p + KI‘KM(NMP)OP = KMampy, - (1+KD  (13)

The intramolecular and dimension-lcss cquilibrium constant X1 may now be calculated
according to eq 14,

KM
Kp = JMOMPY. = go'Et . g (14)
KMNMP)op

provided that valucs for KM(NMP) are obtainable.

From the discussion in Section 2.2 it follows that KM(NMP)O is identical with KM(NMP) o
i.e., these values reflecting solely a phosphate-metal ion binding can be calculated viacﬂle
straight-line equations21 and the ng(NMp) values of the HINMP)™ species (Table 1). In fact,
the results are listed in columns 3, 5, and 7 of Table 1. Hence, the crucial difference log A,
which appears in the second term of e¢q 14, is identical with the stability enhancement, log
ApmNMp), as defined in equation 4 (Scction 2.2). Consequently, this equation 4 can now be
rewritten as given in eq 15:

log A= lOg AM(NMP) = log KM(NMP) - log KM(NMP)OP (15)
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Obviously the reliability of any calculations for Kj (eq 14) depends on the accuracy of the
differcnce given in eq 15, i.e., on the error of the constants, which becomes more important
the more similar the constants are. Therefore, only well defined error limits allow a quantita-
tive evaluation of the extent of a possibly formed macrochelate (eqs 10,14). Finally, if K] is
known, the percentage of the closed or macrochelated species occurring in equilibrium 5
follows from eq 16:

% M(NMP); = 100 -Ky /(1+K7 ) (16)

Application of this procedurt:n‘34 yiclds the results of Table 2. The values in column 2 for

log Apmqnmp) confirm that the stability increase follows the serics M(AMP) < M(IMP) <
M(GMP) for the ten metal ions studied (see also Figure 3) and this is again reflected from
the formation degrees for M(NMP); listed in column 4. Substantial percentages of macro-
chelates are formed for all the M(IMP) and M(GMP) species, including the complexes of the
alkaline earth ions.>> This latter point is remarkable and the most apparent difference to the
M(AMP) complcxcs where, if at all, only traces of macrochelates are formed. It has been
concluded?® that for the Cu®*, Co?*, Ni2*, Zn?*, and Cd?* systems inner-sphere interactions
with N-7 are dominating, whlle for the M(NMP) macrochelates of the alkaline earth ions
outer-sphere interactions are suggested (for details ref 23 should be consulted).

2.6. SOME GENERAL CONCLUSIONS

The prcscntcd cvaluations clearly demonstratc the ambivalent propertics of AMP2' IMP2
and GMP? in interactions with metal ions. It is evident that intramolecular equilibria between
isomers (cf. also ref 23) arc an inherent property of their complexes in solution. These com-
plexes should never be viewed as being of a static, rigid structure! In many instances the
cncrgy7diffcrences, A G°, between isomers are in the order of about 1 kJ/mol or even
below. "

For AMP, IMP, and GMP the metal ion recognition of the N-7 site depends strongly on its
basicity (Figurc 5). This result is of a general nature and applies also to polynucleotides and
nucleic acids. The descnbcd cvaluations suggest further that the wellknown*? preferrcd
binding of the czs-Pt(NH3) drug to the N-7 of guanine over that of adenine in DNA is
largely a basicity effect. Furthermore, the high affinity of the N-7 of guanine in DNA does
not only hold for Pt%*, but -- not surpnsmg bccause the basicity is cruc1al -- is also true for
other, especially labile, metal 1ons, like Mn2* (ref 43), Co?* (ref 44), Cu?* (ref 44), or Zn 2+
(refs 43,45). That Mg“* interacts with double-stranded poly(dG-dC) electrostatically as a
mobile outer-spherc cloud whereas Ni2* coordinates to more than one binding site at the
polynucleotide, presumably to guanine-(N-7) and a phosphate group,46 is also in line with
the expectations bascd on the presented evaluations.

3. Isomeric Equilibria of the Metal Jon Complexes of PMEA®

3.1. CONSIDERATIONS ON THE VARIOUS POTENTIAL BINDING SITES OF PMEAZ” AND ON
THE CONNECTED EQUILIBRIA

9-[2-(Phosphonomcthoxy)cthylladenine (PMEA), an AMP analogue with antiviral properties
as shortly indicated already in Scction-1, is shown in Figure 6 together with related phospho-
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Table 2. Increascd Complex Stability, log Aymp) (Egs 4,15), and Extent of the Intra-
molccular Macrochelatc Formation (Eq 5) in M(NMP) Complexes as Quantified by the
Dimension-less Equilibrium Constant K; (Eqs 10,14) and the Percentage of M(NMP),; (Eq
16) in Aqueous Solution at 25°C and / = 0.1 M (NaNO3)?

M(NMP) log AM(NMP) KI % M(NMP)cl
Mg(AMP) 0.04 + 0.04 0.10 £ 0.09 009 £ 8/<19)
Ca(AMP) 0.01 £ 0.05 0.02 £ 0.12 0 (2 £11/<15)
Sr(AMP) 0.00 £+ 0.04 0.00 % 0.09 00 £ 9&11)
Ba(AMP) 0.01 + 0.04 0.02 £ 0.11 0 (2 £10/<15)
Mn(AMP) 0.07 £ 0.05 0.17 £ 0.14 15+ 10
Co(AMP) 0.29 x 0.06 0.95 + 0.28 49+ 7
Ni(AMP) 0.55 £ 0.05 2.55 1044 72+ 3
Cu(AMP) 0.27 + 0.06 0.86 £ 0.26 46+ 8
Zn(AMP) 0.25 £ 0.09 0.78 + 0.38 44 + 12
Cd(AMP) 0.24 £ 0.05 0.74 + 0.22 42+ 7
Mg(IMP) 0.10 £ 0.04 0.26 + 0.10 21+ 7
Ca(IMP) 0.05 £ 0.05 0.12 £ 0.13 11 £10
Sr(IMP) 0.08 + 0.04 0.20 £ 0.12 17+ 9
Ba(IMP) 0.12 £ 0.04 0.32 £ 0.14 24+ 8
Mn(IMP) 0.15 £ 0.05 0.41 £ 0.18 29+ 9
Co(IMP) 0.65 £ 0.06 3.47 £ 0.63 78+ 3
Ni(IMP) 0.96 £ 0.06 8.12 £ 1.22 89+ 1
Cu(IMP) 0.50 + 0.06 2.16 £ 0.46 68+ 5
Zn(IMP) 0.41 £ 0.06 1.57 £ 0.37 61+ 6
Cd(IMP) 0.43 £ 0.05 1.69 + 0.33 63+ 5
Mg(GMP) 0.13 £ 0.04 0.35 £ 0.11 26t 6
Ca(GMP) 0.08 £ 0.05 0.20 £ 0.14 17 £ 10
Sr(GMP) 0.12 £ 0.04 0.32 £ 0.14 24+ 8
Ba(GMP) 0.15 £ 0.04 0.41 £ 0.15 29+ 7
Mn(GMP) 0.22 £ 0.05 0.66 + 0.21 40+ 7
Co(GMP) 0.77 £ 0.06 4.89 £ 0.86 83+ 2
Ni(GMP) 1.18 £ 0.06 14.14 £ 2.03 93+ 1
Cu(GMP) 0.72 £ 0.07 4.25 £ 0.87 81+ 3
Zn(GMP) 0.55 £ 0.06 2.55 £ 0.52 72+ 4
Cd(GMP) 0.52 £ 0.05 2.31 £ 041 70+ 4

4 The valucs arc from refs 22 and 23. Sce also footnote b in Table 1.

nate derivatives. The dianion of PMEA itself is an interesting ambivalent ligand; its coordina-
tion chemistry was revealed to a large pa1121'47'49 by showing that simple phosphonate li-
gands, likc methanephosphonate or cthancRPosphonate (Figure 6), form complexes of a sta-
bility that is exactly satisfied by the log K'y(r.pos) versus pKjj(r.pos) relations already dis-
cusscd in Scction 2.1 and by taking also into account the metal ion-binding properties of the
dianion of (phosphonomethoxy)cthanc (PMEZ‘ = cthoxymethanephosphonate; see Figure
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6). PME? is closcly related to PMEAZ; it has the same -CH,-0O-CH,-PO3” residue, which
contains aside from the phosphonate group the ether oxygen as a further potential ligating
site, but it lacks the adenine moicty. Hence, a comparison of the stabilities of the M(PME)
and M(PMEA) complexes should reveal any effect, i.e., participation in metal ion binding, of
the adenine residuc.

In analogy to nucleotides onc'cxpects that the phosphonate group of PMEA?" detcrmincs
to a large part the stability for most mctal ion complexes. Should the adenine moiety interact
with a mctal ion alrcady coordinated to the phosphonate group this could occur either via
N-3 or N-7; N-1 cannot bc reached and can thercfore be ignored. However, the following
two equilibrium schemes have to be considered; in each case three different isomeric species
occur:

KI /0 M(PMEA)CI /o
Kﬁ(PMEA) /
M2* + PMEAY =————= M(PMEA)y ~_ an
m M(PMEA)q /N7
M
KMmrpMEA) Ky0
M2t 4+ PMEAY s——==E M(PMEA),, =22~ M(PMEA)y /0
Kiso/n3 (8
= M(PMEA)q,0/N3

Both schemes 17 and 18 have in common the existence of solely phosphonate-coordinated
species, i.c., an 'open’ isomer designated as M(PMEA)0 which can form a five-membered
chelate with the ether O-atom of the -CH,-O- CH2-PO3 residue. Indeed, the ether O-atom is

NH,
le NS |
5 N
H‘ég I[, /L
N N/ H
o | 3 o
I
“0—P—CHy—~0—CH.— CH 0—P—CH,—CH
0—P~CH,;—~0—CH,~CH, . j T o
0 PMEA
_O -(l)
| 2- N
"0~P~CH,~0—CH,—CH, PME 0—P—CH, .
il Il MeP

Figure 6. Chcmical structure of the dianion of 9-[2- (phosphonomethoxy)elhyl]adcmne (PMEAZ) in
comparison with the structures of the dianion of (phosphonomethoxy)cthane (PME 7, ethanephospho-
natc (ELPZ) and mcthancphosphonatc (Mch) which arc also employed in Figure 7.
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known>* to be ablc 10 participatc in complex formation provided it is located in a suitable

position within a ligand. This is for PMEAZ clearly the case; the corresponding species is
dcsignated as M(PMEA),o and the connected intramolecular equilibrium with its structural
details is shown bclow:

H o
o HC——PRO
R——O——C———PO [
0, _— (19)
%, 2, N
"M ’ll"’bM\\““

The crucial diffecrence between the two equilibrium schemes 17 and 18 is that the
M(PMEA) o isomer may also interact with N-3 of the ademnc residue by forming a seven-
membered chelate without disrupting the ether O- M2* bond; hence, the formation of a
macrochelate involving only the phosphonate group and N-3 is highly unlikely -- the result
is thus scheme 18. This contrasts with the fact that N-7 can only be reached from a phos-
phonate-coordinated metal ion in a PMEAZ complex if no five-membered chelate with the
cther O-atom is formed. This means, the open isomer, M(PMEA),, may either transform
into a macrochelatc with N-7 or into a five-membered chelate with the ether O-atom, but
both intcractions can not occur at the same time in thc same complex species -- this leads
then to scheme 17.
From schemes 17 and 18 the definitions 20 through 23 follow:

KM®MEAY, = [MPMEA),,(IM**][PMEAT) (20)
Kyo = [M(PMEA),0l/IM(PMEA),] (1)
Kiny = [M(PMEA) N7V IM(PMEA),,] (22)
Kyomns = [M(PMEA)q0/nN3)/IM(PMEA) 0] (23)

Based on the equilibrium scheme 17 and the above definitions equation 24 follows for the
experimentally accessible stability constant:

[M(PMEA)]
KM(PMEA) = m (24a)

([M(PMEA)OD]+ [M(PMEA) 0]+ [M(PMEA) N71)

24b
[M2*][PMEA?"] (24b)
M M
= KM@PMEA),, *+ Kyo KM(PMEA),, + KUNT KM(PME\)OP (24¢)
= KM(PMEA)OP (1+Kyo + Kyn7) (244d)
In analogy to eqs 10 and 14 one arrives casilyn‘34 at the following eq 25:
KM
Ki = Ky = —JAMEMEA). _q - pole8 . (252)

M
KM®PMEA)op
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[M(PMEA)gisod _ ((M(PMEA) 0]+ [M(PMEA)n71)
[M(PMEA)op] [M(PMEA),,]

(25b)

KI/O + KI/N7 (250)

Based on the cquilibrium scheme 18 onc may derive the following equations by proceeding
in the way indicated for scheme 17:

o _ _M(PMEA)] -
M(PMEA) [M?*)[PMEAZ] (26a)
_ (IM(PMEA)o }+{M(PMEA) 0]+ [M(PMEA) o3 ))
2+ 3- (26b)
M“"I[PMEA“]
_ M M M
= KM@PMEA)p + K0 KM@EMEA)p * K110 ‘Kyoms KmpMEA),, — (260)
= KrA(PMEA)op (1 + Ko + KyoKyomns) (26d)
KM
Ki=Kpor = “OMEAL . = 1qlo8 4. 1 (272)
KMPMEA)op
_ [M(PMEA) /0] _ (IM(PMEA) 0]+ [M(PMEA) 03] 27
[M(PMEA)op] [M(PMEA),,]
= Kyo + KyoKyons = Kyo (1 + KyoNs) (27¢)

It should be noted that the differences between equations 25c¢ and 27c originate in the
different order of the successive cquilibria in schemes 17 and 18. This leads to different
definitions for some of the intramolecular cquilibria (eqs 22 and 23) and hence, to differcnt
dependencies of K (= Ky, sec egs 25¢ and 27c), which is somctimes also addressed as the
total stability cnhanccment E.3* Of course, if the species M(PMEA). ;N7 and
M(PMEA),j,0/n3 of schemes 17 and 18, respectively, are not formed, then equations 25¢ and
27c reduce to Ky = Kyq; i.c., then only equilibrium 19 is operating.

3.2. COMPARISON OF THE STABILITIES OF THE M(PME) AND M(PMEA) COMPLEXES

Bascd on the experience with the metal ion complexes of AMP* (Section 2) onc may also
cxpect at least for some of the complcxes of the AMP? analoguc. PMEAZ, an increased
stability. To consider this possibility further, Plots of log K M(R-PO3) VeIsus pKl}{[(R PO3) 3T
given in Figure 7 for the 1:1 complexes of Ca and Cd*, as examples, with simple R-PO3
ligands (sce also Scction 2.1), allowing only a -PO3 -metal ion binding. The two SOlld points
in Figure 7 which refer to Ca(PMEA) and Cd(PMEA) are, especially for the cd** complex,
considerably above the rcference lines, thus proving an increased stability for these com-
plexes.
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PMEA® _PMEY

.
|

281 AMPT [
. |

16 AMPY
1.4 1 Ca® Q o

121 1 2 11

o MR TMP MeP? Etp?
NPhP? PhP? RibMP? BuP?

5052 54 56 58 60 62 64 66 68 70 72 74 7.6 78 80

H
PKHR-PO,)

Figure 7. Evidence for an enhanced stability of scvcral M(PME) M(PMEA), and M(AMP) com-
plexes (@), bascd on the relationship between log KM(R -PO3) and pKH(R PO3) for the 1 1 complexes of
Ca®* and Cd®* with some simple phosphate monoester or phosphonate llgands (R-PO3 ); the abbrevia-
tions used above for these ligands (O) arc defined in the legend of Figure 3. The lcast-squares lines are
drawn through the data scts of thesc cight ligands; they are taken for the phosphate monoesters from ref
35 and for the phosphonates from ref 21; the cquations for the basc lines are given in ref 21. The data for
the points duc to the AMP or PMEA and PME systems (@) arc taken from refs 22 and 21, respectively
(sce also Tables 1 and 3). The vertical dotted lines emphasize the stability differences to the correspon-
ding reference lines. All the plotted equilibrium constant values refer to aqueous solutions at 25°C and / =
0.1 M (NaNO3).

From Figure 7 two conclusions arc 1mmcd1ately evxdent by comparing the data points of
the corresponding complexes of AMP?* PMEA and PME%; (i) The M(PME) and
M(PMEA) complexes show a very similar stablhty increase and (ii) such a stability increase is
seen only for Cd(AMP), but not for Ca(AMP) These observations are thus a first hint that in
certain instances PMEAZ and PMEZ" behave quite alike in their metal ion-binding proper-
ties, while AMP?" differs.

A quantitative cvaluauon of the situation reflected in Figure 7 is possible by calculating
with the value of pK} HPMEA) (= 6.90) and thc mentioned straight-line equations (Sections 2.1
and 2.2) the stabilities for M(PMEA) complexes having solely a phosphonate-metal ion
coordination (= calc). The corrcsponding results are listed in column 3 of Table 3; their
comparison according to equation 28,

M M
log AvpmEeA) = 108 KM(PMEA)exper - 108 KMPMEA)q1c (28a)

log K}ipMEA) - 108 K’L}(PMEA)OP (28b)
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Table 3. Stability-Constant Comparisons for the M(PMEA) and M(PME) Complexes
between the Stability Constants (Eqs 3,24,26) Mecasurcd (exper) by Potentiometric pH
Titrations and the Stability Constants Calculated (calc) for a Pure Phosphonate-M2+
Coordination (analogous to Eq 12), Together with the Increased Stabilities, log AypME A)
(Eq 28) and log ApmcpMmE) (Eq 29), for Aqueous Solutions at 25°C and / = 0.1 M (NaNO3)%®

M M
log KMPMEA) log KyvjpME)
logAni(PMEA)

2+
M logA
exper® calc® cxper? calc? OZAM(PME)

M%“ 1.8740.04 1.71+£0.03 0.1610.05 1.95£0.01 1.73£0.03 0.2210.03
Ca**  1.6540.05 1.5410.05 0.11+0.07 1.70+£0.01 1.56+0.05 0.1410.05
St 1.3740.03 1.30£0.04 0.0740.05 1.3840.03 1.31£0.04 0.07£0.05
Ba’*  1.3040.05 1.2240.04 0.08+0.06 1.33£0.03 1.231+0.04 0.1040.05
Mn?* 2.5410.06 2.3310.05 0.21+0.08 2.6240.02 2.3510.05 0.2710.05
Co?*  2.3740.03 2.0940.06 0.28+0.07 2.41+£0.02 2.1240.06 0.2910.06
NiZ*  2.4110.05 2.1140.05 0.300.07 2.33£0.02 2.1410.05 0.1940.05
Cu®*  3.9610.04 3.1940.06 0.77+0.07 3.734£0.03 3.251+0.06 0.48+0.07
ZnZ* vy 2.3610.06 0.30+£0.108  2.741£0.02 2.4010.06 0.34+0.06
Cd**  3.0040.04  2.6740.05__ 0.33+0.06 3.01£0.02  2.711+0.05  0.30+0.05

“ Acidity constants™! for H,(PMEA), i.c. pl(é}z(EME Ay =4.16 £ 0.02 and pK}i(pyEa) = 6.90 + 001, and
for HPME), i.e. pKypmg) = 7.02  0.01. Regarding the error limits sce footnote b in Table 1.
€ From ref 21, where also the stability constants for the M(H-PMEA)* complexes are given. 4 From ref
21.  * Calculated?! with PKi}(R-Po;;) (sec %) and the refercnce-line cquations given inref 21.  /Due to
precipitation no stability constant could be determined.?' £ Estimated value; sce ref 21.

i.c., analogous to eqs 4 and 15, with the mcasured (exper) stability constants leads to the
stability differences given in the fourth column of Table 3. Evidently all the M(PMEA)
complexcs arc more stable than cxpected on the basis of the basicity of the PMEA-phos-
phonate group, though in some instances the increase is close to its error limit.

With these results in mind the analogous cvaluation, based on equation 29,

M M
10g AppME) = 108 KM(PME)exper ~ 108 KM(PME)cale (29a)

IOg KM(PME) - log KM(PME)OP (29b)

was carricd out with the M(PME) complcxes; the corresponding data are listed in columns 5
to 7 of Table 3. As PME?" contains, aside from the phosphonate group, only the ether
O-atom, the observed increased stabilities must herc be due to a metal ion interaction with
this site; in other words, equilibrium 19 is definitely operating in the case of the M(PME)
complexes.

It is cvident that the stability difference, log AppmEa), for the M(PMEA) complexes as
defined in eq 28 corresponds to the definition given in eq 29 for the M(PME) complexes.
Hence, the increased stabilities observed for these two kinds of complexes may be comparcd
with each other; this is best done by equation 30:

A log AM = IOg AM(PMEA) - lOg AM(PME) (30)
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Indeed, comparison of the values in columns 4 and 7 of Table 3 shows that the values for
Alog A WM are zcro within the error limits for most cases. The only exceptions are the Ni*
and Cu”" systems for which one calculates the following differcnces:

0.11 + 0.09 (31)
0.29 + 0.10 (32)

]

A log ANi

Alog Acy

In other words, for all the othcr mectal ions the stability increases of the M(PME) and
M(PMEA) complexes are the same and consequently their structures must also be alike.

]

3.3. EXTENT OF CHELATE FORMATION IN THE COMPLEXES OF PMEZ" AND PMEAZ"

From the rcsults descnbcd m the prcccdmg Sccnon 3.2 it follows that for the metal ions
Mg?*, Ca?*, S, Ba**, Mn®*, Co®*, Zn?*, and Cd®* the measurcd increased stability of their
M(PMEA) complcxes can solcly be explamcd by the formation of the five-membered
chelate shown in equilibrium 19, there is no remarkable influence of the adenine residue.
Indeed, the calculations for the corresponding intramolecular equilibrium constants Ky and
for the percentages of M(PME) o and M(PMEA),,0, Which are given in Table 4, confirm
that the formation degrees for M(PMEA).j,0 and M(PME),,o are identical within the error
limits for the mentioncd cight metal ion systems and that consequently these chelates own the
same structure.

The only clear exception (see Section 3.2) with a positive deviation is the Cu(PMEA)
complex (eq 32). In this case A log Ac, = 0.29; in other words, the log AcypmEA) Value is
by about 0.3 log unit larger than the corresponding one for the Cu(PME) system. This
means, thc adcnine residue in the Cu(PMEA) complex has a stability enhancing effect,
beyond that of the ether group discussed above. In the case of Ni(PMEA) the effect is much
smaller, i.e. A log Ay; = 0.11 £ 0.09 (eq 31), but probably still real. Consequently, for
Cu(PMEA) and Ni(PMEA) further analysis according to schemes 17 and 18 is necessary by
considering the additional possible intramolecular equilibria.

With regard to scheme 18 by taking into account eq 27a it is evident that the values of K
(= Kyjop) arc already known (Table 4, column 4), and, therefore, also the concentrations of
the open isomers, M(PMEA)OP. With the justificd assumption that M(PME).,0 and
M(PMEA) 0 have the same stability, and hence identical Ko values (cf. also the other
systems in Table 4), one can calculate the formation degree of the species that forms the five-
membered chelate with the ether O-atom, i.e., M(PMEA) o (cq 21). With K (= Kyor) and
Ky/o one can now calculate Kyo/N3 from equation 27¢ and thus the formation degree of the
M(PMEA)cUO,m species; of course, the difference between 100 and the sum of the percen-
tages for M(PMEA),, and M(PMEA),o Will also result in % M(PMEA).j,0/N3 and, hence,
in Ky/o/N3. The results are (for details sce ref 21) for

Cu(PMEA): % Cu(PMEA),, 17+ 3

% CU(PMEA)CVO 34+ 10, KI/O
% C“(PMEA)cI/O/N3 49 1 10; KI/O/N3

2.02 £ 047 (eq 21)
1.42 £ 0.74 (cgs 23,27c)

Ni(PMEA): % Ni(PMEA),,
% Ni(PMEA) /0
% Ni(PMEA) /03

50+ 8
28 £ 10; KI/O
22+ 13, KI/O/N3

0.55 £ 0.19 (eq 21)
0.82 £ 0.86 (eqs 23,27¢)
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Table 4. Extent of Chelate Formation (Eq 19) in M(PME) and M(PMEA) Complexes as
Quantified by the Dimension-less Equilibrium Constant Ky and the Percentage of the
Chelated Species in Aqueous Solution at 25°C and / = 0.1 M (NaNO3)?

M(PME) M(PMEA)®
Yol K1=Kyo % M(PME) 0 Ky = Ky (= Kyo)® % M(PMEA) 0
(analog. cgs 10,14) (analog. eq 16) (egs 25,27) (analog. eq 16)
Mgt 0.66 £ 0.12 0+ 4 0.45 + 0.17 31+ 8
Ca** 0.38 £ 0.16 28+ 9 0.29 £ 0.21 22 + 13
st 0.17 £ 0.14 15+ 10 0.17 £ 0.14 15+ 10
BaZ* 0.26 + 0.14 21+ 9 0.20 £+ 0.18 17+12
Mn?* 0.86 + 0.23 46+ 7 0.62 £ 0.29 38 + 11
Co%* 0.95 + 0.28 9+ 7 0.91 + 0.29 48+ 8
Ni2* 0.55 £ 0.19 35+ 8 1.00 £0.32 50+ 8
cu?* 2.02 + 0.47 67+ 5 4.89 +0.98 83+ 3
Zn%* 1.19 + 0.32 54t 7 1.00 £ 0.46 50 + 12
cd?* 1.00 + 0.25 50+ 6 1.14 + 0.32 53+ 7

% The values are from ref 21. See also footnote b in Table 1. -- The above results are based on the values
given for log Appmy) and log Aypmea) in Table 3. ® 1t should be noted that the results given for
Zn(PMEA) arc only cstimates (sce footnotes f and g in Table 3) and those for Ni(PMEA) and Cu(PMEA)
arc only apparent rcsults, and these arc, thercfore, printed in italics as they refer to variously chclalcd
species (see Section 3.3).  “Ky= Kipa = Ky is valid for all the systcms except those containing NiZ*
or Cu?* (sce text in Scction 3.3).

Analysis of the cquilibrium scheme 17, again under the assumption that the values of Kyo
for M(PME), 1,0 and M(PMEA),/q are identical, lcads to the same results as above, but

% Cu(PMEA) N7 = 49+ 10; Kyn7 = 2.87 + 1.09 (egs 22,25¢) and
% Ni(PMEA)gn7 = 22%13; Kyy7 = 0.45 £ 0.37 (egs 22,25¢).

The formation degrees of the M(PMEA) o3 (¢q 18) and M(PMEA) N7 isomers (eq 17)
are also identical, yet naturally the valucs of Kjo/n3 and Ky/y7 are different, as they refer to
different intramolccular cquilibria.

At this point the question arises: Which of the adenine-bound isomers, M(PMEA).j,0/N3 Of
M(PMEA)yN7, is actually formed? Or, are cven both isomers present at the same time? With
the information available, thesc questions cannot uncquivocally be answered. However,
carcful considerations, including the usc of molecular models, have led to the suggestion that
the equilibrium scheme 18 is the pertinent one. This suggestion may appear as surprising
because N-7 is a very well known binding site for metal ions in complexes of purine-
nuclcotides (Sections 2.2 and 2.4), in contrast to N-3, yet I feel that for steric reasons N-3 is
the preferred site in the M(PMEA) complexes. Indeed, the interaction of metal ions also with
N-3 of a purine residuc has become apparent in the past few years from various X-ray crystal
structure studics®® and also from studies in solution.> Clearly, a final answer is not yet
possible, but hopefully studics of the 3-dcaza and 7-dcaza analogues of PMEAZ" will allow 10
rcsolve this ambiguity. However, what is certain in any case, is that at the very least in the case
of Cu®* the adenine moicly of PMEA? is also involved in metal ion binding.
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3.4, CONCLUSION AND OUTLOOK

The analyses presented in the preceding sections havc shown that the ether linkage has a
crucial role in the complexing properties of PMEAZ". Hence, it is most remarkable that
cxactly the same cther O-atom is important for the antmral activity of PMEA. Decletion of
this O-atom or replacement by olhcr groups leads to a loss or at least to a considerable
reduction of the biological actmty

Another point that warrants emphasis is the described Cu®*-adenine recognition; as it turns
out, this interaction is solvent-dependent: A7 1t is quite pronounced in water and in water con-
taining 50% 1,4-dioxane, but not so in water containing 30% 1,4-dioxane. Furthermore, iso-
meric cchmhbria. in a way similar to those described herein, also occur in mixed ligand com-
plexes: ¢.g., for Cu(1,10-phenanthroline)(PMEA), next to other specics, also onc with an
intramolccular stack could be quantified. 48 Fmally, it may be added that (S)-9- 53 hydroxy-
2-(phosphonomethoxy)propyl]adenine (HPMPA "), which differs from PMEA“" (Figure 6)
by the additional prescncc of a -CHoOH group in its residue, i.e.
-CH,-CH(CH,0OH)-O- CHZ—P03 , is onc of the few compounds which show comparable
biological z:ncuvnty18 >3 and indeed, HPMPA?" owns also similar metal ion coordinating
propertics.

4. Some Closing Remarks

The analysis of the stability data, obtained via potentiometric pH titrations for the complexes
of purine-nucleoside 5'-monophosphates and of PMEAZ" in Sections 2 and 3, respectively,
demonstrates the wealth of information that may in this way be gained about the structures of
isomeric complexes in solution as well as about their formation degree. Both, AMP and
PMEA (Figures 1 and 6), arc in their own rights fascinating molecules. In fact, PMEA? and
AMP? resemble each other in many respects and those properties which depend only on the
qualitics of the adcnine moicty, like stacking intcractions, hydrogen bonding, or metal ion
coordination arc expected to be very similar or cven identical, as long as no sites different
from thosc of the adenine residuc are involved.

The length of the D-ribosc 5-monophosphate residuc and of the (phosphonometh-
oxy)cthanc rcmduc arc also very similar. Thus, a mctal 1on coordinated at the phosphate
group of AMP? or at the phosphonate group of PMEA? is placed at about the same
distance from the adenine moicty, at least as long as no further interaction occurs and the
complexes arc present in their open form (cquilibria 5 and 19). Of course, these equal
distances could be of importance in various aspccts of the biological action of both
compounds and not only regarding their metal ion coordmanon

However, there are crucial differences between AMP? and PMEA?" with regard to the
structurcs of the metal ion complexcs formed: th Al\'LP2 alkalmc carth ions only bind to
the phosphate group, while divalent 3d ions and Zn®* or Cd?* form macrochelatcs involving

N-7 of the adenine moicty (Scction 2.5). In contrast, with PMEA?" all the metal ions studied
intcract not only with the phosphonatc group, but to a remarkablc extent also with thc
ncighboring cther O-atom (Sccuon 3.3.), forming five-membered chelates (equilibrium 19).
The adcnmc residuc of PMEA? is only cxceptionally involved in mctal ion binding, as c.g.
with Cu?*, and if so, most probably via N-3 (scc Scction 3.3.).
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In other words, all enhanced complex stabilities observed so far for M(AMP) complexes could
always be attributed to an interaction with N-7 (Section 2.2. ), 223 while the enhanced complex
stability of the M(PMEA) complexes has to the largest part to be attributed to the interaction with
the ether O-atom. This means, the structures of the complexes having only a phosphate or
phosphonate metal ion mteractlon are similar, yet those isomers, which contain chelates, are very
different for AMP* and PMEAZ.

Considering further that the enzymes responsible for DNA synthesis, in fact practically all
enzymes which involve nucleotides as substrates, are metal ion-dependent, one wonders if the
biological action of PMEA? has its origin in its metal ion-coordinating properties. It seems quite
possible that the formation of the five-membered chelates involving the ether O-atom is responsible
for the inhibitory effects of PMEA on the growth of viruses; this chelate formation leads of course
to a different orientation in space of the adenine residue than would be the case, e.g., with
Mg(AMP) or Zn(AMP) as substrates.
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METAL-NUCLEOBASE CHEMISTRY: COORDINATION, REACTIVITY, AND
BASE PAIRING

B. LIPPERT
Fachbereich Chemie
Universitit Dortmund
D-44221 Dortmund
Germany

ABSTRACT. The lecture is intended to provide a basis for the understanding of principles of
metal-nucleic acid interactions. It will focus on topics such as the relevance of metal-nucleic acid
interactions in biology, molecular biology and medicine, coordination patterns of metal species
with nucleobases, effects of metal binding on isolated nucleobases as well as oligonucleotides,
with particular attention to base pairing.

1. Significance of Metal-Nucleic Acid Interactions

Nucleic acids are biopolymers built up of a ribose (RNA) or 2'-deoxyribose (DNA)
phosphate backbone, to which heterocyclic purine or pyrimidine bases are added via the 1'-
position of the sugar (Figure 1). The common bases are guanine, adenine, cytosine, and
thymine (uracil in RNA). In general, DNA is present in a double-helical arrangement with
more or less strict H bonding between complementary bases guanine,cytosine and
adenine,thymine whereas RNAs form rather complex structures, with single stranded,
double stranded and looped segments possible and coexisting!.

The chemistry of nucleic acids- their formation, function and degradation - is interrelated
with metal ion chemistry at many stages. Examples refer to the biosynthesis of the
heterocyclic bases (role of Zn—dependent aspartate carbamylase), the formation of activated
nucleoside triphosphates (Mg2 as catalyst), the reduction of the ribonucleotides to the
deoxyribonucleotides (various ribonucleotide reductases, dependent on either Fe, Mn, or
Co), the ollgomenzatlon to RNA and DNA (Zn containing polymerases), the rephcatlon
and transcription (Mg +), RNA processing (metal-dependent "ribozymes"), and nucleic
acid degradation via metal assisted hydrolysis.

Moreover, at various stages of these processes, regulatory metalloproteins (e.g.
"zincfinger proteins") come into play to interact with nucleic acids.

In the following, some of these as well as other aspects will be dealt with in somewhat

more detail.

1.1. STRUCTURAL ROLE OF METAL SPECIES

Nucleic acids are polyanions at physiological pH and require for this reason cations for
charge neutralization. Apart from protonated oligoamines (e.g. spermidine3+, spermine4+)
and protonated amino acid side chains (lysine, arginine) of histone proteins, metal cations
play a major role in this respect. Intracellularly, it is in particular K* and Mg2+ that are
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associated with nucleic acids. These interactions range from mainly electrostatic attraction
(K™ to marked covalency (Mg2t).

H

Figure 1. Section of a single strand of DNA with the four common nucleobases guanine
(G), adenine (A), cytosine (C), and thymine (T). In RNA, the ribose carries an OH group
at the 2'-position instead of H, and the methyl group of T is replaced by a H to give uracil.

DNA condensation and aggregation, respectively, as occurring in the chromosomes or in
virus particles, is likewise associated with charge neutralization, e.g. by Mg2*t. Exogenous
cations, e.g. Cr(III), also show this effect, a phenomenon possibly related with chromium
carcinogenicity.

DNA is polymorphic! with many unusual structures possible. Apart from the "classical”
right-handed A and B double-helical forms, and the left-handed Z-DNA, quite a number of
structural variations have been recognized in recent years. Examples are triplex and
quadruplex structures, hairpins, cruciforms, and supercoils. In some of these cases, the
involvement of metal ions in stabilizing such structures has been clearly established, and it
is likely that more examples will be discovered in the future. E.g., potassium ions are
integral components of guanine quartets in telomeric DNA? and Mg2 ions of four-way
DNA junctions ("Holliday junctions"), which are considered central intermediates of

genetic recombination>. The B — Z transition of duplex DNA is accomplished by a
variety of cationic metal species; including* [Co(NH3)6]3Jr and various Zn complexes>.
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Under physiological conditions, it is probably [Mg(H20)6]2+ which contributes to the
stabilization of the Z form®. Recently it has been shown that a number of bivalent cations
and in particular Zn(II) stabilize pyrimidine,purine,purine triples in DNA triplexes’. In
tRNAs, X-ray crystal structure analysis, in combination with other physico-chemical
measurements, has established a number of strong Mg2+ binding sites (K up to 105 M'l)
which appear to be essential for the proper and characteristic folding of these nucleic acids
and hence for biological function®. Very little is presently known about the role of metal
ions with regard to RNA structures. However, considering the heterogeneous folding
patterns of RNAs, it is to be predicted that metal ion binding is an essential feature for
these nucleic acids as well.

The effect of a metal ion on nucleic acid structure and/or stability strongly varies with
the nature of the metal and additional Iligands bound to it (see also 2.3.). Thus DNA
melting depends on whether the metal entity favors phosphate binding (usually thermal
stabilization) or coordination to the heterocycle of a nucleobase (usually thermal
destabilization). Very often a single metal, e.g. Cu(IT) or Cd(II), can achieve both effects,
depending on concentration®. Although probably not relevant to bi010§y, kinetically inert
complex cations such as [Co(NH3)6]3 , [Co(c:n)3]3+ or [Pt(NH3)4] + very effectively
stabilize RNA and DNA duplexes against thermal denaturation by electrostatic attraction
and H bonding interactions 19,

1.2. NUCLEIC ACID PROCESSING AND REGULATION

The fundamental processes involving nucleic acids - DNA synthesis during replication,
DNA transcription to RNA, RNA translation to protein with the help of tRNAs, nucleic
acid degradation - require proteins (polymerases, cofactors, nucleases), which in many
cases contain metal ions!! . The function of metal ions in these proteins is either a catalytic
one (e.g. polymerases) or a structural one (e.g. zincfinger proteins) or even both. In
addition, metal ions have been demonstrated in a number of cases of exercising a
regulatory function in gene expression!2. It appears that in all cases studied thus far, a
metal-responsive gene activation or inactivation involves a primary interaction between the
metal ion and a regulatory protein, which in turn interacts with the nucleic acid (DNA). An
alternative way - regulation via a direct metal-DNA contact - seems not to have been
verified (as yet?). This probably has something to do with the potential threat that a redox
or hydrolytically active metal species or a metal that forms kinetically inert adduct with
DNA, poses.

With RNA and RNA nucleotides, e.g. ATP, metal complexation to either phosphate
oxygens and/or rin§ atoms, is more common or even desirable: ATP cleavage requires
metal ions (Mg2+)1 and the ribozymes, a recently discovered class of metalloenzymes on
RNA basis, also need metal ions for catalytic activity (in addition to metals required for
structural stabilization) 14,

1.3. BIOLOGICAL EFFECTS: MUTAGENICITY, CARCINOGENICITY, AND
ANTITUMOR ACTIVITY

As known from epidemiological and animal studies, metal species can be mutagenic,
carcinogenic and cytotoxic. Occasionally, cytotoxicity can be exploited for antitumor
activity!S. Tt is widely accepted that a direct interaction of a metal with DNA or the
production of highly reactive oxygen species via metal redox chemistry can lead to DNA
errors which, if not repaired, may turn out to be mutagenic or eventually even
carcinogenic. The carcinogenicity of Cr(VI) compounds is an example for the first case
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and is generally attributed to cross-linking reactions of Cr(III) (formed upon intracellular
reduction of Cr(VI)) with DNA or between DNA and proteins!.

Even though metal binding to DNA always takes place with the risk of introducing
errors into DNA, considerable efforts have been put into research aimed at the
developments of antitumor metal drugs that directly bind to DNA, following the enormous
success of Cisplatin in cancer chemotherapy!”. Much is known now on the effects of Pt
coordination on DNA structure and function!®, even though a comprehensive picture of the
mode of action of this drug has not emerged as yet.

Of all the metal compounds that have been demonstrated to be active against various
forms of tumors!®, DNA binding as the cause of activity seems to be likely also for a
number of these, ¢.g. Ti(IV) or [Rh(IT)],. Metal binding antibiotics such as the bleomycins
represent another class of DNA binders which damage DNA oxidatively via oxygen
radical formation catalyzed by redox active metal ions bound in the periphery of the drug?’

1.4. APPLICATION IN MOLECULAR BIOLOGY AND RELATED AREAS

Metal coordination compounds have become major tools for molecular biologists in recent
years. Applications refer in particular to the probing of nucleic acid structures and to the
use of metal compounds as artificial chemical nucleases!!:2!,

1.4.1. Covalent Attachment. The use of OsO4 modification of exposed thymines in DNA
via addition to the 5,6 double bond has a relatively long history?2. Both directly by electron
microscopy and, following sequencing methods after piperidine treatment (leading to
strand cleavage) or S1 nuclease treatment (cleavage of opposite strand), allow location of
such sites. (For potential thymine probes on the basis of N3 coordination, see 2.3..)

More recently, there have been attempts to covalently bind coordinatively unsaturated
complexes of types [Rh(phen)z(HZO)z]-q’Jr or [Ru(phcn)z(py)(HZO)]2Jr to DNA as a
means to discriminate either DNAs (right handed B form vs left handed Z form) and/or
the enantiomers ( A vs A) of these complexes. Indeed, a pronounced stereoselectivity in
DNA binding is observed??24 (c.f. also 1.4.5.).

Covalent attachment (to guanine-N7) probably is also involved in cleavage reactions that
occur (upon piperidine treatment) at exposed guanines with tetraazamacrocyclic Ni
complexes in the presence of the oxidant KHSO3, as demonstrated by Burrows and
coworkers,

1.4.2. Base Oxidation. Unlike OsOy, in the presence of pyridine, the anfonic MnO4-~ does
not form a stable metal adduct with thymine but rather produces thymine glycol and
barbituric acid derivatives?®. Since piperidine treatment causes strand breaks at the site of
oxidation, MnO4~ can be applied as a chemical probe for thymine. Originally interpreted
on the basis of steric effects only (unpaired and solvent accessible thymines), recent
experiments indicate that primarily electrostatic effects determine MnOy- reactivity?’. For
additional oxidation reactions, see also 3.3.1..

1.43. Cleavage on Basis of Sugar Oxidation. Oxidative cleavage of nucleic acids is
brought about by a variety of agents such as hydroxyl radicals?®, singlet oxygen?9, organic
radicals (produced from a metal complex in the presence of Oy, HyO9, or light)’® or
directly from a metal (ox0) complex with the metal in a high oxidation state3!. Depending
on the binding properties of the metal species, selective or indiscriminant cleavage takes
place. The latter agents are useful for footprinting. [Fe(EDTA)]Z‘, an anion that does not

attach to nucleic acids but rather produces OH" radicals in the presence of HyO9, is an
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example. The radicals react with any sugar proton that is accessible?8, Likewise, uranyl
cations (U022+) produce singlet oxygen upon irridation with little or no discrimination of
sequence?®, and methyl radicals generated by photolysis from [Co(cyclam)(HZO)(CH:;)]2+
seem to behave like OH' 30. On the other hand, [Cu(phen);]™ with Oy or HyO5, does not
cleave DNA randomly but with some selectivity’?, and photocleavage of tRNAFPhe by
means of [Rh(phen),(phi)]3* occurs at few selected site’3.

To improve sequence or site specificity in nucleic acid cleavage reactions is a major
goal, pursued by conjugating metal entities with nucleic acid binding entities (groove
binders such as netropsin®*, DNA binding proteins3>, or oligonucleotides in antigene or
antisense approaches637, Specificity reached at present on the basis of DNA triplex
formation is enormous3®.

1.44. Hydrolytic Cleavage. A convenient route to RNA mono and oligonucleotides is
still the hydrolysis of natural RNA by metal hydroxides®. The mechanism of
phosphodiester hydrolysis is reasonably well understood, last but not least as a result of X-
ray work on Pb(II) modified®® tRNAPhe  There have been a number of strategies to
develop site-specific artificial nucleases!! for nucleic acids. A major advantage of
hydrolytic cleavage over redox cleavage of nucleic acids is the generation of fragment
viable to subsequent routine enzymatic reactions. While considerable progress has been
made with RNA cleavage, DNA phosphodiester backbone cleavage still represents a great
challenge. Lanthanide ions, together with Oy or HyO», seem to have the potential to
hydrolytically cleave DNA as they cleave DNA dinucleotides*C.

1.4.5. Spectroscopy. Chiral discrimination of coordinatively saturated octahedral metal
complexes containing polypyridyl ligands has been widely studied employing a variety of
spectroscopic techniques (UV-vis, fluorescence, NMR, linear and circular dichroism), in
particular by the groups of Barton?!2 and others*!. Binding of the metal compound occurs
in these cases through electrostatic, hydrophobic, and possibly H bonding forces, but the
exact binding patterns are still controversial4Z,

1.4.6. Miscellaneous. The method of multiple isomorphous replacements, that is
formation of several different heavy-atom isomorphous derivatives is instrumental in
solving X-ray structures of large biomolecules, including tRNAs or nucleosomes®3. Heavy
metal compounds have also been employed as stains in electron microscopy of DNA and
DNA/protein complexes and in studies on ultrastructural effects of drugs (Cisplatin) on
whole cells and specifically cell nuclei*4. Finally, the fractionation of DNAs of different
base composition via preferential heavy metal derivatization has been pursued.

2. Metal Binding Patterns

2.1. OVERVIEW

Metal species bind to nucleic acids in a variety of ways (Figure 2). Non-covalent binding

modes are those that are (i) purely electrostatic, (ii) involve 7-m-interactions between
aromatic ligands of the metal and nucleobases (intercalation®’, shape-selective groove-
binding?!®2%) and (iii) hydrogens bonding (e.g. [Co(NH3)g]3t, c.f. 1.1.)
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Figure 2. Schematic representation of possible metal binding models to DNA

Covalent metal binding to an isolated nucleobase or a nucleotide incorporated into an
oligonucleotide can, in principle, occur (iv) at the phosphate oxygens, (v) at the sugar, (vi)
at the heterocyclic purine or pyrimidine ring, or (vii) in a combined fashion.

In general, the various components, e.g. electrostatic attraction, hydrogen bonding, and
direct coordination contribute to the overall metal binding energy. Depending upon the
metal species, one or more components dominate?,

Among the various possibilities of direct coordination to a nucleobase (v - vii), binding to
sugar oxygens is least likely and restricted to very few established cases with Os and Cd*7.
Phosphate binding is the usual way how hard metal ions bind to nucleobases*’:*8, Binding
patterns are particularly versatile for soft metals in that they usually prefer the heterocyclic
bases. Although in duplex DNA the number of possible metal binding sites is reduced due
to partial involvement in H bonding, in single stranded DNA and RNA many of these
possibilities are real. Moreover, metal species may accomplish strand separation (c.f. 4.3.).

It is probably not overexaggerated to state that there is hardly any site in a nucleobase that
is not capable of binding a metal. For example, with N1 substituted uracil, X-ray
structurally characterized metal binding sites are 02, N3, 04, and C5%. A 1?2 binding
fashion to C5,C6 has been proven spectroscopically’®. Frequently combinations of
phopshate and base binding are seen, for example in the solid state of metal nucleotide
complexes (intermolecularly), but also occasionally in solution ("macrochelate"?).
Depending on additional ligands the metal ion is carrying, binding sites can be influenced
considerably for steric reasons or favorable ligand-nucleobase interactions2,
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Favorable chelate formation, as seen with oxygens in nucleoside di- and triphosphates,
may even lead to a switch in binding preference. The soft Pt in cis-(NH3),Pt(Il), for
example, forms pure phosphato chelates with CTP and CDP>? rather than binding to the
heterocyclic N3 position, as usually seen in CMP, model cytosine bases or cytosine in
DNA.

2.2. EXAMPLE: METAL BINDING TO GUANINE

It is beyond the scope of the lecture to review all established metal binding patterns to the
common nucleobases or closely related ligands. These have been reviewed*’-4%34. Only
binding patterns to 6-oxopurine ligands will be considered in the following, with particular
empbhasis on verification by X-ray crystal structure analysis.

2.2.1. N7 Binding. The N7 position probably is the most common metal binding site in
DNA for simple metal aqua ions. However, it is important to recognize that with
kinetically inert species, additional ligands carried by the metal may change the picture
dramatically (c.f. 2.3.) and that molecular electrostatic potentials of guanine N7 sites in
DNA are not uniform but display a marked sequence-dependence’3. A recurring feature of
metal complexes of guanine nucleotides is H bonding between a metal ligand (e.g. HyO or
NH3) and/or O6 and/or a phosphate oxygen of the same molecule®. In the case of the
antitumor agent Cisplatin, a similar H bonding interaction is discussed in terms of
stabilizing the DNA distortion®’.

22.2. N7,NI Bridging. Established in a number of Pt(II) compounds38, this pattern
appears to be quite common in Pt(II) chemistry. Although deprotonation at the N1 site is
required, neither high pH nor a large excess of metal is necessary to accomplish this
pattern. Even the 1:1 complexes of both cis- and trans—[(NH3)2Pt(guanine-N7)(H20)]2+
spontaneously associate to N1,N7 bridged aggregates at neutral pH>°. The possibility of
Cisplatin interacting with DNA in this fashion, following initial N7 binding and strand
dissociation, has been proposed®’.

2.2.3. N7,NI1,N3 Binding. Binding of three metal entities to these sites is a consequence
of N1 deprotonation and has been observed with the model nucleobase 9-ethylguanine and

(NH3)3Pt(I1)6!.

2.2.4. NI Binding. Unlike N7 binding, which takes place in acidic medium, N1 binding
requires neutral or alkaline conditions, depending on the pK, of the M(OH») unit. For
preparative purposes, a feasible way of isolating N1 bound guaninato complexes is via a
transient blocking of the kinetically preferred N7 position’3®. Thermodynamically, the N1
linkage isomer is clearly favored over N7 coordination®2.

2.2.5. N7,06 Binding. There has been much discussion on the involvement of this site in
the coordination of the antitumor agent Cisplatin ("N7,06 chelate hypothesis"). Although
never proven by X-ray analysis for cis-(NH3)pPt(II), in related systems
(Pt(IV)/theophylline’3; (Cp)» Ti(IV)/xanthine®*) N7,06 chelates have been verified. N7,06
bridging with a 6-oxopurine ligand (IMP) has first been observed by Bau and coworkers in
a tetranuclear Cu(II) complex® and recently also in dirhodium(IT) complexes containing
anionic and neutral 9-ethylguanine ligands®.
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2.2.6. NI1,06 Binding. A heterotrinuclear complex containing the cis-(NH3),Pt(II) entity
bound to the deprotonated N1 position of a guanine model nucleobase and a Cu(II) at the
06 position has been isolated and X-ray structurally characterized®’. Again, binding of a
metal to O6 is a consequence of deprotonation at N1.

2.2.7. NI1,N7,06,Phosphate-O Binding. The tetranuclear complex [Cuy(5'-IMPH),
(phen)4(H0)4]2" already mentioned® is a demonstration that even four sites of a 6-
oxopurine ligand may be involved in metal binding.

2.2.8. C8 Binding. Finally, with 6-oxopurine ligands containing N-blocked positions (e.g.
xanthine) formation of organometallic complexes having metal-carbon bonds to C8 have
been reported®®.

2.2.9. Metal Migration. For kinetically labile metal compounds, a complication arises
from the fact that metal migration, e.g. from the kinetically favored N7 position to the
thermodynamically favored N1 position, is possible. Such processes have been verified for
PA(II) and Pt(I1)*%70, It has been proposed’® that intramolecular migration of (dien)Pt(I)
involves temporary O6 binding.

In summary, it appears that with the exception of the amino group at the 2-position,
metal binding has now been verified for all the other positions. Considering long-standing
statements that N7 is the only likely metal binding site at 6-oxopurine nucleobases, these
findings convincingly demonstrate the importance of model studies.

2.3. ROLE OF SPECTATOR LIGANDS

When talking about metal binding selectively to a certain nucleobase, one has to have in
mind that generalizations in many cases are inadequate and may lead to wrong
conclusions. It is necessary to also consider additional ligands bound to the metal. Zn(II) is
a good example in this respect: When [Zn(H20)x]2+ reacts with duplex DNA in weakly
acidic medium, it binds to guanine-N7 positions (even though not uniformly to all of them,
c.f. 2.2.1.)"172, From work with isolated nucleosides it is evident, that binding to this
position, is rather weak, logK being ca. 0.8 - 0.9 for the 1:1 complex’374, For N1 binding
(deprotonation required, only at alkaline pH relevant), a logK of 2.6 has been calculated”,
Binding to deprotonated thymine (N3 position) is expected to be considerably stronger (c.f.
logK = 4.75 for 1:1 complex with uridine-N3 73), but at acidic pH not yet sufficiently high
to compete with guanine-N7 binding which does not require deprotonation. When
introduced into a macrocyclic ring such as 1,4,7,10-tetraazacyclododecane, [12]aneN4,
Zn(IT) binds even more strongly to uracil and thymine, with logK values now around 5.2 -
5.6’%. Binding constants for the other nucleobases are considerably lower (<3). The
thermodynamic preference of [Zn(Hzo)([IZ]aneN4)]2+has been attributed to favorable H
bonding interactions between the two exocyclic oxygens of the pyrimidine-2,4-dione
nucleobases and the amine protons of the [12]aneNy ring. This "threepoint recognition"
mode] has meanwhile been extended to a "fourpoint recognition" model by introducing an
additional pendant aromatic ring (acridine) which, by costacking with the nucleobase,
enhances complex stability further (logKk for dT, 7.2)77. It is now high enough to
successfully compete with other binding sites even at physiological pH.

A similar preference for uracil and thymine N3 sites has previously been reported by
ourselves for (dien)Au(IIT)’8, logK being around 8 for the complex with 1-methyluracil.
The high selectivity for these positions has been attributed to H bonding between 04 and
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02 oxygens and dien amine protons, as seen in the crystal structure analyses of two
complexes of 1-methyluracil, and to the facts that Au(IIl) carries its own base OH" to
deprotonate the neutral uracil(thymine) bases. Our findings have meanwhile been extended
to a variety of oligonucleotides’8, and include also mixed metal (Pt(II), Au(III))
sequences such as d(TGT).

The effects of additional ligands at the metal on complex stability with a particular
nucleobase has been studied by us in more detail in the case of Pd(II). From this work it is
evident that H bonding by itself appears not to be sufficient to account for differences in
complex stability which, in the case of 1-methyluracil (or uridine), differ by as much as 3
log units7°.

2.4. MULTINUCLEAR, OLIGO- AND POLYMERIC COMPLEXES

It is generally considered likely that under physiological conditions metal binding to
nucleobases in nucleic acids take place with the latter being present in a large excess.
Consequently, stoichiometries of ML, (n > 1) are more likely than MyL (n > 1).
Formation of the bis(guanine) adduct of cis-(NH3)oPt(II) is an example. On the other
hand, from model studies it is quite clear, that formation of ML compounds is not
uncommon at all. In fact, with single stranded nucleic acids (denaturated DNA; RNA) this
situation may be quite relevant. Multiple metal binding to a single nucleobase is facilitated
if the complex formation is associated with nucleobase deprotonation?®80, This
phenomenon has most convincingly been demonstrated for guanine (N7,N1; N7,N1,N3;
N1,06; c.f. 2.2.) and uracil (thymine) (N3,04; N3,04,02%), but is also seen in cytosine
complexes (N3,N4)8182 and includes both homo- and heteronuclear metal systems. With
adenine, deprotonation is not a prerequisite in that this nucleobase has two unprotonated
binding sites, N1 and N7, at physiological pH. However, if the exocyclic amino group is
involved as a binding site together with N1, it is deprotonated as well®3,

Polynuclear arrangements form when metal ions are shared between nucleobases.

Polymeric Ag(9-MeA)(NO3)-H,O is an example®4. From the stoichiometry it is frequently
not possible to predict the solid state structure. Thus tr.ans—E(NH3)2Pt(1-MeU)2Ag2]2+ is
polymeric®> whereas a trans-[(NH3)Pt(1-MeC)y Agy]4T forms discrete trinuclear
cations®. This difference probably arises from the more pronounced differences in basicity
of the secondary binding sites between 1-MeC- (N4,02) as compared to 1-MeU (04,02).
Oligo or polymeric complexes may also ariss when small entities, e.g. dinuclear
complexes are used as building blocks. Both metal cation complexation®’, anion
bridging®®, H bonding®®, metal-metal bond formation (reinforced by H bonding)®?, as well
as bridging by small entities such as HyO and NO3- in combinations with cations®! has
been observed. A special case of oligo- or polymeric metal nucleobase complexes is
realized if the metal centers are bridged by anions such as ClI- or OH- to form a
"backbone", to which nucleobases are added in a regular manner. Two types of complexes
of this kind are presently known: Polymeric Hg(II) compounds with a (HgCl)oc backbone
and guanine ligands®?, and a trinuclear Zn complex having a linear Zn(OH)Zn(OH)Zn
backbone with eight 1-methylcytosine bases bound to the three metals®? (see also 4.3.3.).

Finally, cyclic nucleobase complexes have been prepared in a number of cases#563.835.94,
Even though these compounds are not necessarily biologically relevant, they are a new
facette within the field of supramolecular chemistry and definitely of interest with respect
to their receptor properties.
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2.5. TERNARY COMPLEXES

Ternary complex formation between metal ions, nucleic acids (or nucleobases), and
proteins (or peptides and amino acids) in biology can, in principle, take place in three
different ways: (i) Direct cross-linking between a nucleobase and an amino acid of the
protein via the metal, (ii) metal ion binding to protein, which triggers binding of the
protein to the nucleic acid, and (iii) metal binding to the nucleic acid, which causes a
protein to associate with the nucleic acids. An example for (ii) are regulatory
metalloproteinsi?, one for (iii) is the "damage recognition protein" that binds to DNA
when it is kinked and partially unwound as a consequence of Cisplatin coordination to two
adjacent purines®>. The biological significance of type (i) is not fully understood, but are
there examples of this kind (c.f. literature cited in ref. 96). One refers to suggestions that
Cisplatin toxicity?? and likewise its inactivation®® is related to cross-link formation of this
type. Recently, there have been attempts to exploit such a possibility with regard to cancer
chemotherapy applying dinuclear metal complexes®. It seems possible to develop highly
selective probes for either nucleic acids or proteins on the basis of ternary complex
formation, provided binding principles are well understood.

3. Effects of Metal Binding to Nucleobases
3.1. ELECTRONIC EFFECTS

The major electronic effect of metal binding to a nucleobase (heterocyclic part) is on the

acidity/basicity of groups. With the exception of metal species capable to act as strong 7-
back donors (e.g. (NH3)5Ru(II)), the normal way of metal cations is to acidify NH protons
and to reduce the basicity of endocyclic N and exocyclic O sites. Usually aromatic C-H
protons are also effected, as demonstrated by a facilitated isotopic exchange. The
magnitudes of these effects depend both on the charge of the metal and the distance
between the metal and the respective proton. Typically, N7 guanine binding of a dipositive
metal increases the N(1)H acidity by 1 - 2 log units!%, In the case of N3 cytosine binding,
an increase by 3 - 4 log units is observed for the exocyclic amino protons by the same
metal. Conversely, metal binding to an anionic nucleobase, viz. proton displaced by metal,
usually increases the basicity of other sites in the heterocycle as compared to the neutral
ligand!®l, As a consequence, primary metal binding to a deprotonated nucleobase leads to
an increased affinity for additional metal ions (multinuclear complexes, c.f. 2.4.). In the
absence of additional ligands, these effects have consequences for H bonding patterns and
stability of base pairs as well as base stacking.

3.2. STRUCTURAL ASPECTS

As demonstrated in many examples of X-ray structurally characterized metal nucleobase
complexes, the effect of metal complexation on the ring geometry of the base is marginally
only. Despite this fact, the metalated base(s) in a nucleic acid fragment respond(s)
markedly to metal binding. The changes associated with metal binding have been, for
obvious reasons, most intensively studied for the major adduct of Cisplatin with DNA, the
intrastrand GG cross-link. The principal methods applied were high resolution NMR
spectroscopy!%2, molecular mechanics calculations!?3 as well as sophisticated biochemical
techniques which allow the kinking and unwinding of DNA to be measuredl?4 While
drastic effects on DNA structure can be expected from bifunctional metal binding (such as
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Cisplatin), it is important to realize that even monofunctional binding at the DNA
periphery, e.g. the N7 position of a purine in the major groove has remarkable effects on
stability and geometry of DNA. This conclusion has been reached not only on the basis of
solution studies, as in the case of (dien)Pt(I1)!95, but also by soaking experiments carried
out with crystals of a double stranded DNA dodecamer and Cisplatin'%. This aspect is
also relevant to the question of ligand rotation processes, e.g. of a monofunctionally bound
cis-(NH3)pPtX entity about a Pt-N(nucleobase) bond in DNA prior to completion of the
final bis(nucleobase) adduct. Model studies on isolated bis(nucleobase) complexes!?7 as
well as a molecular mechanics analysis!®® point toward interactions between Pt amine
ligands and the substituent at the purine position 6 as a major determining factor for the
ease of rotation.

3.3. IRREVERSIBLE BASE MODIFICATIONS

Covalent metal binding to a nucleobase in most cases is reversed by the action of a
stronger nucleophile which displaces the metal. Occasionally, however, metal nucleobase
bonds can display a remarkable inertness toward substitution, which is of kinetic origin!%?,
Irreversible alternations of nucleobases as a consequence of the presence of a metal species
have occasionally been observed, as outlined below.

3.3.1. Nucleobase Oxidation. Examples of oxidative sugar damage brought about by
metal ions have already been referred to in the context of artificial nucleases (c.f. 1.4.). As
far as oxidative reactions at the heterocyclic part of the bases are concerned, a number of
these have been observed, e.g. oxidative halogenation at the C5 positions of uracil and
cytosine bases, including subsequent HoO addition to the C5,C6 double bond, brought
about by [AuX4]" (X = Cl, Br)!1 or oxidative dimerization of uracil ligands to bis(uracil-
C5,C5), likewise accomplished!!! by [AuCly]~. Hydroxymethylation of 1.3-dimethyluracil
in the presence of EuCl3 and upon irradiation is another example!!?, and TI(NO3)3
oxidizes 5-aminouracil to an imidazolone!!3. Finally, C8 oxygenation of 6-oxopurines
(inosine; 1-methylinosine) by (NH3)sRu(III) has been observed with the metal entity
coordinated to the 7-position!14,

3.3.2. Nucleotide Hydrolysis. Hydrolysis of the glycosidic bond is an important reaction
in particular in purine nucleobase chemistry. Depurination is usually accomplished by
purine protonation. Binding of kinetically inert species, e.g. of Pt(II), thus can have a
protective effect in that protonation is delayed. On the other hand, (dien)M(IT) (M = Pt,
Pd) has clearly been shown to exhibit significant spontaneous hydrolysis'!> and [PdCl4]2-
selectively depurinates adenine residues!!®. Studies with cyclometallated Pd(II)
compounds have shown similar results and led to the isolation of a dinuclear Pd complex
with coordination to both N3 and N9 of the adenine!17.

3.3.3. Synthetic Aspects. Pyrimidine nucleosides and nucleotides with substituents at the
C5 position are of substantial interest due to their applications as antiviral agents and
probes in nucleic acid chemistry. Synthesis of these compounds in many cases is via
organomercury and metastable organopalladium complexes with C5-metal bonds to the
pyrimidine bases!!8,
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4. Metals and Base Pairing
4.1. H BONDING PATTERNS

Hydrogen bond formation between the complementary nucleobases guanine and cytosine
as well as adenine and thymine (uracil), according to the Watson-Crick scheme (or
occasionally according to Hoogsteen) is of key importance to all processes involving base
pairing steps, namely DNA replication and transcription, RNA translation, and reverse
transcription. In tRNAs there is no need to conform to these strict pairing patterns and
consequently many variations are possible. Likewise the wobble pair between guanine and
uracil, which can occur during protein synthesis in the ribosomal mashinery, does not
affect conservation of genetic information. It is well established now that a number of
additional H bonding motifs involving protonated bases (cytosine!l?, adenine!20), triple-
stranded structures (pyrimidine,purine,pyrimidine!2! or purine,purine,pyrimidine’), as well
as tetraplex structures®!19:122 are possible in DNA structures.

Mismatches between bases as a consequence of the existence of rare tautomeric

structures of nucleobases and/or an anti = syn switch of a nucleobase!?? are generally
considered causes of spontancous mutations. From model studies it is evident, that
inclusion of solvent molecules, e.g. HyO, in a base pair can also prevent correct pairing!24,
Mismatches, introduced on purpose in dusplex oligonucleotides in a number of cases, have
been studied by IH NMR spectroscopy!2’ or X-ray crystal structure analysis!26.

4.2. METAL BINDING TO SITES NOT INVOLVED IN H-BONDING

As pointed out in section 1.1., metal ions in many cases are essential for stabilization of
normal or odd base pairing schemes by neutralizing the repulsion between negatively
charged polynucleotide strands. However, pushing it to the extreme, metal phosphate
binding during a base pairing step (e.g. protein synthesis) can lead to indiscriminate pairing
and consequently to errors.

As far as metal coordination to the heterocyclic part of a nucleobase or a base pair is
concerned, theoretical calculations strongly suggest that electronic complementary between
nucleobases is disturbed!?’. However, no uniform picture has emerged from this work as
yet as a consequence of different approaches and in part due to different views on the
relative contributions of the various effects to be considered (potential role of water
molecules, importance of polarization effects etc.)!28,

Experimental work on the effects of metal coordination to sites not involved in Watson-
Crick pairing schemes (e.g. N7 or N3 of purine; C5 and C6 of pyrimidines; O2 of
thymine) has provided some insight. For N7 platinated guanine model nucleobases, a pK,
shift (acidification of N1 proton normally involved in H bonding)!??, a loss in base pairing
specificity!30 and, as a consequence, the formation of a base pair between a neutral and an
anionic guanine!3! have clearly been demonstrated. An effect on the tautomer equilibrium
of N7 platinated adenine model bases (increase of imino form) has not explicitly been
proven, even though it is likely to take place!32. In principle, this way the mutagenic
potency of the ApG cross-link of Cisplatin, which leads mainly to A — T transversions,
could be explained. The principal possibility of stabilizing a rare nucleobase tautomer
through metal binding (albeit at sites normally involved in H bonding, e.g. cytosine-N4,
thymine-N3, uracil-N3 has been shown!0L133.134 These model studies point out feasible
ways of nucleobase tautomerization which appear to be relevant in particular for kinetically
labile systems.
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Apart from electronic effects that influence proper H bonding, severe steric constraints
can likewise lead to changes in H bonding patterns and, in the extreme, to mispairing.
Detailed work on the GG cross-link of Cisplatin with DNA has established that H bonding
to cytosines in the opposite strand is, at least for one of the two guanines, altered!0%b.
Similarly, the mutagenic potential of the ApG cross-link of Cisplatin mentioned above
might simply be a consequence of steric distortion only, with an adenine inserted across
the lesion which does not hydrogen bond at all to the platinated A!35. To complicate things
even further, solvent (H7O) accessibility in a severely distorted DNA sequence may alter
the dielectric constant of the medium sufficiently to influence the tautomers equilibrium
(for a discussion on adenine see ref. 136) and/or 7participate in the H bonding scheme,
thereby permitting non-complementary pairing!24137.

4.3. METAL BINDING TO HYDROGEN BONDING SITES

At first glance it might seem unlikely that metal ions are capable of binding to sites
normally in the interior of double stranded DNA and involved in H bonding (e.g. N1 of
purines; N3 of pyrimidines; exocyclic groups). However, with DNA being a dynamic
molecule capable of "breathing", insertion of metal species into a duplex structure is
possible. Ways for getting a metal inside the duplex could be (i) insertion from either the
major or the minor groove, or (ii) initial binding to a purine N7 position followed by
rotation of the metalated base about the glycosidic bond from anti to syn. Metal binding
can (iii), of course, also take place when the nucleic acid is temporarily in a single stranded
form. Interstrand cross-linking of a GC base pair by trans-(NH3)oPtCly 138139 most likely
occurs via pathway (ii), whereas insertion of Hg(Il) into a AT pairl4? could conceivably
take place via the major groove. In the first case, no nucleobase deprotonation is required,
whereas deprotonation of a base is necessary in the case of Hg(II) binding.

For obvious reasons, metal cross-linking within an essentially planar base pair restricts
the metal coordination geometries to a few possibilities (linear; trigonal-planar; in certain
cases (c.f. 4.3.3.) tetrahedral). The metal complex formed can be considered a "metal-
modified base pair"14! since the feature of (near-) coplanarity of the bases is maintained.
The principle of a suitable metal entity substituting a proton in a H bonded nucleobase
associate can be extended from complementary bases to identical or non-complementary
ones and can be varied to include also triples and quartets.

As briefly pointed out in ref. 141, the binding patterns seen in "metal-modified base
pairs" might be of use in antisense and antigene approaches when applied to
oligonucleotides.

43.1. Linear Metal Geometry. Bis(nucleobase) complexes of Hg(Il), Ag(I) or trans-
XoM(II) (X = amine or halogen, M = Pt or Pd) typically represent metal-modified base
pairs with the two bases in respective frans-positions and essentially coplanar. Coplanarity
of bases is frequently supported by H bonding between the two bases, or by insertion of a
solvent molecule (Figure 3). Moreover, in the case of trans-XoM(II), the X ligands, which
are more or less perpendicular to the nucleobases, prevent any large propeller twist of the
bases anyway. Formally, bis(nucleobases) complexes of octahedral metal complexes with
the two bases in trans-position, also can be considered this way. The steric restraints
imposed by the four other ligands forces the two heterocyclic bases even more into a
coplanar orientation!33142,
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Figure 3. Coplanarity of two nucleobases in metalated base pairs (a) in the absence of
intramolecular H bonding, (b) with intramolecular H bonding, (c) with HyO mediating H
bonding between bases. All three patterns have been established by X-ray analysis (c.f.

text). (® denote N atoms)

Depending on the choice and combination of nucleobases, the following situation can be
differentiated: (i) Two identical bases. The bis(nucleobase) complexes can then be
considered metal analogues of hemiprotonated cytosine, hemiprotonated guanine,
protonated guanine(s), or of the (hypothetical) hemideprotonated thymine. As in the (hemi)
protonated forms, the two nucleobases are oriented head-tail in the solid state of the metal
analogues3®143_ In solution, the head-head orientation coexists. In favorable cases it is
possible to crystallize also the head-head rotational isomer. (ii) Complementary base.
Crystallographically characterized examples are the AT complexes of trans-apP(Il) in
both Hoogsteen and Watson-Crick arrangement and the corresponding GC compound with
Hoogsteen-oriented bases!41-144, H bonding schemes are schematically depicted in Figure
3 b and c. (iii)) Non-complementary base. Any combination of linkage isomers of non-
complementary bases is possible. Characterized by X-ray crystallography are two
examples, again of trans-ayPy(Il), with A-N7, C-N3 [145] and A-N7, G-N7 43¢, (iv)
Triples. Metalated nucleobase triples, containing a metalated base pair and a H bonded
third base!46 or three nucleobases connected by two metal entities!4” have been prepared
and studied. Work on compounds containing a central purine, metalated at both the N1 and
the N7 position has revealed a unique structural feature, namely orthogonality of M-N7
and M-N1 vectors!47. This fact permits favorable H bondinlg interactions in tris(purine)M»
triples of type (puj)M(pup)M(puy), as demonstrated by ‘H NMR spectroscopy. It also
suggests that it should be possible to synthesize cyclic purine quartets with all four bases
coplanar and connected via N1,N7 bridges.

43.2. Trigonal-planar Metal Geometry. The mixed nucleobase complex [Ag( 1-MeC-
N3)(9-MeA-N7) (HyO)INO3 is the only example of this kind presently known!4®. It has a
(albeit strongly distorted) trigonal-planar coordination geometry about the metal. The most
interesting feature of this compound is the HyO ligand which is clearly involved in the H
bonding pattern between the two nucleobases (Figure 4a).

4.3.3. Tetrahedral Metal Geometry. As long as binding of two nucleobases to a metal of
tetrahedral coordination geometry occurs through endocyclic sites of nucleobases, a
coplanar arrangement is excluded for steric reasons. With either both bases bound via
exocyclic donor atoms or alternatively via one endo- and one exocyclic donor atom it is,



193

however, possible to accommodate two nucleobases in a coplanar fashion about the metal
(even with one or more H bonds maintained).

@

Figure 4. Planar nucleobases in (a) mixed CA complex of Ag* with H5O involved in H
bonding, (b) ZnC» entity with N3 and O2 bound nucleobase. (¢ denote N atoms)

This latter possibility is realized in a trinuclear Zn(II) complex containing N3 and O2 bond
1-methylcytosines (Figure 4b)°. Nucleobase deprotonation is not required. It is also
possible to construct Zn-modified pairs containing the complementary bases applying the
same principles. It is tempting to speculate, in this context, on the unique role of Zn ions in
the reversible unwinding of DNA?.

5. Abbreviations

A adenine, unspecified
C cytosine, unspecified
G guanine, unspecified
T thymine, unspecified
U uracil, unspecified

1-MeC 1-methylcytosine, neutral form
1-MeC- 1-methylcytosine, deprotonated at N4
1-MeU 1-methyluracil, monoanion
9-MeA 9-methyladenine

CMP cytidine monophosphate

CDP cytidine diphosphate

CTP cytidine triphosphate

5'-IMPH 5'-inosine monophosphate

pu purine

phen o-phenanthroline

phi phenanthrenequinonediimine
dien diethylenetriamine
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1. Introduction

Within the two last decades, much data has been published on chemical and biochemical
aspects of structural damages generated by oxidative stress on cellular constituents (DNA,
proteins, lipids and carbohydrates).! Oxidative damage to DNA can be initiated by several
methods: ionizing radiation,? photooxidation (UV or visible light with or without photo-
sentitizers),3 hydroperoxides activated by traces of adventitious transition metals salts,*
hydroxyl radicals’ or various other oxidizing agents (for a recent review article on the
oxidative degradation of DNA, see ref. 6). In this latter category, we find cytotoxic drugs
like bleomycin or agents having an enediyne motif, and chemical nucleases mainly based
on redox-active transition metal complexes (for recent review articles, see ref. 7,8). DNA
damages can be produced by oxidation of nucleobases or sugar units. Damages on deoxy-
ribose lead to the loss of one base information and/or a break on a DNA strand which might
correspond to a lethal lesion, especially when an oxidation process produces a double-
strand break (DSB), via a true DSB or via two near single-strand breaks (SSBs) on oppo-
site strands.

The present review is focused on DNA cleavage by cationic metalloporphyrins, but it
should be noted that many other transition metal complexes can also cleave DNA: iron-
bleomycin is able to cleave DNA via H-abstraction at the 4’ position of deoxyriboses8 (this
reaction might be mediated by an iron-oxo species?), Fe-EDTA alone!02b or linked to a
variety of vectors!0c.d.e, copper complexes!! and several cobalt and ruthenium complexes
can be used as DNA probes.!2 Porphyrin derivatives have been used in the diagnosis and
treatment of malignant diseases. A hemin derivative such as HPD (hematoporphyrin deriva-
tive) tends to accumulate specifically in neoplastic tissues and produces irreversible dama-
ges via singlet oxygen when the dye is photoactivated by visible li§ht.13 Efforts have been
made to prepare new porphyrin derivatives in cancer phototherapy.!4

Cationic porphyrin molecules are able to bind to DNA1!5 and RNA.16 Most of the stu-
dies have been focused on free meso-tetrakis(4-N-methylpyridiniumyl)porphyrin (TMPyP)
or on its metallated derivatives (iron, manganese, nickel, palladium, zinc; see Figure 1 for
the structure of M-TMPyP). Several exhaustive review articles in this field are available.!5
The free porphyrin TMPyP intercalates between DNA base pairs, binds to chromatin in
vitro and tends to localize in the cell nucleus.!? For the metallated TMPyP derivatives three
modes of binding have been recognized:
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Figure 1. Structure of M-TMPyP pentaacetate (M stands for Mn or Fe).

(i) intercalation when metalloporphyrins do not have axial ligands,!5 (ii) outside DNA
binding for complexes with axial ligand, and (iii) minor groove binding in the case of
MnTMPyP (see below for arguments provided by studies on the molecular aspects of DNA
cleavage by activated Mn-TMPyP). Spectroscopic studies of N-methylpyridiniumyl
metalloporphyrin binding modes to DNA are not facilitated by the porphyrin-porphyrin
stacking interactions.!® Electrochemical or chemical activation of metalloporphyrins is an
alternative approach to determine DNA binding constants.1?

Cationic metalloporphyrins are able to generate DNA breaks by oxidation of sugars on
both strands of B-DNA (for DNA structures, see ref. 20). More precisely, all these sugar
degradation processes are initiated by H-abstractions, since the aliphatic nature of deoxy-
ribose does not favor oxidation by electron abstraction. Hydrogen bonds of deoxyriboses
have a well-defined stereochemistry and their orientations with respect to drugs or chemical
nuclease are also controlled by DNA itself, via DNA-drug interactions. So, the homolysis
of a C-H bond depends not only on the carbon substituents (removing a H-atom from a
tertiary carbon is easier than from a secondary carbon, from a thermodynamic point of
view), but also on the relative orientation of the drug/sugar C-H bonds. For drugs interact-
ing within the minor groove of B-DNA, two tertiary C-H bonds are easily accessible: C4’-
H and C1’-H. The third tertiary C-H bond (C3’-H) is only accessible from the major
groove. Carbons C2’ and C5’ have two secondary C-H bonds. In both cases, only one C-
H bond is accessible from the minor groove (the pro-R H-atom at C2’ and the pro-S H-
atom at C5’; for assignments of prochiral hydrogen atoms at C2’ and CS5’ see ref. 21).

2. Cationic metalloporphyrins: mechanisms of potentiation and DNA
cleavage

Synthetic metalloporghyn'ns are able to mimic heme-enzymes-mediated oxygenation and
oxidation reactions.2? Beside their use in P-450 or peroxidase modeling, iron or manga-
nese porphyrins with peripheral positive charges, e.g. Fe- or Mn-meso-tetra(4-N-methyl-
pyridiniumyl)porphyrins (Fe- or Mn-TMPyP, for crystallographic data see ref. 23), exhibit
a strong interaction with DNA that brings into the vicinity of the target a powerful oxidizing
species. The active oxidative species in the case of DNA cleavage is probably the same as
that involved in catalytic oxygenation and oxidation reactions described for metallopor-
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phyrins in general, namely a high-valent metal-oxo porphyrin complex able to hydroxylate
a C-H bond or to epoxidize an olefin.22 This active species is generated in the presence of
oxygen atom donor compounds like iodosylbenzene,24 h%/drogen peroxide,252 potassium
monopersulfate252-0.d or magnesium monoperphthalate.25¢ Another way to generate an
oxo-metalloporphyrin species is to use molecular oxygen associated with an electron source
(a reducing agent or an electrode), as does cytochrome P-450,19% 24,2627 Among all these
different methods, the most efficient for performin% oxidative cleavage of DNA is the
activation of cationic Mn-porphyrins by KHSOs.25. 28 Data on DNA cleavage by Mn!ll-
TMPyP/KHSOj5 suggest that diffusible radical species are not involved in the reaction
(breaks are well-defined and HyO, is at least three orders of magnitude less efficient in
generating the active species?52), The high-valent TMPyP-MnV=0 is a single-strand DNA
cleaver. Catalytic activity can be observed only at low metalloporphyrin concentration to
avoid self-oxidation, leading to the chromophore bleaching, ({],p to 5 SSBs per Mn-TMPyP
molecule were observed?32). The high-valent TMPyP-MnV=0 species responsible for
DNA cleavage is too reactive to be directly characterized. An activation process for the
generation and the reactivity of this manganese-oxo entities is proposed in Figure 2.

(a) oxygen transfer

H’abstraction . ROH

R
0 RH R OH
G — QD> G Ty
"Q" atom donor y H

(b) e abstraction

Figure 2. Two possible oxidative pathways for activated Mn-TMPyP: (a) P-450 route;
(b) diverted P-450 route.

Mn-TMPyP belongs to a class of cationic metalloporphyrins that do not intercalate
between DNA base-pairs but instead bind in the minor groove of AT-rich regions of
DNA.192.28,29 Thys the ability of Mn-TMPYyP to select AT-rich regions of DNA is appa-
rently electrostatic/steric in origin. It has been proposed that this cationic metalloporphyrin
is attracted by the high negative potential at the surface of the minor groove 3! of A-T-rich
sequences. A close contact with the minor groove is necessary to enhance the cleaving
efficiency of the metalloporphyrin, as deduced from studies on variations in total charge
and in charge distribution at the macrocycle perigher%'.lga» 29a-c,31 At high ionic strength,
the reagent is unable to bind and/or cleave DNA.25% 32 The preferred cleaving site of Mn-
TMPyP on B-DNA consists of three consecutive A-T base-pairs creating a suitable “box”
for highly selective DNA cleavage.24 23d-e, 29ad Ay this site Mn-TMPyP is strictly
mediating hydroxylation at C5’ on the nucleosides located on both 3’-sides of the “AT
box’33: one single-strand break on each strand leads to double-strand cleavage with a 4
base-pair shift to the 3’-end of the opposite DNA strand. So far, there is no definite proof
that such a cleavage pattern is the result of two SSBs by the same metalloporphyrin
activated twice inside the minor groove, or whether it is effected by two different activated
metalloporphyrins. On large DNA substrates, SSBs prevail 252 and on oligonucleotides
substrates (with one or two “AT boxes”) DSBs are easily obtained.33

Mn-TMPyP is also able to degrade G-C-rich sequences with a reactivity reduced by two
orders of magnitude relative to degradation of (A-T)j sites. The mechanism of DNA lesions
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at these regions of DNA is not fully understood and may involve sugar oxidation (C5’ or
C1’) and/or base oxidations. Affinity constants of up to 107 M-! have been published for
Mn-TMPyP at the (A-T)3 binding site.25¢ Other values, 105 M-! for A-T sequences and
103 M1 for G-C sequences, have also been reported. 190

From different studies on DNA and oligonucleotides cleavage reactions with Mn-
TMPyP/KHSOs, different stable reaction products were identified: 5’- and 3’-phospho-
rylated termini, free bases and 5-methylene-2-furanone.34 This furanone derivative results
from the initial hydroxylation of the C1’ carbon as indicated in the top of Figure 3. With
Mn-TMPyP/KHSOj as cleaving reagent, C1’ represents the main oxidation target for
single-stranded or GC-rich double-stranded DNA, but only a minor target for AT-rich
sequences containing DNA for which C5’ then becomes the main target.34? In this case,
HPLC analysis of the products released in solution after a heating step has allowed the
observation and characterization of free bases, oxidized nucleosides 35 and furfural (Figure
3).34 Using HPLC separation techniques or PAGE analyses, cleavage fragments from
small oligonucleotides were analyzed 24 25¢, 32,33, 36 and their transformation following
chemical and/or enzymatic treatment allowed their identification (bottom of Figure 3): 3°-
phosphate-ending fragments were subjected to alkaline phosphatase in order to obtain the
corresponding oligonucleotides with 3’-OH ending; 5°-CHO ending fragments were heated
(two consecutive [3-eliminations give furfural as sugar residue, free base and 5’-phosphate
ending fragment), or oxidized by I in an alkaline medium (5’-COOH end) or reduced by
NaBHy (5’-CH,0H end).36:37

e Cr

+

0B +

RO,PO-. OB 3 — [RO,POLO = O

2 i < ROl ROPR 00| [ O
©

T n
/ PO;R’ OH@ PO,R' + S-methylene-

RO;PO-%'_OJ,?, R'OPO; 2-furanone

Q OH
PO.R’' \ @ ;
O —

HS' abstraction B
1) RO3PO-(: OHC—. O 0 o
. @] —S 7
PO;R %K._V . OHC*Q;B .|OHC

. o
J\e H PO.R’ -
furfural
Rogpo-‘*:o B0

Figure 3. Proposed reaction mechanism when initial site of attack by Mn-TMPyP/KHSOs
system is C1’ (top) or C5’ (bottom) of the deoxyribose.

The activated cationic metalloporphyrin initiates the oxidation of the deoxyribose by
H5’-abstraction, giving a C5’ centered radical which can reacts with the MnIV-OH complex
(an alternative mechanism is the one-electron oxidation of this radical by Mn!V-OH to
generate a carbocation which is attacked by a water molecule to produce the 5°-OH deriva-
tive (see Figure 2 for the so-called P-450 diverted route). Spontaneous cleavage follows,
with formation of a 3’-phosphate end and a 5’-aldehyde ending derivative (direct break of
the DNA backbone). A first 3-elimination produces a second break on the DNA backbone
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with release of a 5’-phosphate end and a @, $-unsaturated aldehyde compound. Finally a
second (-elimination gives rise to free base and furfural as sugar degradation product. The
5’-COOH ending fragments, sometimes observed,3¢ 37 are probably due to a second oxi-
dative reaction of the recycled activated Mn-TMPyP on the same site. Complete characteri-
zation of the o, 3-unsaturated aldehyde intermediate was obtained by chemical methods.3%

No efficient chemical model of restriction enzyme, able to hydrolyze a selected phospho-
diester bond, is presently available. However, in an alternative pathway, hydroxylation of
carbon 5’ of deoxyribose immediately followed by reduction of the formed 5’-aldehyde
may allow to mimic this hydrolysis step (oxidation step + reduction step = “pseudo-
hydrolysis™). This was recently demonstrated using the Mn-TMPyP/KHSOgs system and its
specific hydroxylating activity at the C5’ position of deoxyribose. The resulting fragments
may be religated by chemical methods, so this system is able to mimick the well-know
restriction endonuclease/ligase association.3’

Hybrid molecules based on a metallotris(methylpyridiniumyl)porphyrin moiety attached
to various vectors have been prepared allowing targeting of the nuclease activity. The
vector can be an intercalating agent like 9-methoxyellipticine.38 Such derivatives exhibit the
essential properties of bleomycin. They are cytotoxic against leukemia cells in vitro and
their nuclease activity, as well as their cytotoxicity, is metal-dependent.38¢:d Mn-tris-pyridi-
niumylporphyrin3? is also a suitable motif to be linked to various vectors like oligonucleo-
tides.*0 The attachment of an efficient DNA cleaver to oligonucleotides might be useful in
the development of new antitumoral or antiviral drugs. Recently, we have shown that the
motif tris-methylpyridiniumylporphyrinatomanganese covalently linked to a 19-mer com-
plementary to the initiation codon region of the tar gene of HIV-1 is able to cleave a 35-mer
containing this intitiation codon zone, in the presence of a large excess of random double-
stranded DNA, at very low concentrations (5 to 100 nM). Such a specificity cannot be
observed with the free Mn-porphyrin because its reactivity is mainly directed to the large
excess of random DNA 41

3. Conclusions

The DNA-cleavage route selected by Nature for cytotoxic drugs (bleomycin, enediyne) is a
sugar oxidation and not a hydrolysis of phosphodiesters. So it is not surprising that
synthetic transition metal complexes exhibiting redox properties and DNA affinity have
been developed as “chemical nucleases”. Development of these artificial and selective DNA
cleavers, because of the need for highly efficient (quantitative cleavage of the target must be
reached) and highly specific (sequence specificity on large DNA fragments) reagents, is a
challenging area in the rational design of future antitumoral or antiviral agents as well as in
the field of molecular biology.
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ABSTRACT: Metals play crucial roles in life processes. It is increasingly recognized that metals
are involved in cellular and subcellular functions. With the application of new and sophisticated
machines to study biological and biochemical systems the true role of inorganic salts in living
systems can be revealed. Inorganic chemistry is not the “Dead Chemistry” that some people may
think. Today, it is known that metals are important ingredients in life, just as the organic
molecules. For instance, the divalent magnesium and calcium ions play important regulatory
roles in cells. Metallothionins are groteins rich in metal ions found in living systems. The
divalent cations Zn?*, Ca?* and Mg?* prevent cytotoxicity and in vivo antagonize Cd-induced
carcinogenesis. Lack of body iron is common in cancer patients and it is associated with
complications in surgery and in animal experiments. The transport of iron and other metal ions
by the blood plasma is achieved through the formation of protein complexes. Copper is
recognized as an essential metalloelement and is primarily associated with copper-dependent
cellular enzymes. Metals are also used as inorganic drugs for many diseases.

The cisplatin (cis-Pt(NH;3),Cl,) is the first member of a new class of potent antitumor drugs
belonging to metal coordination complexes which are being introduced in Medicine. The
emphasis in this chapter, however will mainly be on the metal-molecule interactions and the
chemistry and structure of metal-complexes.

1. Introduction

There are a variety of naturally occurring metal complexes which are involved in some
manner in life processes!. We all know that calcium builds strong bones and teeth. But
calcium also helps to quell muscle cramps and trigger a number of reactions in the human
body. Our cells in their activities depend on magnesium. In fact next to potassium,
magnesium is the most abundant mineral inside each cell. Ca?* and Mg?*, as well as
Zn?*, Cu?*, Fe?* and Mn?* are involved in biological processes in the nucleus and are
present in detectable amounts (102 to 10 mol) and bound to DNA and RNA in the
cells2. The active configuration of RNA is dependent on Mg2* or Mn?* concentration.
Enzymes in both plants and animals depend on the energy to do their work delivered by
magnesium. It is known that magnesium delivers the energy by activating the production
of adenosine triphosphate (ATP) which provides energy to those billions of cells in our
body. Magnesium is a catalyst or activator for this reaction and countless other physical
activities.
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The enzymatic activity, for instance in DNA-polymerase together with the effects of
divalent ions, such as Mg?*, Mn2*, and Zn?* on the rate of polymer synthesis has been
reported>.

Finally we will report on the developments of models for the metal ion sites found in
metal complexes of single metal ions with organic ligands having as donor atoms,
oxygen, nitrogen, sulfur or phosphorous donor atoms. Molecular models were originally
developed for the conformational analysis of organic compounds. However, coordination
compounds are less studied due to the presence of the metal ion which brings in a variety
of geometries that the metals show in their compounds, and the lack of parameters for
interactions with the metal ion. Most molecular mechanics programs treat metal-ligand
interactions by defining a covalent bond between the metal ion and the ligand atom
“ponded approach” or by using electrostatic and Van der Waals forces “non-bonded
approach”™, This review will not analyze the methods, but it will report on the nature of
the problems and the use of the methods that have been worked out to try to solve them.

2. Biological Effects

Metals are known since ancient times. The Egyptians is said to have used copper to
sterilize water in 3000 BC, the Chinese used gold in medicine in 2500 BC and
Hippocrates was using many metals, such as, Cu, Fe, Zn, Na, K to cure diseases’.

The great majority of the elements of the Periodic Table are metals (about 80) and most
of them are involved in life processes or have been used as drugs. The coordination
chemistry of alkali, alkaline-earth and toxic cations and their complexation aspects for
which stability constants and selectivities have been determined with some macrocyclic
cryptates are illustrated on Figure 1.

The applications of the above cryptates for the elimination of the radioactive cations
have been shown for cryptate 3, 85Sr2*, 224Ra2*, 140Ba2*, The complexation selectivities
were: Sr2t/Ca2t = 4.103, Ra2*/Ca?* = 1.6.102, Ba2*/Ca?* = 1.3.10° and Sr2*/K* = 4.102,
RaZ*/K* = 16, BaZ*/K* = 1.3.104. All in favor of the radionuclide. The experiments were
performed in vivo (on rats) and the excretion of radioactive cations in faeces and urine
were greatly enhanced in the presence of the cryptatesS.

As detoxification agents of heavy metals were also used several cryptates which formed
strong binding with the toxic heavy metals (Cd**, Hg?*, Pb?*) and weak binding with
biologically essential cations (Na*, K*, Mg?*, Ca?*, Zn?*). For Ca®" the cryptates 1-3, 6-8
were used successfully (selectivities Hg2*/Ca2* from 1013 to 1025, Hg?*/Zn?* from 10!
to 101 and for Pb** the cryptates 2,3,6-10 were found to be the best (selectivities
Pb2t/Ca?* from 10° to 1014, Pb2*/Zn2* from 10° to 10!9). Extraction and transport of
cations were also possible with these cryptates’ and they have found a large variety of
applications in analytical chemistry.

The biological effects of occupational and environmental exposure to chromium have
been reported recently®. In a report the occupational exposure to Cr compounds in
industry of production of the metal and applications of the metals, such as chrome plating
chromium chemicals and pigments and in various other industries, such as in leather
tanning, production of Cr catalysts, paints textiles, corrosion inhibitors and others has
been studied. In all these cases Cr exists in the bivalent and hexavalent state. Chromium is
a human carcinogen. Lung cancers have been reported in chromate-exposed workers in
the production of alizarin dyes in 1911 and 1935°. The latency period for Cr-associated
lung cancers ranges between 10-15 years after the initial exposure. The main routes of
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exposure to Cr are the skin, gastrointestinal tract and respiratory tract. The metabolism of
Cr is greatly influenced by the routes of intake.
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Figure 1. Cryptates’

The clinical aspects of aluminum metabolism and aluminum containing drugs, and links
between aluminum neurotoxicity and cerebral atrophy in regular hemodialysis treatment
patients are described in a report!?. The main sings of beginning systematic aluminum
intoxication are neurological symptoms accompanied by aggravation of an already
existing renal anemia and/or osteopathy. Aluminum concentrations in blood plasma and
different tissues are often found increased in patients with chronic intermittent
hemodialysis treatment.

Copper (II) is recognized to be an essential trace element!!. Its biological activity has
been shown in electron transport processes as an integral enzyme co-factor, in antioxidant
protection, pigment formation and hormone production!2.

It has also been shown that the perspective capacity of physiologically essential metals
to antagonize DNA binding (Zn?** > Mg?* > Ca?") parallels their in vivo capacity to
antagonize Cd-induced carcinogenesis!?., This study concludes that magnesium is
important in the maintenance of the general integrity of the biological system and that the
prominent effect of magnesium in cancer systems may be its role in the control of
immunity growth, or stabilization of the DNA structure!?.
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3. Inorganic Drugs

The inorganic drug discoveries are many. Technetium, 99mMTc(V) is used for radio
imaging and other medical uses. Fe-complexes are present in metabolic processes in
virtually all organisms and have been reported in the excellent work on siderophores
(from the Greek: ofSnpoc=iron , popéac=carrier) by Kenneth Reymond et al'!>. There are
many MRI contrast agents today, such as Gd(III) complexes, Mn(II) and Fe(III) as well.
Gold(I) in colloid form or as a complex (Auranofin), Au(I)(PEts)acetylthioglucose is
antiarthritic. Some gold complexes have been tested as anti-cancer agents. The anti-
arthritis drugs based on gold complexes usually are compounds linked to thiosulfate
(Sanochrysin) and sugar ligands such as auromycin. The mechanism of action of gold
drugs is not known. There are of course the well known Pt anticancer drugs (see later).
Polyoxymetallates have also been studied for anti-HIV16- Metals or metal coordination
compounds may be used as macrocyclic antibiotics, radioisotopes with targeting agents
such as antibodies ACE inhibitors. The current drug of choice for the treatment of iron
overload is a siderophore!”.

Chelating agents are already in clinical use to remove toxic metals. Wilsons’s disease is
a genetic disorder due to Cu metabolism. Silver nitrate is still used today in some
nurseries to treat/or prevent ophthalmic gonorrhea in the newborn, or as Ag(l)
sulfadiazine as antibacterial but now in most places use modern penicillin derivatives.
Trace element supplements are used in hospitals as hyperalimentation compounds taken
intravenously. The most expensive clinical application of metals or organometallic
complexes takes place in radiology. MRI has resurrected organometallics for radiologists.
The Gadolinium complexes have already been mentioned above, but many other
compounds are being attempted. Mn(II), and Fe(III) chelates are used for liver and tumor
imaging!?, Porphyrin derivatives are used to identify tumors, particularly radiologically
undetectable lung tumors. They are also used as radiosensitizers of tumor cells prior to
radiation therapy. The radiology literature is full of new metal compounds used in
radiology.

The design of new drugs that contain metals is a new area of investigation and one can
use comgutational chemistry to understand metalloproteins, metalloenzymes and haem
proteins!®. It is known that there are not many reported successes of drug design and even
fewer with metal containing compounds and metalloenzymes. Pharmaceuticals and
inorganic chemistry have been recently described in the review by Sadler!®, The most
important application of inorganic chemistry in pharmaceuticals is in antineoplastics, and
nuclear medicine related to diagnostic radiology. Heavy metal chelates are used for
imaging in nuclear medicine, for instance liver imaging was developed or modeled after
similar agents in hepatobiliary imaging. There is a substitution of a radioactive metal with
the paramagnetic metal ion. The role of thallium-201 chloride in brain tumor imaging has
been used, since thallium-201 is a potassium substituted and it is widely used for
myocardial imaging since 197120,

4. Screening of New Inorganic Antitumor Agents

Selecting and identifying novel agents for the treatment of neoplastic disease is a difficult
job and it changes and evolves considering the empirical data available, Initially the
strategy was predominantly based on in vivo rodent tumor models. The earliest rodent
models used were the transplantable tumors, e.g. Yoshida ascites sarcoma, Sarcoma 180,
and Erlich ascites carcinoma. These tumor models had limited successes and were
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replaced in the 1950’s by synergy transplantable murine tumors, e.g. L1210, P388, B16.
These are then the backbone of the majority of screening programmes today. The
prominent models have been the P388 and L1210 murine leukemias which have been
extensively used by laboratories for the pre-clinical selection of new antitumor agents.
One of the well prepared screening programmes is that of the NCI?L. The screening
between 1955-1982 indicated that from 600,000 compounds screened, only 50 drugs were
in the clinic. A general conclusion that can be drawn from this reports is that very few
solid tumors show successful response to chemotherapeutic agents in the clinic. The
selection therefore based on cytostatic/cytotoxic agents must be changed to a new
approach for screening for new anti-tumor agents. Single cell culture screening systems
have been of little value and thus the development of new systems utilizing a range of cell

lines was established from human solid tumors?2.

5. Platinum Anticancer Drugs

In 1969, Barnett Rosenberg and co-workers discovered accidentaly?® that cis-diammine
dichloroplatinum (IT) (cisplatin) had antitumor activity. Today almost 25 years later this
compound is one of the most widely used oncolytic drugs against a variety of cancers24,
To date, well over 1000 analogues of cisplatin have been synthesized and examined for
antitumor activity particularly against cancers of testicles, ovaries, head and neck, bladder
and other carcinomas. However, the drug has a few side effects, such as, nephrotoxicity,
cytotoxicity, vomiting, lost of hair, cross-resistance and lack of solubility and of course it
kills the healthy cells as well.

The design and synthesis of the aldiol derived platinum complexes are analogues of
cisplatin. The synthesis from D-manitol was performed by stereocontrolled manipulation
of the hydroxyl groups. Unlike the hydroxyl substituted platinum complexes, the methoxy
analogues appeared to lack cross-resistance in tissue culture trials using the P338 lines
showing IC50 kg/mL resist/sens ratios close to unity, compared to cisplatin, which shows
significant cross-resistance?>. This chemotherapeutic agent has the DNA as a target for
anticancer drug action. Platinum complexes, like nitrogen mustards and most other
alkylating agents, react with the DNA primarily at the guanine-N7 position. Bifunctional
compounds can react with two guanines on the same or on the opposite DNA strands to
generate intrastrand or interstrand crosslinks?® (Fig. 2). These drugs, produce DNA-
protein crosslinks. However, it has often been difficult to determine, if either, of these
lesions is the main cause of cell killing.

Cell killing could not be due simply to the presence of DNA lesions, but must involve
an interaction with replication or mitosis. The number and persistence time of crosslinks
in the genome could produce a lethal event. The molecular mechanism of action of
cisplatin has been a fascinating subject of research?’ and still is. The binding at the N7
position of two adjacent guanines in DNA sequence results in a weakening of hydrogen
bonding of the base pairs and the inevitable unwinding of the double helix?8:29,

The kinetics of crosslinks formation and repair3® have been studied in some detail in
L1210 cells treated with cisplatin by quenching DNA-cisplatin in L1210 cells and
introducing mainly cisplatin monoadducts and selectively study the second coordinating
position of the monoproduct to form crosslinks. It was concluded, however, by this study
that sensitivity to alkylating agents and platinum complexes is not always fully explained
by crosslink formation.
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or

intrastrand interstrand
Figure 2. Intra- and interstrand crosslinks

We have recently reported?® the synthesis and antitumor activity of a series of novel
platinum complex analogues of cisplatin with the general formulae shown in Figure 3.

RO
HNH Cl NH Cl
N SR NP2
Pt Pt
HNH-o Cl NH cl
RO
Pt-1 Pt-2
cis-platin
RO
RO
RO
RO
Pt-3 Pt-4

Figure 3. Novel platinum cisplatin analogues, R = H, alkyl
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The antitumor activity of the hydroxy analogues showed significant in vitro activity
against sensitive strains of L1210 leukemia and P388 with D50 values comparable to
cisplatin. In vivo tests (subcutaneous and in- travenous) against PU-239 showed levels of
activity approaching that of cisplatin and in vivo test results with M5076 sarcoma were
inferior to cisplatin. The O-methyl analogs also showed significant in vitro and in vivo
antitumor activity against several tumor lines. The same trends were observed in vivo
with good resistant/sensitive ratios comparable or better from cisplatin. In all, promising
antitumor activity is exhibited by these analogues.

6. Structure of Platinum-DNA Adducts and Spectroscopic Studies

The interactions of the above platinum aldiol complexes with nucleic acid compounds,
such as guanosine, 5’-GMP, 3’-GMP, GpC, CpG have been studied by spectroscopic
techniques like FT-IR, Raman and 'H NMR as well as with Mass spectrometry3!:32,
These structural and spectroscopic studies with various nucleotides and DNA have shown
that in all the above reactions the stable unit of cis-Pt(NH,R)?* is chelated as intrastrand
cross-linking moiety at two adjacent guanines, coordinated with the N7 nitrogen sites33.
The reaction of as-Pt(NH3)C12 or CIS-Pt(NHzR)ZCIZ analogues with a guanosine takes
place through the N7 of guanine as follows33 :

(diamine),PtCl, + 2G-residue — (diamine),PtG,-residue** + 2CI-

The 2G-residues, may be two free guanines, guanosines, guanosine monophosphates or

two guanines linked through sugar-phosphates as in DNA.
The above reaction is general and the assumption is made that it takes place also in vivo.
The generality of this reaction is also deduced from the greater basicity of the N7 site of
guanine. It has been observed in the solid FT-IR spectra of the complexes formed that a
change from C2’-endo to C3’-endo conformation of the sugar, is accompanied by a shift
of the sugar-phosphate characteristic band3* from 825 -cm! to 800 cml. This
conformational chan; §e has also been confirmed from 'H NMR spectra of the complexes
in aqueous solutions?

The secondary structure of DNA depends on the sugar-phosphate backbone vibrations.
these “marker bands” of the furanose-phosphate backbone vibrations for the
conformations C2’-endo/anti (B-DNA) C3’-endo/anti (A-DNA) and C3’-endo/syn (Z-
DNA) have been observed in FT-IR of metal ion-nucleotide adducts and also in Raman
spectra36. These vibrations reveal the conformational changes which take place in the
secondary structure of double DNA helix upon metal fixation at the N7 site of guanine3”.

The primary structure of covalent bonds in DNA also changes upon metal complexation
of the N7 site of guanine and this introduces changes in the “marker band” near 690 cm'!
due to the “breathing mode” of the purine ring, which shows considerable change upon
coordination of a metal ion at the N7 site of guanine. These changes, however are general
for all the metals that are bonded to N7 of guanine. An attempt to differentiate between
the cis- and trans-Pt(NHj3),Cl, interactions with DNA the FT-IR spectra of the cis-
Pt(DNA) and trans-Pt(DNA) adducts have been recorded and compared. The spectra are
shown in Fig. 4. the FT-IR spectrum of cis-Pt(DNA) is different from that of the trans-
Pt(DNA) adduct with respect to the marker bands38. These deferences are with respect to
Pt-N7 mono adduct (frans-Pt) and Pt-(N7) bi-adduct (cis-Pt).
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Figure 4. FT-IR spectra of DNA-metal complexes

7. Molecular Modeling of Coordination Compounds

Inorganic pharmaceuticals are a new challenge in modern pharmacology. This is helped
by drug design based on molecular modeling of coordination compounds, and in
particular modeling metal ion sites, in all the cases where metals play a role in living
processes. The binding mode of metal ions in proteins, nucleic acids, membranes, etc. is
complex. Metals do control the activity of enzymes and some of the most genetic
processes in the replication of DNA and RNA. A great deal of effort is given in designing
organic drugs, but very little in inorganic chemistry. This trend must change by showing
how inorganic compounds are important for life. We think that this can be accomplished
by exploring methods for molecular mechanics modeling of coordination compounds and
inorganics in general?®. We must develop molecular models for the metal complexes of
single metal ions with organic ligands in order to find new approaches for the force fields
of coordination compounds. A new force field for modeling metalloproteins has been
developed by Vedani and Huhta®. This new force field for modeling metal-ligand
separation, the symmetry and the energy expression has a function which includes as
variables the metal-ligand separation, the symmetry at the metal center (metal site), the
directionality of the metal-ligand bonds, the ligand-metal charge transfer and the ligand
field stabilization (for transition metal ions). The program “YETI” incorporates the crystal
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structure data, H-bonds, etc. in order to be used for modeling details of metal-
coordination. It has been found that there is a clear preference for metal-bound ligand
atoms to orient their lone pair towards the metal center just like a H-bond acceptor atom
prefers to orient its lone pair towards the donor-H atom.

Results were described in a new analysis* of the center atom environments of Zn(II)
and Co(Il) in small-molecule crystal structures with data retrieved from Cambridge
Structural Database (CSD). These results were used as a basis for an extended potential
function to model metal centers in proteins. The new model has again been incorporated
into the molecular mechanics program “YETI” (Version 4.5) and used to model
biological complexes and Co(1I)-substituted human carbonic anhydrase I. We think that
this is an interesting new approach to study metal coordination complexes in bioinorganic

chemistry.
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THE INTERACTION OF HEAVY METAL IONS WITH DNA
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1. Introduction

The effect of metal ions upon conformation of DNA was realized early, when it became
apparent that metal ions are involved in the stabilization of the Watson-Crick double
helix!2. Metal ions react with a variety of electron-donor sites on polynucleotides3. There
are two main sites of interaction, the phosphate moieties of the ribose-phosphate
backbone and the electron donor groups of the bases. The two types of interaction carry
with them quite different effects upon the structure of polynucleotides. Reactions with the
phosphate means stabilization of ordered structures but cleavage of phosphodiester bonds
at high temperature. Whether the binding is non-specific, i.e., totally predictable on the
basis of electrolyte theory, or whether specific bonds to the phosphate are produced, the
result is to neutralize the array of negative charges on the double helix and thus to
stabilize it. Such stabilization is accompanied by an increase in the "melting temperature"”
of DNA%.

Reaction with the bases means destabilization of ordered structures, since metal ions
can bind to the base stacking interactions that hold together the two strands of DNA.
Destabilization is accompanied by a decrease in the melting temperature, Tm of DNA.
The differences in behaviour of various metal ions with polynucleotides have made it
apparent that some metal ions prefer the phosphate sites and other metal ions prefer the
base sites. The difference was strikingly illustrated by the effect of magnesium(Il) and
cadmium(II) ions on the melting behaviour of DNA. However, metal ions cannot be
placed into two categories of those that bind to phosphate and those that bind to the bases.
Thus, copper(Il) ions that are so effective in base binding, also bind to phosphate and are
therefore capable of cleaving phosphodiester links in polyribonucleotides. On the other
hand, zinc(II) ions which are so effective in degrading phosphodiester links due to
phosphate binding have been demonstrated to bring about a temperature-reversible
unwinding of DNA through binding to the bases. Also, DNA can be unwound at low
ionic strength with copper(Il) ions and subsequently rewound by cooling and then adding
solid electrolyte. Evidence indicates that copper(II) forges intramolecular as well as
intermolecular cross-links. Mercury(II) and silver(I) ions bind to the nucleoside bases in
such a manner that the two chains become cross-linked, native double-stranded DNA can
be regenerated from this structure by removal of these ions by complexing anions>-6

The antitumour drug cis-Pt(NH3)7Cly shows a wide variety of biological activity and
seems to act by causing a primary lesion on cellular DNA by binding to the bases. The
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drug thus bound to native DNA causes both interstrand cross-linking and a partial
destabilization of the DNA secondary structure.
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Figure 1. Variations of Tm of solutions of DNA as a function of divalent metal ion
concentration.

The preference for phosphate over base association decreases in the order
Mg(I1)>Co(ID)>Ni(ID)>Mn(I1)>Zn(I1)>Cu(Il) (Fig. 1). Also trivalent rare earth ions and
hard metals in general stabilize ordered structures by binding to phosphates. The above
series could be extended to include softer heavy metal ions. In the presence of Pb(Il),
Au(IIl), P(II), PYIV) or Rh(IIl), the melting temperature of DNA is substantially
lowered. Heavy metal ions may therefore be placed to the right of the above series’3.

Several ruthenium complexes have been shown to inhibit cellular DNA synthesis in
vitro at a level similar to that of cis-Pt(NH3)7Cl, and have shown antitumour activity in
animal studies. Compounds containing pentammine-ruthenium(II) and (IIT) have been
shown to inhibit DNA synthesis functioning, probably by binding to DNA. It has been
observed that large complex cations that are strongly bound to phosphates stabilize the
double helix very effectively’. The [Co(NH3)6]3+ cation has been found to increase the
Tm of poly(I-C) by about 50°C for high metal ion concentrations. However, a biphasic
melting appears for low metal ion concentrations, attributed to cations moving from
melted polynucleotide regions to double helix regions so that the uncomplexed helix
melts at a lower temperature than the complexed’-?

A biphasic melting has also been observed in the case of [AI(H20)6]3+ interaction with
DNAS® and in the case of cis, rans-[Pt(NH3),Cl»]'%1! interaction with poly(dA-dT). This
has been explained by the subsequent melting of uncomplexed and complexed regions.

Of the various rhodium complexes studied for mutagenic activity, cis-[Rh(en),Cl»]Cl
with a charge of +1 and two leaving groups of suitable lability has given positive results,
while [Rh(NH3)5C1]Clg with one leaving group and a charge of +2 has given negative
results!2. Erck et al.!® have studied the interaction of Rhp(acetate)q with various
polynucleotides for relatively short interaction times and have found that binding occurs
with denatured DNA and poly-A, while there is no extensive binding with poly-G, poly-C
and double helical DNA (A=adenine, G=Guanine, C=cytosine). The observed cytostatic
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effect of this complex has been attributed to inhibition of DNA and RNA polymerases
due to reaction with the -SH groups of the enzymes!4.

The interaction and conformational changes of various heavy metal ions among them
Ru(IT), Ru(IIT), Rh(II), Rh(III) systems with DNA is presented!>-1%.

2. Results and discussion

2.1 THE INTERACTION OF RUTHENIUM(IIT)-CHLORIDE SYSTEM WITH DNA

16

top bottom

Figure 2. Density gradient from ultracentrifugation experiments. ¢ DNA solution,> DNA
-RuClj3 solution.

2.1.1 Sedimentation experiments. In Figure 2 are presented the results of the
sedimentation experiments. We observe for DNA solutions that DNA molecules with
high molecular weight appear in the upper fractions of density gradients. On the contrary,
DNA-RuClj solutions indicate that the molecules with the higher molecular weight
correspond to middle and lower fractions of the density gradients. Also, the ratio of the
average molecular weight of DNA in RuClj solution to the average molecular weight of
DNA alone in solution is 2.2.

Thus from the distribution of molecular fractions in the sedimentation experiments and
the increase of the average molecular weight of DNA in RuClj solution, we conclude that
the DNA is interacting with the Ru(III) ions.

2.1.2. Electronic spectra. RuClz in the presence of chloride ions (1x102 M NaCl)
exhibits an absorption spectrum in the region 350 to 560 nm with maxima at 379, 460
and 552 nm characteristic of Ru(III) ions in water solution at concentrations between 5 x
10-4 and 1x10-3 M in the pH region 6.5 to 6.7. Several chlorohydroxy derivatives must
exist in equilibrium in this pH region?. Spectra of unbuffered solutions or buffered citrate
solutions exhibit no significant differences at these concentrations. The respective spectra
in the presence of DNA at 25°C showed a decrease in absorption maxima and a shift of
the bands in the visible spectrum. The observed changes are not very significant and
indicate that Ru(III) does not interact with the bases at room temperature. The decrease in
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absorbance observed could be interpreted as a decrease in effective metal ion
concentration due to interaction with phosphates.

The conclusion that Ru(III) interacts with the phosphates at room temperature is further
supported from the ultraviolet spectra of Ru(III)-DNA solutions. Ultraviolet spectra of
Ru(III)-DNA solutions that were taken using in the reference cell concentration of the
metal ion in the same as in the sample cell do not show any change in the 258 nm DNA
band. The absorbance of these solutions is greater than in the respective DNA-NaCl
solutions and is increasing with the r value.

The ultraviolet spectrum of DNA, as is well known, shows a maximum at 258 nm. The
position of this maximum remains unchanged by the addition of Cu(II) ions at 25°C, but
on increasing the temperature there was a small shift in the maximum towards longer
wavelengths and an increase in the absorption due to decrease in hypochromicity.
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Figure 3. Melting behaviour of Ru(III)-DNA solutions. [DNA] = 5 x 10-3 M(P) in 1 x
10-2 M NaCl, r = Ru(IlI)/ [DNA], A = 260 nm. , Closed and o, open symbols are
found on heating and cooling curves respectively.

It was concluded that Cu(Il) ions at room temperature bind to phosphate sites only, but at
higher temperatures when some relative motion of the two strands, in the DNA helix is
possible, such as occurs at the "annealing temperature”, penetration of the helix by the
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Cu(Il) ions can occur, which results in binding of the Cu(Il) ions to nitrogen atoms of the
bases20.

This was further evidenced by the increased absorption and the blue shifting of the
bands in the visible region of the spectrum caused by stronger ligand field of the nitrogen
derivatives on coordination to Cu(I)2223 . Similar effects were observed in the ultraviolet
and visible part of the spectrum with Au(IlI)?* and cis-Pt(NH3)pCl1p252¢ and these
changes were interpreted as being due to reduction of stacking interactions of the bases,
disruption of hydrogen bonds between base pairs and interaction of the metal ions with
the nitrogen of the bases.

The ultraviolet spectra of Ru(III)-DNA solutions that were heated up to 37°C remained

unaltered, indicating that no observable reaction with the bases takes place up to this
temperature. However, the ultraviolet spectra of dilute Ru(III)-DNA solutions that had
been previously heated to 75°C and then cooled to room temperature exhibit an increased
absorption and a shifting to longer wavelengths. Thus during thermal denaturation close
to or at the "annealing temperature”, some interaction takes place at an earlier stage of the
denaturation process. This type of interaction, however, seems to be quite strong since it
remains even after the solution is cooled. Ru(III) ions most probably form interstrand
cross-links with the DNA at room temperature in a manner similar to that observed for
cis-Pt(IT) 25-26,
2.1.3. Heating and cooling curves. Figure 3a represents the well-known heating and
cooling curves of DNA at low ionic strength (0.01 M NaCl). The melting temperature,
Tm, is 67°C and the transition is relatively noncooperative. Cooling of the denatured
DNA produces a slight decrease in absorbance due to randomized restacking. Figures 3b-
3f represent the heating, cooling and reheating curves of DNA at different metal ion
concentrations and in Table I are summarized the melting temperatures at various r
values. We observe that the melting temperatures, Tm, of Ru(III)-DNA solutions are
increased during the first heating with increasing concentration of the metal ion and in all
cases are higher than the Tm of DNA alone. Thus, Ru(III) ions behave in the manner to
be expected for metal ions that bind exclusively to phosphate?”. The negative charges on
the phosphate groups of native DNA repel each other and tend to unwind the molecule
unless counterions are present. The more such counterions there are, the lower the
tendency to unwind. Thus, the higher the Ru(II) concentration, the higher the melting
temperature of DNA.

Figure 4 shows the change in Tm with increasing concentration of Ru(III) during the
first heating at various times. We observed that in all cases equilibrium is attained rather
quickly. This conclusion is also supported from the electronic spectra of these solutions at
room temperature.

From the cooling curves of 3b-3f we observe a decrease in absorbance depending on
the r value. The decrease in absorbance is greater for small values of r. At high r values
the decrease in absorbance of the cooling curves is small and for r = 2 the decrease
becomes minimal.

Eichhorn et al.# observed that Co(II) and Ni(II) increase the Tm with increasing metal
ion concentration and the absorbance decreases for high values of r on cooling. It was
suggested that Co(II) and Ni(Il) interact with the phosphates for small values of r;
however, at high r values Co(II) and Ni(II) also interact with the bases. Thus the addition
of sufficient Co(II) or Ni(II) allows some of the metal to hold complementary bases in
reverse during heating, so that rewinding can occur on cooling. The melting behaviour of
Zn(IT) and Mn(II) suggested that_these ions bind to DNA both from the phosphate and
from the bases.
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Figure 4. Tm dependence as a function of metal ion concentration at various times,
during the first heating. 0t=1h, ot=24h, at=72h.

Thus, Zn(II) and Mn(II) are capable of base interaction to such an extent that a large
proportion of double-stranded DNA appears to be regenerated on cooling.

Table I. Melting temperatures of DNA-RuCl3 solutions
t(h) T
0.1 0.5 1.0 1.5 2.0
1 Ist 68.0 Ist 70.3 Ist 71.4 Ist 72.0
2nd 68.0 2nd 70.3 2nd 67.7 2nd 64.6

24 Ist 69.6 Ist 72.2 Ist 73.1 Ist 73.0
2nd 69.2 2nd 68.8 2nd 65.8

48 Ist 70.2 Ist 70.7 Ist 72.4 Ist 73.7
2nd 69.8 2nd 67.6 2nd 65.0

72 Ist 69.6 Ist 71.9 Ist 73.5 Ist 73.9

2nd 69.8 2nd 69.0 2nd 65.2

From the melting curves (Figs. 3b-3f), we conclude that Ru(Il) is interacting with the
phosphate at room temperatures; however, at elevated temperatures it is also interacting
with the bases of DNA. The phosphate interaction is dominant in all cases since the Tm is
increasing for all values of r. However, for small values of r a portion of the metal ion
during denaturation holds the two chains in close proximity so that the double helix is
regenerated on cooling. This phenomenon is similar to that observed for high r values as
opposed to our case in which this was observed for small values of r. Also, for Cu(II) and
cis-Pt(II) the interaction of these metals with the bases of DNA starts about 37°C; for
Ru(III), however, this interaction becomes apparent at much higher temperatures. most
probably when most of the DNA is close to melting. These conclusions were also
supported from the electronic spectra of Ru(III)-DNA solutions, which do not show any
drastic changes when they were heated up to 40°C. Thus, it seems to be preferential
binding of Ru(IIT) to the bases of single-stranded DNA versus double-stranded DNA;
steric reasons most probably indice this preferential bmdmg For small values of r the
metal ion concentration is enough to hold the two strands in close proximity and leave
enough positions of the bases free to cause rewinding on cooling. Ru(IIl) ions interact
strongly with the bases so that the bonds remain intact on cooling. These conclusions are
strongly supported from the electronic spectra of Ru(III)-DNA solutions that had been
previously melted and then cooled to room temperature. Thus, in these cases interstrand



225

cross-linking is proposed to be primarily responsible for the renaturation procedure. Also,
an amount of the metal ion that is bound to phosphate is acting cooperatively on cooling
in a manner similar to the addition of solid electrolyte observed for the rewinding of DNA
in the presence of Cu(II) and Cd(II)3.

In Table II is presented the percentage of renaturation of DNA as was calculated from
the relative hypochromicity of the solutions on cooling?326. We observe that the
percentage of renaturation is increasing with time for a certain r value. This is may be due
to increased interaction of the metal ion with the phosphate groups, thus leaving a greater
number of free bases for renaturation. This is in accordance with our previous statement
that Ru(III) ions are preferentially bound to phosphates.

Table II. Percentage renaturation of DNA-RuClj solutions

t(h) r
0.1 0.5 1.0 1.5
1 78 73 60 33
24 76 63 34
48 85 65 35
72 86 70 37

From Figures 3b-3f we observe that at high metal ion concentrations (r = 1, 1.5, 2)
renaturation is reduced for steric reasons since quite a few positions of the bases are now
blocked from Ru(III) ions, forming intrastrand crosslinks.

Tm.°C
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660
630 . —_
00 40 [oy19ci05u 80

Figure 5. Tm dependence as a function of metal ion concentration at various times,
during the second heating. t=1h,ot=24h, at=72h.

Pascoe and Roberts?® demonstrated that only 1 out every 400 reactions of cis-Pt(II) to
Hela cell DNA was a cross-link and only 1 out of every 4000 reactions with trans Pt(II)
was a cross-link. Thus, it is reasonable to assume that the single-stranded reactions of
Ru(III) with the DNA bases dominate over cross-linking reactions. Renaturation at high r
values is now inhibited because of the increased probability that the reaction with the
opposite strand would be blocked due to the presence of another monofunctionally bound
Ru(III) molecule at that site. In Table I and in Figures 3b-3f we observe that the Tm
values during the second heating coincide with those of the first heating only for small
values of r. In Figure 5 is presented the change in Tm with increasing metal ion
concentration during the second heating.
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The Tm is decreasing with increasing r value. This can be explained by the fact that
during the second heating the cross-linked Ru(III)-DNA facilitates the interaction of
Ru(III) ions with the bases of the DNA, thus decreasing the Tm with increasing r values.
In conclusion, Ru(IIl) is interacting with the phosphate moieties of DNA and only at
denaturation temperatures starts to interact with the nitrogen of the bases forming
interstrand cross-links responsible for the renaturation process. However, this occurs only
for small values of r. Steric hindrance probably inhibits the renaturation procedure for
high r values. The interstrand cross-links persist even at room temperature and are
primarily responsible for the decrease in melting temperatures during the second heating.

2.2 THE INTERACTION OF Rh(II) AND Rh(III) WITH DNA

Electronic spectra of the complex ions [Rh(en)pCl»]Cl (en=ethylenediamine) and
[Rh(NH3)5Cl1]Clp remain practically unchanged upon interaction with DNA. The initial
bands of [Rh(en),Clp]Cl1 at 353 and 293 nm and of [Rh(NH3)5CI1]Cl; at 345 and 270 nm
change only slightly in intensity in the presence of DNA, while there is no shifting of the
wavelength. The above observations are true for the r = 5.0, r = 10.0 values and for 1-24
h interaction times.

However in the case of Rhy(acetate)y the initial bands of the complex at 585 and 445
nm are almost doubled in intensity in the presence of DNA after 24 h or longer
interaction time. A similar observation has been made with Cu(II) which is known to
interact with DNA through phosphate as well as base binding2?.

The absorption band of DNA at 285 nm which was attributed to electronic transitions
on the nucleic acid bases3 is not shifted in the presence of the two complex ions studied
for the r values 0.2-2.0 and the r values 0.4-4.0 for Rhy(acetate)4 and for interaction times
up to 24h. This implies that a possible interaction of the complexes with DNA does not
include the bases of the double helix, at least under the above mentioned conditions.

Heating of the complexes solutions up to 90°C does not affect the 260 nm absorbance
value of the solutions, thus showing stability of the complexes during the heating process
of the Tm experiments (Fig. 6).

Characteristic heating and cooling curves of DNA in the presence of the complex ions
studied are shown in Figures 6a-6d. The Tm values of [Rh(en)2C12]+1,
[Rh(NH3)4Cl1 +2_DNA solutions are higher than the Tm value of DNA in presence of
Nat 1.0'x 104 M (Tm = 68.2°C) and increase with metal ion concentration. This fact is
also clearly shown in Figures 7a and 7b which represent the Tm values as a function of
metal ion concentration. This behaviour is consistent with metal ion interaction with the
phosphate moieties of the double helix leading to stabilization of it*27:30.31  which is
greater as the number of metal ions increase in solution.

The higher Tm values for longer interaction times, t = 24 or 48 h, (Fig. 6) are
attributed to increased stability of the double helix due to rather slow equilibrium as well
as to a possible conformational change of the helix after the binding of some metal ions
on it, making the binding of additional ions easier. Several metal ions interacting rather
stowly with DNA have already been mentioned as Au(III)24, Rh(III)32 while others
interact faster as Hg(II)33 and Ru(IIT) 1. Cooling curves (Fig. 7) show no significant
decrease in absorbance values, as expected by DNA in the presence of metal ions such as
Mg+2 which interact only with the phosphate moieties*, so that DNA is rewound upon
cooling.

The Tm values for [Rh(NH3)5CI]™2 ion are higher than [Rh(en),Cly]*! for the same r
value due to higher stabilization of the double helix in the presence of divalent as
compared with monovalent cations.
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Figure 7. Tm dependence as a function of metal ion concentration. (a) cis—[Rh(en)2C12]+1:
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Tm values of DNA do not differ in absence or in presence of Rhy(acetate)y for the
various concentration values and interaction times with the exception of r=4.0 att=48 h
where there is a Tm value decrease. The above data imply that Rhy(acetate)4 does not
change the Tm of DNA under the conditions studied. For relatively high r values and long
interaction time the complex destabilizes the double helix, as concluded by the Tm value
decrease, characterizing metal ion binding to nucleic acid bases which disrupts hydrogen
bonding and stacking interactions?’>34, It may be assumed that, as the temperature
increases, even the small number of unpaired DNA bases present, makes possible the
metal ion-nucleic acid base interaction which disrupts further hydrogen bonds
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destabilizing the DNA structure and lowering the Tm value. A similar case has been
observed with Cu(II) 2°.

In order to elucidate the interaction of DNA with Rhy(acetate), sedimentation through
an alkaline sucrose gradient was employed. The results showed that in presence of
Rhy(acetate)y the distribution is shifted to lower fractions of density gradient while the
distribution for DNA lies on middle to upper fractions. This is attributed to an increase of
the DNA average molecular weight due to interaction with the complex.

In conclusion, the complex ions cis-[Rh(en),Cly]*1 and [Rh(NH3)5CI]™2, which have
already been studied for mutagenicity!?, cause stabilization of the double helix after
interaction with the phosphate groups. The complex Rhy(acetate)y interacts with DNA
bases for relatively high metal ion concentration and long interaction time, while under
different conditions no interaction with DNA is observed. This conclusion is consistent
with previous studies!? explaining the cytostatic action of the complex by inhibition of
DNA and RNA polymerases.

2.3 THE INTERACTION OF [Ru(NH3)5CI]*2 AND [Ru(NH3)g]t3 IONS WITH DNA

2.3.1. Electronic spectra. Electronic spectra of the complex ions in solution change upon
heating in the absence as well the presence of DNA, but the two modes of change differ.
The absorption peak of [Ru(NH3)5C1]Jr2 ion at 328 nm moves to 297 nm after heating
the solution to 85°C in 1 h and there appears a significant absorption at 258 nm.
However, when DNA is present (r = 1.0), the initial absorption peaks at 328 and 258 nm
(that are a "sum" of the peaks of metal ion and DNA) appear at 430, 350 and 258 nm
after the heating process. A similar situation exists for [Ru(NH3)6]+3 ion, which has an
absorption peak at 267 nm before heating and at 538 and 297 nm after heating, also
having a significant absorption at 258 nm, while in the presence of DNA (r = 1.0) the
initial absorption peaks at 267 and 258 nm appear at 430, 350 and 258 nm after heating.

A solution obtained by mixing a metal ion solution heated to 85°C and cooled with a
double-stranded DNA solution exhibits three absorption peaks after heating, namely at
430, 350 and 258 nm. However, when the preheated metal ion solution is mixed with a
single-stranded DNA solution, the resulting solution (r = 1.0) has absorption peaks at 297
and 258 nm.

The spectral changes of complex ion solutions upon heating indicated a change of the
absorbing complex ion. The absorption at 297 nm, which apl)ears after heating the
solutions up to 85°C, coincides with that of the [Ru(NH3)sOH]*2 ion33. The formation
of the above hydroxy complex is further supported by the pH value decrease for both
complexes and by the conductivity values. Thus, the formation of the hydroxy complex
from [Ru(N H3)5C1]+2 according to the reaction:

[Ru(NH3)5ClJCl; + H)O _— [Ru(NH3)5OH]CI, + Hcl
causes a pH decrease due to HCI formation, which is also responsible for the conductivity
value increase, although the complex ion remains a 1:2 electrolyte. Also the formation of
the hydroxy complex from [Ru(N H3)6]+3 according to the reaction:

[Ru(NH3)g]Cl3 + HyO — [Ru(NH3)5OH]Cly + NH4Cl

produces NH4Cl, causing a pH decrease and practically no change in the conductivity
value, although the initial 1:3 electrolyte gives a 1:2 electrolyte upon heating. The
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formation of [Ru(NH3)5OH]+2 ion, which absorbs at 297 nm, also explains the
absorbance increase at 260 nm upon heating.
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The above mentioned data indicate that the initial complex ions [Ru(NH3)5Cl]+2 and
[Ru(NH:;)é]+3 are transformed to the Ru(NH3)5OH]+2 ion upon heating to 85°C. This
hydroxy complex reacts preferentially with double-stranded DNA, resulting in
absorptions at 430, 350 and 258 nm, as the interaction of the hydroxy complex with
single-stranded DNA results in absorptions at 297 and 258 nm that correspond to the
hydroxy complex and DNA, respectively and remain unchanged after reaction.

2.3.2. Heating and cooling curves. Figure 8a shows the heating and cooling curve of
DNA at low ionic strength (0.01 M NaCl), with a Tm value of 68.2°C. Cooling causes
only a slight decrease of absorbance, due to random stacking®. Figures 2b through 3g
represent some of the heating and cooling curves of metal complex-DNA solutions at
various 1 values and interaction times. The above data show a Tm value increase caused
by [Ru(NH3)5CI]*2 in the r range 0.1-0.3 and by [Ru(NH3)g]*3 in the r range 0.1-0.5
and the increase is greater as the concentration of metal ion increases. Also, cooling of the
solutions does not cause any important absorbance decrease. The above are indicative of
double-stranded DNA stabilization?3%3! due to metal ion-phosphate interaction.

A different situation exists at higher r values, namely r = 0.5 for [Ru(N H3)5Cl]+2 and r
= 1.0 for [Ru(NH3)6]+3. where melting is biphasic. The first melting curve ends at 85°C
and then the second melting curve begins; the second curve ends upon cooling the
solutions. It should be noted that in Figure 8, the absorbance change due to hydroxylation
reaction has been substracted by calculation at each temperature value. Figures 8c and 8f
depict the biphasic melting for r = 1.0 and r = 2.0 in the presence of [Ru(NH3)5C1]+2 and
[Ru(NH3)6]+3, respectively, where biphasicity is more pronounced than for r = 0.5 and r
= 1.0, where it first appears.

Because the solutions of the complex ions remain unchanged at temperature values
lower than 85°C, it is concluded that the first melting curve in the Tm experiments may
be considered to be caused by the initial complex ions [Ru(NH3)5C1]+2 and
[Ru(NH3)6]+3. The Tm values and the Tm representation as a function of metal ion
concentration (Fig. 9) are explained by metal ion interaction with the phosphate groups of
DNA. The higher Tm values for [Ru(NH3)6]+3 ion than for [Ru(NH3)5C1]™2 ion are
attributed to the first ion's higher charge®. Also, longer interaction times between metal
ions and DNA do not greatly change the Tm values, so that a rather fast equilibrium may
be suggested.

Regarding the second melting curve, the electronic data, pH values and conductivity
measurements should be taken into consideration.

A few cases of biphasic melting have already been reported. In the case of cis, trans
[Pt(NH3),Cly] interaction with poly(dA-Dt)!®!1, the first melting occurs at a low
temperature identical to that of the free macromolecule, while the second melting occurs
at a higher temperature. It is suggested that the macromolecule free-metal regions melt at
a low temperature and that platinum-bound regions melt at a higher temperature, due to
stabilization of the double helix. This explanation is not true for the [Ru(NH3)5Cl]+2 and
[RU(NH3)6]+3 complex ions, as there are two high—tem;z)erature melting curves in their
case compared to the Tm of DNA in presence of Na™ 10-2 M.

The [Co(NH3)g]Cl3-DNA interaction’ is another example of biphasic melting that has
been attributed to metal ion binding preferentially to double- over single-stranded DNA,
thus resulting in metal ion migration from single- to double-helix sites with subsequent
increase of the "effective" r value and presentation of a biphasic melting curve. The
appearance of the second melting curve for r = 0.5 and r = 1.0 for the complex ions
[Ru(NH3)5Cl]+2 and [Ru(NH3)6]+3, respectively, is attributed to the formation of
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[Ru(NH::,)5OH]‘*'2 ion, as indicated by electronic spectra, pH values and conductivity
measurements.
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Figure 9. Tm dependence as a function of metal ion concentration at t =1 h.

The complex ion formed binds preferentially to as-yet-unmelted double-stranded regions
of the DNA, so that the respective sites of the macromolecule are stabilized and melt at a
higher temperature, giving the second melting curve. The hydroxy complex that is formed
at high temperatures attains an appreciable concentration at these temperatures and only
then interacts with DNA, thus causing the biphasic melting.

The monophasic melting for low r values (r = 0.1-0.3 for [Ru(NH3)5C1]+2 andr=0.1-
0.5 for [Ru(NH::,)6]+3 at 24 and 48 h interaction time indicates that bound initial Ru
complexes do not become hydroxylated.
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The [Ru(NH3)50H]+2 preferential binding to double- rather than single-stranded DNA
is confirmed by comparing the spectrum of the ion with single-stranded DNA with the
spectrum of the ion with double-stranded DNA. The absorptions of the complex ion at
297 nm and of DNA at 258 nm remain unchanged after reaction in the first case, while in
the second case they appear at 430, 350 and 258 nm.

The stabilization of DNA double helix upon interaction with [Ru(NH3)50H]+2 is
shown by the heating and cooling curves (Fig. 8d) obtained when a solution of DNA is
mixed with [Ru(NH3)50H]+2 solution that has been formed by heating solutions of the
initial complexes to 85°C. The melting is monophasic. The increase in the Tm value of
DNA is attributed ti the hydroxy complex-phosphate moieties interaction.

For low r values the melting is monophasic because the initial complex ion present
interact almost completely with DNA and there is no hydroxy complex formed.

In conclusion [Ru(NH3)5C1]*2 and [Ru(NH3)g]™> interact at low t values with the
phosphate groups of the DNA helix, causing stabilization of the helix. For relatively high
values of 1, biphasic melting occurs, the first phase of which is attributed to the initial
complexes, while the second phase is attributed to the [Ru(NH3)50H]+2 ion, which is
formed at high temperature from the amount of the initial complexes still not having
interacted with DNA and interacts with DNA at this high temperature. Both phases of
melting correspond to stabilization of the DNA helix, due to metal ions' interaction with
the phosphate groups.
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THERMODYNAMICS AND KINETICS OF COMPETING REDOX
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ABSTRACT. Anunderstanding of the competition between competing redox processes that lead to
the reduction of oxidants bound to DNA presents a new framework upon which to design selective
cleavage agents and to interpret the results of structural studies based upon cleaving nucleic acids
with small, transition-metal complexes.

1. Background

The oxidative damage of DNA by metal complexes is of interest in pharmaceutical
applications and in developing probes for nucleic acid structure in solution.!3 Because of
recent advances in experimental methodology, it has become possible to begin
understanding the mechanisms of DNA cleavage on a fundamental level.#> For example,
cleavage of DNA by bleomycin (BLM) has been shown to occur via activation of oxygen
by Fe(IBLM to form a high-valent species (activated BLM) that is capable of abstracting
the 4-hydrogen atom from DNA sugars. Activated BLM is also capable of self-
inactivation, as indicated by the fact that repeated electrochemical activation in the absence
of DNA leads to a dramatic loss in the ability of BLM to degrade DNA.® The presence of
DNA protects BLM from self-inactivation, leading to catalytic DNA damage; however,
electrochemical experiments show a decrease in catalytic current during electrochemically
activated DNA degradation,’ indicating that self-inactivation does compete with DNA
cleavage to some extent.

Recent studies have shown that sequence-specific isotope effects are observed for
cleavage by FeBLM.”® The isotope effects are observed by selective incorporation of 4'-
deuterated nucleotides in restriction fragments and comparison of the extent of cleavage for
the deuterated versus unlabeled sites. The observation of such a net isotope effect is
revealing with regard to the cleavage mechanism. The first step in cleavage of DNA by
activated FeBLM involves binding of the activated complex to DNA. As shown in Scheme
1, the bound complex can then either cleave DNA (kcleavage), dissociate (Koff), or undergo
other non-productive processes such as self-inactivation (kx). The observation of a
significant isotope effect on cleavage demonstrates that cleavage must be much slower than
the other processes (kx + kofr).3 If this was not the case, then cleavage would be observed
regardless of whether a hydrogen or deuterium was abstracted.

An important point brought out by Worth et al. is that the observed isotope effect
D(V/K) is a net effect determined by the relative yields on a sequencing gel of cleavage of
the protio and deuterio DNA.® This result must be considered in light of selection against
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other processes, so the apparent isotope effect is equal to the true kinetic isotope effect
scaled by the rates of competing processes:

D(V/K) = (ku/kp)[(kp + kx + kofe)/ (ki + kx + Kofr)] )

The observed isotope effects are sequence-specific, which could result either from different
transition-state geometries for hydrogen abstraction at different sites (i.e. different ky/kp)
or from a dependence of kx on the DNA sequence. We report here on a system that
exhibits such a sequence-specific kx.

ko [DNA] ky .
MO™ +DNA < MO™eDNA —— MOH™ ¢DNA
koff
l(cleavage
Scheme 1
MOH™ eDNA

2. Oxometal Oxidants

In order to answer the questions enumerated above, a system is required where the extent
and time-dependence of the reduction of the cleavage agent can be determined and
correlated with an understanding of the extent and time-dependence of DNA oxidation. We
have therefore chosen to study complexes based on Ru(tpy)(bpy)Oz“f,9 because this
complex can be isolated in the active form and used as a stoichiometric cleavage agent (tpy
= 2,2',2"-terpyridine, bpy = 2,2-bipyridine).!? In addition, the time-dependence of the
reduction of the complex can be followed in a straightforward manner using optical
spectroscopy.'! We can therefore use existing methods to quantitate the extent of DNA
oxidation by HPLC and gel electrophoresis, which we will describe below. These results
can then be correlated with the known amount of oxidant that is consumed during the
reaction, and in terms of Scheme 1, we can ascertain the quantity of cleavage agent that
reacts via each of the kcleavage and kx pathways. In this way, the efficiency with which the
oxidizing equivalents are directed toward detectable DNA oxidation can be assessed. These
experiments are difficult with existing catalytic cleavage agents, because the efficiency with
which the catalyst is turned over by the sacrificial oxidant or activated by photolysis is
difficult to quantitate. Finally, the kinetics of the metal reduction can be used to study the
dynamics of the processes shown in Scheme 1 in real time.

Oxidation of Ru(tpy)(bpy)OH22+ occurs in two one-electron/one-proton steps to

generate ultimately the oxoruthenium(IV) species:12

Ru(I)OHy2+ — Ru(lll)OH2+ + H+ + e [0))
Ru(Il)OH2+ — Ru(IV)O2+ + H* + ¢- 3)

The potentials for eq 2 and 3 are E12(III/ITI) = 0.49 and E1(IV/III) = 0.62 V vs SCE at
pH 7. The cleavage reactions can therefore be performed stoichiometrically by isolation of
Ru(tpy)(bpy)OZ2* or electrocatalytically by application of a potential of 0.8 V'to a solution
of Ru(tpy)(bpy)OH22+. Because of the proximity of the (IV/III) and (III/IT) couples, the
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Ru(IV)O2+ complex is nearly as good a two-electron oxidant as a one-electron oxidant.!3
Therefore, C-H bond activation usually proceeds via hydride transfer,!4 and the complex
is also reactive toward electron transfer and oxo transfer.!> In addition, the Ru(I)OH2+
state, which is present at long times during oxidation, reacts via hydrogen-atom transfer,
although at a rate that is three orders of magnitude slower than hydride transfer by
Ru(IV)O2+.14 Finally, the complex undergoes self-reduction analogous to that seen for
FeBLM, where 10% of the ruthenium complexes are sacrificed to regenerate 90% of the
original Ru(II)OH,2+.1¢ Since all of the reversible redox potentials and pKj's of the
Ru(IV), Ru(IIl), and Ru(II) states are known, the thermodynamics of each redox pathway
can be precisely determined. This is in contrast to many oxidants where, because of a
catalytic mechanism involving an intermediate that cannot be isolated, the relevant
thermodynamic parameters are not available.

3. DNA Cleavage Pathways

Analysis of HPLC and sequencing gels allows for the determination of the yields of the
different redox pathways available to the Ru(IV)O2+ oxidant during DNA cleavage. These
reactions are best described using the model shown in Scheme 2. The sugar oxidation
pathway, which probably proceeds via hydride abstraction,? liberates free base.
Quantitation of the free base liberated shows that 10% of the total Ru(IV)O2* reacts via the
ksugar pathway.!® However, 10% of the total Ru(IV)O2* represents a 20% yield based on
a two-electron oxidation, because half of the Ru(IV)O2+* is consumed via
comproportionation to form Ru(IIIYOH2+, which reacts on a much longer time scale than
Ru(IV)O2+.14 On sequencing gels, the sugar oxidation pathway leads to about one-third
frank scissions and two-thirds piperidine-labile scissions. Some frank scission products
exhibit a metastable modified terminus. The sugar oxidation products and termini apparent
on sequencing gels are consistent with oxidation at the 1' position, as seen for Cu-
phenanthroline.!

Using the 20% yield of ksugar as a basis, it is possible to calculate the yield of guanine
oxidation, which occurs via an inner-sphere oxo transfer pathway. Guanine oxidation leads
to piperidine-labile cleavage specifcally at guanine.!® From the relative yields of guanine
oxidation and oxidation at the other nucleotides, it can be shown that about 30% of the total
Ru(IV)O?2+ is reduced via the kg pathway. The remainder of the Ru(IV)O2+ does not lead
to detectable DNA oxidation products, implying that this fraction undergoes the
characterized self-reduction pathway (kx).

The relative yields of self-reduction, guanine oxidation, and sugar oxidation imply that
kx > kG > kcleavage. Two results support this ordering. First, sugar oxidation by
Ru(tpy)(bpy)O4* yields an equal amount of all four nucleic acid bases, implying that there
is no selectivity for a particular base. However, oxidants that are weaker by ~100 mV only
release thymine from analogous oxidations.!? This implies that there is a thermodynamic
preference for oxidation of thymidine sugars, which also supports a 1' oxidation
mechanism.

In addition, this result suggests that the ksygar pathway is sufficiently demanding
thermodynamically that tuning the potential leads to increased selectivity. Second, using an
even weaker oxidant, Ru(tpy)(bpy)OH2*, leads to guanine oxidation (only about 10% of
that seen with Ru(IV)O2*) and no sugar oxidation. Both the Ru(IV)O2* and Ru(III)OH2+
are completely isostructural, so this effect must arise from a change in thermodynamics.
This strongly supports the notion that ksuygar > kg and that these rates are
thermodynamically controlled.
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Finally, an even weaker oxidant, Os(tpy)(bpy)O2*, can be prepared, and its crystal
structure shows that it is isostructural with the ruthenium analogue. This complex is rapidly
reduced in DNA but no DNA oxidation is apparent in sequencing gels or by HPLC. This
implies that the complex reacts only via the kx pathway. The kinetics of Os reduction
therefore reflect directly the dynamics of kx. The reduction dynamics are single
exponential, first-order in DNA, and zero-order in osmium. These observations are
consistent with the rate-limiting step being binding of osmium to the nucleic acid, which
goes as kon[DNAJ. (The kinetics of Ru(IV)O2+ reductlon are much more complex, which
is consistent with multiple reduction pathways.1!) Furthermore, it can be shown using the
kinetics that the rate of self-reduction of Os(tpy)(bpy)O2+ is accelerated by a factor of five
by the addition of DNA compared to that observed in homogeneous solution. Thus, DNA
catalyzes the self-reduction of the bound oxidant. This result is consistent with the fact that
polypyridyl oxidants undergo bimolecular self-reduction at neutral pH,!? and binding of
the oxidant to DNA leads to an increased local concentration of the bound oxidant. In
addition, the catalysis is sequence-specific, with self-reduction in AT polymers proceeding
twice as fast as that in GC polymers or calf thymus DNA. Thus, kx can be catalyzed by
DNA and can be sequence-specific, which has profound implications in terms of eq 1.

4. Oxidations of Model Nucleotides

A puzzling generality in nucleic acid oxidation by small molecules is the repeated
observation that DNA oxidation generally gives more cleavages than RNA oxidation, even
in structurally related analogues.?® We have been interested in determining whether this
observation might have an origin in the sugar reactivity rather than in structure. In addition,
we reasoned that if our Ru(tpy)(bpy)O2+ oxidations were under thermodynamic control,
we would obtain the same products and relative reactivities in model nucleotides as in
DNA. Indeed, oxidation of T, C, and A nucleotides gives the free base as the sole product,
and in many cases where the rate is fast enough to permit a complete reaction, the yield of
free base is nearly quantitative based both on Ru(IV)O2+ and on the disappearance of the
parent nucleotide, which stands in stark contrast to the studies of DNA polymers. We have
not yet been able to determine the fate of the ribose carbon atoms; however, the kinetics of
the reactions are of great interest.

Oxidation of mononucleotides under pseudo-first-order conditions occurs via saturation
kinetics according to:



241

Ru(IV)O2+ + NMP2- <—= Ru(IV)O2+NMP2- — Ru(I)OH2+NMP  (4)

Analysis by double-reciprocal plots therefore provides an equilbrium constant for the
formation of the ion-pair (Kp) and the rate of oxidation (Vmax) Within the complex (Figure
1). As shown, the determined Kp values for AMP and dAMP are the nearly the same, as
would be expected for a primarily electrostatic interaction. In addition, increasing the ionic
strength lowers Kp and using ADP3- in place of AMPZ- increases Kp. However, note that
the rate of oxidation within the ion-pair is a factor of five faster for JAMP compared to
AMP. We have made this same observation for oxidation of CMP and dCMP and for
ribose and deoxyribose.

1200 L Il L L 250 : :
; ’ ' ' dAMP
1000 + AMP + 200 1
2 800 + T 150 L
2 6004 T
- . 100 1
400 4 Kg=40M T © Kg =50 M1
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1/ [AMP] 1/[dAMP]

Figure 1. Kinetics of oxidation of AMP and dAMP by Ru(tpy)(bpy)OZ2+.

Thus, even though ribonucleotides contain an extra hydroxyl group, oxidation of
deoxynucleotides is always 5-8 times faster. We suspected that this result was consistent
with oxidation at the 1' or 3' position to create a carbocation, which would be destabilized
by the polar effect of the hydroxyl group on the adjacent carbon. To test this hypothesis,
we determined the rate constant for the oxidation of 2-propanol and 1,2-dihydroxypropane
and again observed a 5-fold faster rate with 2-propanol. Thus, our observation of a slower
rate of oxidation of ribo- compared to deoxy-nucleotides is also consistent with 1'
oxidation, as is the observation that nucleotide oxidations are considerably faster than
oxidation of the sugars, even when corrections for ion-pair formation are made. The
presence of the base instead of a hydroxyl group in the nucleotides would be expected to
stabilize the 1' oxidation product. We have made some parallel observations for nucleotide
oxidation by Pty(pop)4%- (pop = P2OsH2-).21 These results imply that the increased
reactivity of DNA to oxidation compared to RNA could have its origin in reactivity,
although we certainly have not ruled out a structural effect in actual biopolymers.

5. Summary
In conlusion, we have developed a system for nucleic acid oxidation that allows two new

aspects of these reactions to be determined. The first is the precise yield of DNA products
based on the number of oxidizing equivalents delivered by the cleavage agent. The second
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is the time dependence of the reduction of the cleavage agent. This new information can be
used to understand how bound oxidants are directed toward different redox pathways. In
particular, we have shown that nucleic acids are protected from oxidation by catalysis of
self-reduction of bound oxidants. Furthermore, this catalysis is sequence-specific. These
observations have profound implications in terms of understanding sequence-specific
phenomena, such as kinetic isotope effects (eq 1). Thus, the extent of nucleic acid cleavage
is related to the degree to which other redox pathways, such as sugar (ksygar) and base
oxidation (kg), can compete with the catalyzed self-reduction (kx).

By tuning the redox potential of the oxidant without changing the structure, the effect of
changes in the rates of the competing processes shown in Scheme 2 can be assessed. The
combined results support the general trend that kx > kG > kgugar and that the
thermodynamic requirements for these steps fall in the same order. This notion is
underlined by the observation that all three processes are observed with Ru(IV)O2+, only
guanine oxidation and self-reduction are observed with Ru(IIIYOH2+, and only self-
reduction is observed with Os(IV)O2+. Thus, as oxidants become weaker, the two cleavage
pathways are successively less able to compete with self-reduction.

We can now begin to use the information obtained to develop novel cleavage agents and
to better understand nucleic acid oxidation in structurally complex biopolymers. For
example, by lowering the driving force of the oxidant to between that of Ru(tpy)(bpy)O2*
and Ru(tpy)(bpy)OH4+, we have been able to develop a reagent where kgypar is competent
only for thymidine residues. This implies that the 1'-position in thymidine is easier to
activate than in the other nucleotides. In addition, we have shown that 1' oxidation in
deoxynucleotides is faster than in ribonucleotides, which is consistent with destabilization
of the 1'-oxidized product by the polar effect of the 2'-hydroxyl. This information will be
invaluable in understanding the cleavage of complex RNA's and in developing new
reagents that are specific for RNA over DNA and vice versa.
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Mo/S CHEMISTRY AND ITS IMPORTANCE IN ENZYMATIC
CATALYSIS

PART I. FUNCTIONAL GROUP CHEMISTRY OF THE Mo/S AND
Mo/S/0 COMPLEXES OF POSSIBLE RELEVANCE TO THE Mo-
OXIDOREDUCTASES

DIMITRI COUCOUVANIS
Department of Chemistry

The University of Michigan,

Ann Arbor Michigan, 48109-1055 USA

1. Molybdenum in Biology

Molybdenum is an important trace element in biology and is found in a multitude of redox
active enzymes as well as in the N2 reducing nitrogenases. In nature molybdenum occurs
mainly as molybdenite, MoS2 , wulfenite, PbMoO4 and as soluble salts of MoO42 in the
sea. The adaptation of Mo by bacteria, plants and animals as a metal of choice at first
appears paradoxical given the perceived rarity of the element. The paradox is not there
however if one realizes that in fact Mo is one of the more abundant elements on the planet
and constitutes the most abundant redox active transition element in the oceans

2. The Mo-Oxidoreductase Enzymes

A broad class of Mo containing enzymes are the oxidoreductases (oxotranferases) that
catalyze the reaction

X+HO — XO + 2H*+ 2e" eq.1

This reaction is of general importance in the biological prgcessmg of:

a) nitrogen comgounds as in xanthine oxidase function (xanthlne —> uric acid), nitrite
oxidase functiond (NO2- —> NO3") or nitrate reductase function? (NO3- —> NO2-).
b) sulfur compounds, as in sulfite oxidase function (SO32 - SO42 ) or sulfoxide
reductase function® (R2SO — R2S).

¢) carbon comy j)ounds, as in aldehyde oxidase2 (RCHO —> RCOOH) or formate
dehydrogenase? (HCOO-—> CO2).
In addition to their common content of Mo the oxidoreductase enzymes also are

characterized by the following unique features:

a) Water is used as the source of the oxygen atom incorporated into the substrate.

b) Reducing equivalents are generated rather than consumed.

c¢) In all cases the substrate reaction occurs at the Mo-cofactor (Mo-co) site whether it is
oxidation (as in xanthine oxidase) or reduction (as in nitrate reductase).
d) The enzymatic systems can be described! as an enzymic electrical cell where the Mo-co
serves as one electrode (anode in xanthine oxidase) and other prosthetic groups serve as the
other electrode (flavin serves as the cathode in xanthine oxidase). The enzyme supplies the
electrical connection. The xanthine oxidase system is shown schematically in Fig.1.
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Figure 1. The Xanthine Oxidase System.

A number of Mo-X-ray absorption studies in these enzymes’ have reached consensus
ina general structural image of the Mo-co where the oxidized form contains a minimal
(L)xMo I(0)2(S-S) unit and in the reduced form contains a minimal (L)xMolY(0)(S-S)
unit. The S-S ligand in the Mo-co is now recognizedS to be the dithiolene functionalized
pterin, molybdopterin, (Fig.2).

PO,
Fig.2. The Molybdopterin Ligand in the Mo-co of the Oxidoreductases (ref. 8).

The xanthine oxidase site is unique in that it contains both a Mo=S and Mo=0 groups
instead of two Mo=0 groups. A quest for a s;mhetlc analog for the Mo-co has been the
subject of numerous studies by various groups”s1V. On the basis of results that have %eff-n
made available from elegant studies on either the enzymes1 1 6r model Mo complexes
the oxo-transfer hypothesis has been advanced by R.H.Holm92 (Fig.3) for the enzymic
action of the oxidoreductases.

3. The Importance of Molybdenum Coordination Chemistry in Industrial
Catalysis

3.1. HYDRODESULFURIZATION

The removal of sulfur from organosulfur compounds, present in crude petroleum, is
carried out catalytically by the hydrodesulfurization (HDS) reaction 12 (eq.2).

RSH + Hp — H2S + RH eq.2
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Figure 3. The Oxo-Transfer Hypothesis (Ref.9a)

The catalyst used industrially consists of "sulfided" molybdates supported on g-Al203,
although many second and third row transition metal sulfides are active catalysts for the
HDS reaction, with Ru, Os, Rh and Ir sulfides showing the highest activity13. Among the
first row transition metal ions , Ni2+ and Co2+ jons serve as promoters in the MoS2
HDS catalysis1 . At present the sites that appear to be involved in the catalytic process
are the edges of the MoS?2 microcrystals!4. These edges very likely contain a multitude of
Mo/S and Mo/S/O groups with various structural and reactivity characteristics. Some of
the groups that may reside on the edges are outlined in Fig.4 .

3.2. THE OLEFIN METATHESIS REACTION.

The Industrially important olefin metathesis reaction is a reaction that involves the
simultaneous cleavage of two olefin double bonds followed by the formation of the
alternate double bonds. It is presently accepted that the catalyst is a metal alkylidene

C=C + C*=*C > 2*c =¢C eq.3

complex that reacts with an olefin to form a metallacyclobutane intermediate (Fig.5) that
decomposes to give the product olefin10. In this reaction the Mo = CH3 is activated by the
Mo = O "spectator" group and readily adds an olefin. This addition results in a change in
the coordination geometry of the Mo atom from four coordinate, tetrahedral, to five
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coordinate square-pyramidal. Associated with this change is a large negative free energy
change that is attributed mainly to the transformation of the bond order of the Mo=0

spectator group from double to triple 9.
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Possible Functional Groups on the Edges of MoS,

Figure 4. Possible Functional groups on the edges of MoS,
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Figure 5. A Minimal Mechanism for the Olefin Metathesis Reaction, (ref. 16).
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For nearly two decades we have been developing the concept of inorganic functional
group chemistry in the Mo/S and Mo/S/O complexes and have focusedl” on the
understanding of the rich chemistry of the Mo(S)(Sx) and Mo(O)(Sx) “functional groups”
(x = 1,2 and 4). This chemistry is dominated by the nucleophilic character of the Sx
ligands and their reactions toward alkynes, heteroallenes and SO2.

The simplest among the Sx<- ligands found in the thio- and oxothio-molybdate
complgxes is the S4~ ligand that exists mainly as: a) a terminal ligand in thiomol;bdenyl
units18, (Mo+n=S, n=4,5,6), b) a u-bridging unit in cores such as (Mo2S2)+6 1 imd c)
a P3-bridging unit in £Mo3513]2' and in the Mo4S4 cores of the [(L3M0)454] 21 and
[Mo7Sg(H20)18]8+ 2 complexes. Of particular interest from a reactivity point of view
are the S4- terminal ligands in oxo- and oxothiomolybdate complexes that contain the
Mo(S1)(O¢) and Mo(Oy)2 subunits. This interest stems from the presence of such units in
the Mo cofactor of the oxidoreductase enzymes and (of the Mo(St)(O¢) subunit) in xanthine
oxidase/ (vide infra).

4. Reactivity studies of synthetic Mo/S and Mo/S/O complexes

The reactivity of the Mo *=S group is evigent in: a) sulfur addition reactions 18b b)
reactions with various transition metal ions 2 c¢) dimerization reactions!92 d) reactions
with unsaturated electrophilic organic molecules '%3<%<9 and reactions with SO2. The
implications of these studies in the enzymatic action or even in the inhibition of the
oxidoreductase enzymes remains to be explored.

4.1. THE MO=S GROUP.

4.1.1. Sulfur Addition to the Mo=S Group in the Thiomolybdate Complexes. The addition
of sulfur to terminal sulfido ligands, very likely is the end result of electrophilic attack on
the Mo'*=S, (n=4,5,6), sulfur, by the ¥S(S)xS- products of hfterolytically cleaved S8
molecules, and accounts for the synthesis of the [(S4)2MoIV=E] - anions20 (E=S,0 %%nd
various members of the [MoY2(S)n(S2)6-n]2", and [Mo ¥ 2(0)(S)n(S2)5-n]?" series27.
With transition metal ions, the thiomolybdenyl groups can serve as either electron pair
donors, or as a source of sulfide ions for the eventual formation of highly insoluble,
thermodynamically stable, transition metal sulfides. The former coursg of reactivity is
represented in the multitude of hsterometallic complexes where the MoS44" anion serves as
a ligand for transition metal ion 3,

4.1.2. Reactions of the Mo=S Group with Thiophilic Transition Metal Ions. The
irreversible removal of sulfide ions from Mo=S units by the formation of insoluble
transition metal sulfides allows for the introduction of non-sulfur terminal ligands in the
thiomolybdate ions by metathetical reactig s. An example of this reaction is available in the
synthesis of the [M0202\§13X]‘ anjons<® from the reaction of NiX2 (X=Cl, I) with an
isomeric form of the [Mo 20289]2' anion29.

4.1.3. The Dimerization of Mo(V),4d1 Complexes. The dimerization of Mo(V),4d1
complexes to_ diamagnetic dimeric complexes with a formal Mo-Mo single bond is well
documented17P and one electron oxidations of (L)nMoIV=S complexes invariably lead bo
dimerization with formation of the very stable di-m-sulﬁd% [(L)nMoV-S]z products3 .
Examples__ include the formation of [(S4)SM0V=E] 24~ from the air-oxidation of
[(S4)2MoIV=E]2‘ and the formation of the [(L)2M0V=S]22' dimer apparently from the
oxidation of an unstable [(L)2MoIV=S] - intermediate (L= 1,2-dicarboethoxy-ethylene-
1,2-dithiolate).
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4.14. Reactions of the Mo=S Group with Electrophilic Molecules. Electrophilic attack on
the Mon*=§ sulfur occurs in reactions of various thiomolybdates with CS2
activated alkynes, RC CR 5 . These reactions lead to the formation of perthiocarbonate
or 1,2-dithiolene complexes as final products. Thus far, expected intermediates that
contain vinyl sulfide or trithiocarbonate chelating ligands have not been detected in
reactions with complexes that contam exclu 51vely sulfur ligands. Apparently, the close
proximity of Mo=S, Mo- -S22- or Mo-S4 groups to the reactive vinyl sulfide or
trithiocarbonate ligands in these intermediates allows for rapid intra- molecular sulfur
transfer and rapid conversion to dithiolenes or perthiocarbonates. Replacement of
neighboring Mo=S groups by the apparently less reactive Mo=0O groups, in otherwise
isostructural complexes, simplifies the reactivity patterns and eliminates some of the
ambiguities inherent in the reacnons of totally "sulfided" guomolybdates

, The [(MoS42Mo(E)(L_)g) and [(MoS30)Mo(E)(L)]2-complexes (E=S; L=842", $22°

; E=0; L=S4 ) (Fig.6), are structurally unique among the known plethora of
dmuclear tth- and oxo-thlo- molybdates. The asymmetric structures of the Mo-(m-8§)2-
Mo rhombic cores suggest that the mixed-valence, Mo! Y-Mo Y4, state is important for the
description of the electronic structure of these anions.

Figure 6. The [(MoS3E)Mo(E)(L)]2' Complexes, (E =S, O; ref. 17b)

These complexes undergo dimerization equilibria (Fig. 7) and are reactive toward

Figure 7. Reversible Dimerization of the [(MoS3O)Mo(O)(S4)]2‘ Complex, (ref. 17b).
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electrophilic reagents. 1H-NMR studies of the reactions of the structurally similar
[(MoS30)Mo(O)(Cp)]~ complex, with such molecules as ROOC-C=C—COOR or CS2
have made it possible to understand the reactivity patterns and propose reaction pathways
that involve electrophilic attack at the Mo=S group and the initial formation of vinyl-
sulfide or trithiocarbonate ligands respectively.

A significant outcome of these studies is the observation that: the Mo=0 bond is
relatively inactive in these reactions and there exists no evidence to indicate that the Mo=0
chromophore is directly involved in reactions with electrophilic reagents, it is quite clear
however that this group as a neighboring spectator group enhances greatly the reactivity of
the Mo=S group

4.1.5 Reactions of the Mo=0 activated Mo=S group with SO2 The Mo=S bond of the
Mo(O)(S) group in various Mo/S/O complexes readily inserts SO2 31 Depending on
temperature these reactions afford a multitude of products. These products contain (as
bidentate chelating ligands terminally bound to the Mo atom) a) thiosulfite or sulfite
(reaction at 00 C), b) thiosulfate (reaction at 259 C), and c) sulfate (reaction at >100° C).
The crystal structures of the [(Cp)Mo(O)(u—S)2Mo(0)(L)] complexes (L= SO'3.2
$2032 and SO42-) haive been determined. The reaction of [(M0S30)Mo(O)(Cp)]™ with
SO2 as monitored by ‘H NMR spectroscopy (Cp~protons) in an SO2—saturated DMF
solution, in a sealed NMR tube over two days at probe temperature (370 C) shows
complicated chemistry31b. A plausible scheme that may account for the formation and
reactions of the [(Cp)Mo(O)(u—~S)2Mo(O)(L)]~ complexes is shown in Fig. 8. The IH—
NMR spectra of “authentic”, structurally characterized, [(Cp)Mo(O)(u—S)2Mo(O)(L)]—
complexes has made it possible to unequivocally assign most of the NMR resonances
shown in Fig. 8.

The reaction of [0)£S)M0(u2—5)37.1 o(0) (S4)]2‘ with HSO3~ to give the [O)(SzO3)Mo
(12-S)2Mo(0)(S2)]~ complex 1€ (Fig. 9) with a coordinated thiosulfate ligand is
relevant to the chemistry of xanthine oxidase. It supports an earlier suggestion that the
reaction of xanthine oxidase with bisulfite involves the Mo=S unit in the Mo(S)(O)
chromophore and affords Mo-bound thiosulfate32

4.2. THE REACTIVITY OF THE MO=0 GROUP PROXIMAL TO ANOTHER MO=0
GROUP.

The oxidative decoupling of the [(Cl4—cat)MoFe3S4Cl2] subunits in the ({[(Clg—
cat)MoFe3S4 Cl2)212(S)(L) 11— doubly -bri 3%ed double-cubanes33 gives the dimeric
, (Fig. 10).

[(C12Fe)(u2—S)2Mo(0)(C14—cat)] — complex

Figure 9. T?e ;ngllecular structure of the [(SzO3)Mo(O)(u2—S)2Mo(0)(Sz)]2— complex
Te c)

This dimeric complex is readily obtained by a general reaction that appears “driven” by the
Mo=0 “spectator” effect!6. This reaction employs thiomolybdate heterometallic
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complexes and depends on the protonation (to H20) of one Mo=0O group in the
(0O)(O)Mo(u2-S)2FeCl2 complex by the acid form of bidentate ligands such as catechol,
citric acid, oxalic acid etc33. The (Sp)(O)Mo(u2-S)2FeCl2 complexes (n=1, 2) also
undergo reactions at the Mo=S site driven by the Mo=O group. The addition of an
activated alkyne to (52)(0O)Mo(u2-S)2FeCl2 leads to the [(COOR)2C=CS2) (O)Mo (u2-
S)ﬁeClz] ~ vinyl-disulfide complex (Fig. 11).

Figure 10. Molecular structure of the [(Clee)(pz—S)zMo(O)(Cl4—cat)]2— complex
(ref. 34).

Figure 11. [(COOR)2C=C52)(O)Mo(uz—-S)zFeClz]2— (ref. 35).

The latter is quite stable, unlike the [(COOR)2C=CSz)(O)Mo(u2—-S);% vinyl disulfide
complex36 that undergoes isomerization to the corresponding dithiolene

5. The possible significance of basic functional group Mo/S/O chemistry
in enzymatic catalysis by the Mo-Oxidoreductases

Our studies of the chemical properties of the (O)Mo Y1 S) groups17b clearly show the
superior reactivity of the Mo Y1=S group relative to the Mo &) group and demonstrate the
propensity of the Mo=§ bond to undergo insertion reactions. These observations, if
applicable to the ( 0)MoVI(s) chromophore in the active site of xanthine dehydrogenase,
suggest a possible modification of the first step in the proposed?2 minimal mechanism for
the oxidation of xanthine to uric acid. In this mechanism the C-8 position of xanthine
appears to undergo nucleophilic attack by the Mo=0O group to form Mo-O-C, with the
Mo=S group serving as a proton acceptor, (Fig. 12A). As pointed out previously
however 29, such a mechanism raises an interesting question: " .why replacing the Mo=§
with a second Mo=0 to give desulfo enzyme should necessarily lead to inactivation of the



256

enzyme,... ". This question may be answered if the Mo=0 group is not involved in the
initial step of the reaction. It is conceivable that xanthine (RH) initially inserts into the

Mo V1=S bond by an initial electrophilic attack by the MoV at the C-8 posmon of xanthine.
Subsequently the S atom accepts the C-8 proton to form R- Mo VY1(O)SH, (Fig. 12B).
Subsequent events that may follow include: a) internal 2¢- reduction of the Mo and
electrophilic attack by R + on the Mo=0 group and b) hydroxylation of the Mo(IV) center
to eventually form RO-MolV(O)SH. The remaining steps (Fig.12) toward the formation of
uric acid are the same as those proposed earlier’a.
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Figure 13. Proposed Mechanism of Xanthine Oxidase Inhibition by HS032" (ref. 32)
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The reactivity of the Mo=S chromophore in the Mo cen?t'ar of xanthine oxidase also has
been revealed in the reaction of this enzyme with bisulfite?<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>