


Tetracyclines in Biology,
Chemistry and Medicine

Edited by M. Nelson, W. Hillen and R.A. Greenwald

Springer Basel AG



Editors:

Dr. Mark Nelson Prof. Dr. Wolfgang Hillen Prof. Dr. Robert A. Greenwald
Paratek Pharmaceuticals Lehrstuhl fiir Mikrobiologie Long Island Jewish Medical Center
75 Kneeland St Friedrich-Alexander Universitit — Division of Rheumatology
Boston MA 02111 Erlangen-Niirnberg Suite 107
USA Staudstr. 5 410 Lakeville Rd
D-91058 Erlangen New Hyde Park, NY 11040
Germany USA

Library of Congress Cataloging-in-Publication Data
Tetracyclines in biology, chemistry and medicine / edited by M. Nelson, W. Hillen, and
R.A. Greenwald.
p.cm
Includes bibliographical references and index
ISBN 978-3-0348-9511-8 ISBN 978-3-0348-8306-1 (eBook)
DOI 10.1007/978-3-0348-8306-1
1. Tetracyclines. 1. Greenwald, Robert A., 1943- II. Hillen, Wolfgang. III. Nelson, Mark L.

RM666.T33 T48 2001
615'.329--dc21

Deutsche Bibliothek Cataloging-in-Publication Data
Tetracyclines in biology, chemistry and medicine / ed. by M. Nelson .... - Basel ; Boston ; Berlin :
Birkhduser, 2001

ISBN 978-3-0348-9511-8

The publisher and editor can give no guarantee for the information on drug dosage and administration
contained in this publication. The respective user must check its accuracy by consulting other sources
of reference in each individual case.

The use of registered names, trademarks etc. in this publication, even if not identified as such, does not
imply that they are exempt from the relevant protective laws and regulations or free for general use.
This work is subject to copyright. All rights are reserved, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, re-use of illustrations, recitation, broad-
casting, reproduction on microfilms or in other ways, and storage in data banks. For any kind of use,
permission of the copyright owner must be obtained.

© 2001 Springer Basel AG

Originally published by Birkhduser Verlag, Basel, Switzerland in 2001

Softcover reprint of the hardcover 1st edition 2001

Printed on acid-free paper produced from chlorine-free pulp. TFC oo

Cover design: in the background, crystals of the tetracycline repressor protein, TetR; in the fore-
ground, chemical structure of the tn:tracycline-Mg2+ complex and schematic recognition pattern of
amino acid side chains of TetR in the binding tunnel. Small pictures: overall structure of the TetR
homodimer, and MOLCAD rendering of doxycycline.

ISBN 978-3-0348-9511-8

987654321 www.birkhasuer-science.com



Table of contents

List of contributors .. ... e VIl

Foreword ........ .. . . . . . IX

Section I Chemistry, biology and microbiologic action of tetracyclines
(Editor: Mark L. Nelson)

Mark L. Nelson

The chemistry and cellular biology of the tetracyclines ............ 3
Siegfried Schneider
Proton and metal ion binding of tetracyclines ................... 65

Section II Tetracycline-dependent gene regulation: A versatile tool for all
organisms (Editor: Wolfgang Hillen)

Winfried Hinrichs and Christiane Fenske
Gene regulation by the tetracycline-inducible Tet repressor-operator

system — molecular mechanisms at atomic resolution ............. 107
Elisabeth Pook

Regulation of gene expression in yeast and plants by tetracycline-

dependent regulatory Systems . ...............iiiiiina... 125

Manfred Gossen and Hermann Bujard
Tetracyclines in the control of gene expression in eukaryotes ....... 139

Jeffrey E. Kudlow
Tetracycline-regulated gene expression to study oncogenes in vivo ... 159

Christian Berens
Interactions of tetracyclines with RNA ........................ 177



VI Contents

Section III Use of tetracyclines as non-antimicrobial medicinal agents
(Editor: Robert A. Greenwald)

Robert A. Greenwald and Lorne M. Golub
Biologic, non-antibiotic properties of semi-synthetic and chemically
modified tetracyclines — a structured, annotated bibliography ....... 199

George J. Armelagos, Kristi Kolbacher, Kristy Collins, Jennifer Cook
and Maria Krafeld-Daugherty
Tetracycline consumption in prehistory ........................ 219

Maria Emanuel Ryan and Danielle M. Baker
Tetracycline treatment of periodontal disease: antimicrobial and non-
antimicrobial mechanisms ............. .. .. ... . . L., 237

Roeland Hanemaaijer, Natascha van Lent, Timo Sorsa, Tuula Salo,
Yrjé'T. Konttinen and Jan Lindeman
Inhibition of matrix metalloproteinases (MMPs) by tetracyclines .... 267

Gerald N. Smith Jr. and Karen A. Hasty
Structure/function studies of doxycycline effects on matrix
metalloproteinase activity and cartilage degeneration ............. 283

Mukundan G. Attur, Mandar N. Dave, Nirupama Mohandas,
Indravadan R. Patel, Steven B. Abramson and Ashok R. Amin
Regulation of inflammatory mediators by tetracyclines ............ 295

Helena Marzo-Ortega, Roland M Strauss and Paul Emery
Tetracyclines and autoimmunity .................. ... ........ 311

Brad R. Zerler
Tetracycline photodynamics .............. .. .. ... .. .. ... ... 325

Subjectindex ............. ... 333



vl

List of contributors

Steven B. Abramson, Department of Rheumatology, Hospital for Joint
Diseases, New York, NY 10003/Department of Medicine, Kaplan Cancer
Center, New York University Medical Center, New York 10016, USA

Ashok R. Amin, Department of Rheumatology, Hospital for Joint Diseases,
301 E. 17th St, Room 1600, New York, NY 10003, USA; e-mail:
amina01 @popmail.med.nyu.edu

George J. Armelagos, Emory University, Atlanta, USA

Mukundan G. Attur, Department of Rheumatology, Hospital for Joint
Diseases, NYU School of Medicine, New York, NY 10003, USA

Danielle M. Baker, Department of Oral Biology and Pathology, School of
Dental Medicine, State University of New York at Stony Brook, Stony
Brook, New York 11794-8702, USA

Christian Berens, Lehrstuhl fiir Mikrobiologie, FAU Erlangen-Niirnberg,
Staudtstr. 5, D-91058 Erlangen, Germany; e-mail: cberens@biologie.uni-
erlangen.de

Hermann Bujard, Zentrum fiir Molekulare Biologie der Universitédt Heidelberg
(ZMBH), Im Neuenheimer Feld 282, D-69120 Heidelberg, Germany

Kristy Collins, Duke University, Durham, UK

Jennifer Cook, Florida State University, Tallahassee, USA

Mandar N. Dave, Department of Rheumatology, Hospital for Joint Diseases,
New York, NY 10003, USA

Paul Emery, Rheumatology and Rehabilitation Research Unit, University of
Leeds, 36 Clarendon Road, Leeds LS2 9NZ, UK

Christiane Fenske, Institut fiir Chemie und Biochemie, Ernst-Moritz-Arndt
Universitit Greifswald, Soldmannstr. 16, D-17487 Greifswald, Germany;
e-mail: fenske @uni-greifswald.de

Lorne M. Golub, Department of Oral Biology and Pathology, School of Dental
Medicine, State University of New York at Stony Brook, Stony Brook NY
11794, USA

Manfred Gossen, Max-Delbriick-Centrum, Robert-Rossle-Str. 10, D-13125
Berlin-Buch, Germany

Robert Greenwald, Division of Rheumatology, Long Island Jewish Medical
Center, Suite 107, 410 Lakeville Road, New Hyde Park, NY 11042, USA;
e-mail: rgreen@lij.edu

Roeland Hanemaaijer, Gaubius Laboratory TNO-PG, P.O. Box 2215, 2301 CE
Leiden, The Netherlands; e-mail: R.Hanemaaijer @pg.tno.nl

Karen A. Hasty, Department of Orthopaedic Surgery/Campbell Clinic,
University of Tennessee Health Science Center, VA Medical Center, 1030
Jefferson Ave., Memphis, TN 38104, USA; e-mail: khasty @utmem.edu



VIII List of contributors

Winfried Hinrichs, Institut fiir Chemie und Biochemie, Ernst-Moritz-Arndt
Universitdt Greifswald, Soldmannstr. 16, D-17487 Greifswald, Germany;
e-mail: hinrichs @uni-greifswald.de

Kristi Kolbacher, State University of New York, Binghamton, USA

Yrjo T. Konttinen, Dept. of Oral Medicine, Surgical Hospital and Institute of
Dentistry, University of Helsinki, Helsinki, Finland

Maria Krafeld-Daugherty, Emory University, Atlanta, USA

Jeffrey E. Kudlow, Department of Medicine/Endocrinology, University of
Alabama at Birmingham, 1808 7th Avenue South, Rm 756, Birmingham,
AL 35294-0012, USA; e-mail: kudlow @uab.edu

Stuart B. Levy, Tufts University School of Medicine, The Center for
Adaptation Genetics and Drug Resistance, 136 Harrison Ave, Boston, MA
02111, USA

Jan Lindeman, Gaubius Laboratory TNO-PG, P.O. Box 2215, 2301 CE
Leiden, The Netherlands/Dept. of Vascular Surgery, Leiden University
Medical Centre, Leiden, The Netherlands

Helena Marzo-Ortega, Rheumatology and Rehabilitation Research Unit,
University of Leeds, Leeds, UK

Nirupama Mohandas, Department of Rheumatology, Hospital for Joint
Diseases, NYU School of Medicine, New York, NY 10003, USA

Mark L. Nelson, Paratek Pharmaceuticals, Inc., 75 Kneeland Street 5th Floor,
Boston, MA 02111, USA; e-mail: mnelson@paratekpharm.com

Indravadan R. Patel, Aventis Pharmaceuticals, Bridgewater, New Jersey
08807, USA

Elisabeth Pook, Institut fiir Mikrobiologie, Biochemie und Genetik, Friedrich-
Alexander-Universitit Erlangen-Niirnberg, Staudtstr. 5, D-91058 Erlangen,
Germany

Maria Emanuel Ryan, Department of Oral Biology and Pathology, School of
Dental Medicine, State University of New York at Stony Brook, Stony
Brook, New York 11794-8702, USA

Tuula Salo, Dept. of Diagnostics and Oral Medicine, University of Oulu, Oulu,
Finland

Siegfried Schneider, Institut fiir Physikalische und Theoretische Chemie,
Friedrich-Alexander-Universitidt Erlangen-Niirnberg, Egerlandstr. 3,
D-91058 Erlangen, Germany; e-mail: schneider @chemie.uni-erlangen.de

Gerald N. Smith, Department of Medicine, Indiana University School of
Medicine, 1110 W. Michigan L0545, Indianapolis, IN 46202, USA; e-mail:
gnsmith@iupui.edu

Timo Sorsa, Faculty of Medicine, University of Helsinki, Helsinki, Finland

Roland M. Strauss, Dermatology Department, Royal Hallamshire Hospital,
Sheffield, UK

Natascha van Lent, Gaubius Laboratory TNO-PG, P.O. Box 2215, 2301 CE
Leiden, The Netherlands

Brad R. Zerler, CollaGenex Pharmaceuticals, Inc., 41 University Drive,
Newtown, PA 18940, USA; e-mail: bzerler@collagenex.com



IX

Foreword

The tetracyclines have an illustrious history as therapeutic agents which dates
back over half a century. Initially discovered as an antibiotic in 1947, the four-
ringed molecule has captured the fancy of chemists and biologists over the
ensuing decades. Of further interest, as described in the chapter by George
Armelagos, tetracyclines were already part of earlier cultures, 1500-1700
years ago, as revealed in traces of drug found in Sudanese Nubian mummies.

The diversity of chapters which this book presents to the reader should illus-
trate the many disciplines which have examined and seen benefits from these
fascinating natural molecules. From antibacterial to anti-inflammatory to anti-
autoimmunity to gene regulation, tetracyclines have been modified and
redesigned for various novel properties. Some have called this molecule a biol-
ogist’s dream because of its versatility, but others have seen it as a chemist’s
nightmare because of the synthetic chemistry challenges and “chameleon-like”
properties (see the chapter by S. Schneider).

My laboratory entered the tetracycline field in the mid-1970s when we
sought to understand the mechanism of bacterial resistance to this family of
antibiotics. Bacteria resistant to this commonly used antibiotic had emerged
but the molecular basis for resistance was not known. We began our studies in
Escherichia coli and uncovered what was then the first antibiotic resistance
mechanism based on energy dependent drug efflux. For years the tetracycline
efflux systems represented an unusual mechanism of resistance and their mod-
ulation is covered by my colleague, Mark Nelson, who has spent many years
in my laboratory studying tetracycline chemistry as well as its history, biology
and significance in medicine. While efflux is one of the major ways how bac-
teria and other microorganisms avoid the action of chemotherapeutic agents,
our work together has shed new light on antibiotic resistance phenotypes and
tetracyclines capable of reversing resistance.

This book provides readers a chance to sample various areas of tetracycline
interest reported by experts in the fields of biology and chemistry. Paul Emery
describes the benefits provided by tetracyclines in treating autoimmunity —
generally linked to their effect on metalloproteases. In fact, special attention
has been given to tetracyclines’ effect on mammalian metalloproteases and
cartilage (K. Hasty, R. Hanemaijer, A. Amin). Maria Ryan describes their use
in counteracting gingivitis and promoting dental health. In all these areas, the
antibacterial activity of the chemical structure is not needed for the activity.
Chapters dealing with the separation of biologic from antibacterial activities
(L. Golub and R. Greenwald) involve activities of tetracyclines against diverse
diseases from periodontitis to arthritis to cancer.
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The chemical interaction of these molecules with metals (S. Schneider) pro-
vides ways of monitoring structural permutations via spectroscopy and
explores the chemical properties of tetracyclines. Their interactions with RNA
suggest other potential uses in controlling intrinsic and externally acquired dis-
eases (C. Berens). The photosensitivity of the molecule (B. Zerler) provides a
reason for sun sensitivity of patients taking the drug, but more importantly,
suggests ways of using these agents to probe biologic questions. In yet anoth-
er unique example, tetracyclines are part of a defined regulatory system where
they control gene expression (W. Hinrichs, J.E. Kudlow, M. Gossen and H.
Bujard).

It is hoped that the book will serve to stimulate others to look at tetracy-
clines for their broad potential use in the many areas described and in yet other
areas. They are ideal substances with which to work. Available in bulk quanti-
ties from fermentation, they can be modified to fit human and animal health
needs.

The volume also presents to the reader an extensive bibliography beginning
with the early work on tetracyclines through the present. The tetracyclines
have experienced a multifaceted history and an exciting present. We can look
forward to an equally fascinating future.

Stuart B. Levy M.D.
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The chemistry and cellular biology of the
tetracyclines

Mark L. Nelson

Paratek Pharmaceuticals, Inc., 75 Kneeland Street, 5th Floor, Boston, MA 02111, USA

Chance favors the prepared mind.

Louis Pasteur,
Quoted in Dictionary of Scientific Biography,
Ed. Charles C. Gillespie

Introduction to microbial antagonists

Microbes produce a vast array of toxic chemicals as secondary metabolites in
an effort to establish territory and fend off both prokaryotes and eukaryotes
alike. These chemicals act as part of a defensive strategy to enable host sur-
vival in a hostile microbial environment. When microbes and man initiate
“antibiosis”, a term created by Vuillemin in the late 1800s to describe when
“one creature (the antibiote) destroys the life of another to preserve its
own”[1], the antibiote produces and uses chemical toxins that diffuse radially
outward, changing the physiological state of the offending organism by a vari-
ety of often lethal molecular mechanisms. In the long term, the antibiote
antagonizes the growth and survival of intruding cells.

The principle of microbial antagonism, where one species dominates over
another by using chemical signals, is an example of chemical Darwinism,
where one organism thrives and survives as the fittest to reproduce in an eco-
logical niche. These well-suited microbes have evolved genetically based
chemical defense systems through the process of natural selection to produce
chemical toxins to enable them to survive.

Most antibiotics, including the penicillins, aminoglycosides and especially
the tetracyclines, the subject of this chapter, possess the chemical capability of
modifying both prokaryotic and eukaryotic cellular processes.

Beginnings of the antibiotic era

Even before the discovery of microorganisms and the Germ Theory of
Disease, the concept of microbial antagonism emerged in the 1800s, where
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folkloric medicine prescribed fungal concoctions to paint wounds and cuts in
an effort to reduce fever [2]. In 1928, Alexander Fleming, a microbiologist at
St. Mary’s Hospital in London, demonstrated through both serendipity and
empirical methods the concept of fungal antagonism, when a culture of
Staphylococcus aureus became contaminated with the fungal mold Penicillium
notatum. Fleming found that colonies of Staphylococcus were lysed and
destroyed around and distal to the edge of the fungi colonies, producing a zone
of growth inhibition. He recognized that the mold must have produced a chem-
ical substance that diffused through the agar and inhibited the growth of the
bacteria, causing him to exclaim about the “remarkable power of [agent] dif-
fusion into the agar and of inhibiting growth” [3]. Fleming published this
observation shortly thereafter [4] and then abruptly redirected his research
efforts after he found the mysterious chemical from the mold hard to produce,
unstable and seemingly medically unpromising, although he had now named
the substance penicillin.

A decade later, biochemists at Oxford University in England, Howard Florey
and Ernst Chain, with chemist Norman Heatley, found his report and began
producing penicillin in large enough quantities for further study and use against
infectious diseases, and met with large success. It not only inhibited the growth
of bacterial pathogens in vitro, it also stopped life-threatening infections in
vivo, at least in mice, a finding that Fleming had also studied [5]. Several years
later Heatley and chemist Andrew J. Moyer increased the production of peni-
cillin dramatically, by improving fermentation methods and by scaling up the
process, growing the mold first in bedpans and then in large beer vats [6].

They also developed chemical and biological methods for the isolation,
standardization and characterization of penicillin, sparking the interest of and
investment into further research by large pharmaceutical companies in the
United States. It was these combined efforts that led to further understanding
of its biological potential and use in public health. Soon penicillin became the
first chemical ever to be called a “wonder drug” in both scientific and written
history, treating bacterial infections both acute and chronic.

This initiated a rush throughout the 1930s and ‘40s by scientists to discov-
er other antibiosis and wonder drugs, financed by large pharmaceutical com-
panies. Finding antagonist compounds to common infections and diseases
even became a major focus of research for numerous pharmaceutical houses,
where the benefits and profits from the discovery of such a drug far out-
weighed the costs of research and development.

In 1944, the antibiotic streptomycin was discovered from the soil bacterium
Streptomyces griseus by the eminent soil microbiologist Selman Waksman [7].
This compound was one of the first found to be active against the tuberculosis
bacillus, Mycobacterium tuberculosis, a bacterium for which there was no
cure, aside from the isolation and rest assured at the growing number of sana-
toria found throughout the U.S. and the rest of the world. It was Waksman who
first coined the term “antibiotic”, taken to mean “destructive to life”, and fur-
ther developed streptomycin as another major wonder drug isolated from a
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soil-producing microbe [8]. Streptomycin was also mass-produced and used
against other numerous infectious diseases, just as its earlier rival, penicillin.

The discovery of the tetracyclines

In 1947, Benjamin Minge Duggar (1872-1956), botanist emeritus from the
University of Wisconsin (Fig. 1), was hired at the age of 76 by the Lederle
Laboratories Division of American Cyanamid, to bioprospect for soil microor-
ganisms producing new antibiotic substances. Out of the many samples he
obtained, one of them, from a timothy hay field near Columbia, Missouri,
labeled sample A377, produced an unusual yellow-colored microorganism
from the genus Streptomyces. He aptly named the species aureofaciens (gold

Figure 1. Benjamin Minge Duggar (1872—-1956) discovered the tetracyclines.
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surface), and reported his finding first in 1948 in the Annals of the New York
Academy of Sciences [9], and then in 1949, as the first patent ever in the field
of tetracycline research entitled Aureomycin and Preparation of Same (US
patent 2,482,055) [10]. He reported that the strain produced in high yield a
chemical of unknown identity and structure, and named it Aureomycin, in ref-
erence to its yellow color and isolation from Waksman’s Streptomyces species.
Furthermore, aureomycin was effective against many bacteria and had remark-
able activity against rickettsias and viral pathogens.

But chemically aureomycin did not resemble the material Waksman report-
ed 4 years earlier, streptomycin; it had a unique chemical structure that for the
next several years proved hard to solve.

In 1950, the company Chas. Pfizer and Co. described a compound of simi-
lar character and named their substance Terramycin, obtaining patent protec-
tion for its fermentation and production [11]. Now two large companies had
entered the race to determine the chemical identities of these substances.

As the fermentation and purification processes for producing tetracyclines
improved, the compounds were subjected to rigorous chemical analysis by
leading academic research groups of that time, including those of the late
chemist-legend and Nobel Laureate Robert Burns Woodward, of Harvard
University. Woodward and his group raced to be the first to prove the chemi-
cal structure and character of either of the new substances, aureomycin or ter-
ramycin. In the 1950s, Woodward at Harvard, whose laboratory chemically
characterized other complex chemical structures such as strychnine and vita-
min B12, was well staffed and equipped to study both aureomycin I and ter-
ramycin II (Fig. 2) and he collaborated with the Pfizer chemists to solve these
chemical structures. The chemical structure of terramycin began to be
described in 1953 and was given the generic name oxytetracycline II [12]. This
work spanned over four years since the discovery of aureomycin and was done
in an era that predated modern instrumental techniques, such as mass-spec-
trometry and NMR.

During this era of organic chemistry, complex natural products had their
chemical structure determined only after laborious and sometimes inconclu-
sive chemical degradation methods, where molecules are destroyed or modi-
fied by other reagents producing products from which their structure can be
deduced. The use of instrumental methods, such as infrared and ultraviolet-vis-
ible spectroscopy, were in their infancy and their use was restricted to only a
few privileged laboratories.

Woodward and his Pfizer colleagues, led by chemist Lloyd Conover, were
able to correctly deduce the correct structure of both aureomycin I and ter-
ramycin II by definite, but “albeit small” differences in the ultraviolet spec-
trum of the two, compared to the aureomycin product obtained by catalytic
hydrogenation, deschloroaureomycin III (Fig. 2) [13]. Deschloroaureomycin
lacked a chlorine atom and was chemically similar in every way to the com-
pound Tetracyn, a compound that was discovered in fermentation broths in
1954 as a biosynthetic product of Streptomyces aureofaciens by researchers at
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Streptomyces aureofaciens Streptomyces rimosus

| |

HaC H3C  _CH;
a EFPOH

r 1
Aureomycin Terramycin
chlortetracycline oxytetracvcline

catalytic [ ]
hydrogenation -Cl

Tetracyn
deschloroaureomycin

tetracycline

Figure 2. Industrial producers S. aureofaciens and S. rimosus and the primary tetracyclines they
biosynthesize. Tradename; generic chemical name I aureomycin, chlortetracycline, II terramycin,
oxytetracycline;. tradename, original name, generic chemical name III tetracyn, deschloroaure-
omycin, tetracycline. The chemical conversion of chlortetracycline I to tetracycline III used
hydrogenolysis reagents H, and palladium on carbon [14].

Pfizer. It was Conover at Pfizer, however, who first took aureomycin and
chemically modified it by catalytic hydrogenation to produce the more stable
and usable antibiotic tetracycline III, the generic structure for which the tetra-
cycline family of molecules is named [14].

During the time that the chemistry and the structure determination of the
tetracyclines were slowly evolving, the compounds were rapidly gaining won-
der-drug status for possessing the ability to inhibit the growth of a broad range
of bacteria. Not only was the growth of Gram-positive bacteria (those that stain
violet with the dye crystal violet) such as Staphylococcus aureus affected, but
also Gram-negative (those that counterstain red with Safranin O) bacteria, such
as E. coli, Klebsiella and the causative agent of epidemic cholera, Vibrio
cholera, were susceptible to the action of tetracyclines. This unique property
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of the tetracyclines to affect the growth and physiology of a large spectrum of
bacteria allowed for the first time the term broad spectrum to be used to
describe their activity. The early tetracyclines are represented by the initial
members of this class of compounds: chlortetracycline I, oxytetracycline II
and tetracycline III (Fig. 2).

Research on the tetracycline family of compounds in this era of basic dis-
covery, the 1950s and 1960s, primarily focused on: the isolation of novel tetra-
cyclines from microorganisms and their fermentation broths, tetracycline
chemical characterization, the semisynthesis of novel Tcs and unnatural Tcs
(the chemically modified tetracyclines or CMTs, see later in this chapter) and
the total synthesis of compounds within the tetracycline family. This global
research effort was fueled by the hopes of increasing both the potency of these
antibacterial agents and broadening their spectrum of activity against a larger
variety of microorganisms.

Biosynthesis of tetracyclines

The biochemistry and regulation of biosynthesis of tetracyclines by
Streptomyces species were studied primarily by McCormick at Lederle
Laboratories in the 1960s and further elaborated by Hostalek and others, who
studied the biosynthetic pathways using blocked-pathway mutants and the for-
mation of tetracycline metabolites [15, 16]. By the end of the decade, the
biosynthetic pathway and the enzymatic steps of functional group introduction
into the tetracycline nucleus had been fairly well elucidated.

Tetracyclines are a diverse family of compounds produced primarily by the
sequential enzymatic synthesis and biotransformation of polyketide precur-
sors. The most studied bacteria are within the order Actinomycetales, where
Streptomyces aureofaciens and Streptomyces rimosus species, as well as
numerous other soil Actinomycetes, have been found to produce structural
variants of the tetracyclines. For industrial processes and commercial fermen-
tation, Streptomyces aureofaciens is typically used to produce chlortetracy-
cline and tetracycline, while Streptomyces rimosus produces both tetracycline
and oxytetracycline, with the latter produced in high yield (Fig. 2).

Incorporation experiments using radioactive malonate and acetate macro-
molecular precursors indicate that the building blocks of tetracycline antibi-
otics are oligoketides, forming the backbone of the tetracycline nucleus
(Fig. 3). The synthesis of the initial polyketide chain proceeds by the sequen-
tial addition of malonyl-CoA units I to the malonamoylCoA starter unit to
form the backbone of the tetracycline ring II [17]. Once a nonaketide is
formed, the tetracycline nucleus is produced by a series of enzyme-mediated
foldings, ring closings and stereochemistry transformations to produce a naph-
thacene ring system with multiple pendant functional groups.

The enzymes responsible for the synthesis of the naphthacene ring system
are designated as type II synthetases and are derived genetically from specific
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Figure 3. Biosynthesis of oxytetracycline, tetracycline and chlortetracycline by Strepromyces species.

gene clusters that function concertedly to produce the nascent -diketone sub-
structure that is eventually folded into the tetracycline naphthacene ring. In the
folding steps, ketoreductase and aromatase enzymes are critical to the forma-
tion of the tetracycline nucleus as an intermediate, where methylation at posi-
tion 6 results in the production of 6-methylpretetramid (III), the first biochem-
ically distinct and isolatable naphthacene ring system obtained in this pathway
[18]. The exact details of the enzymatic steps related to the folding and con-
densation forming the linearly arranged ABCD rings and their aromatization
and methylation to the naphthacene nucleus remain to be further elucidated.

6-methylpretetramid 111, as a pivotal intermediate, is subjected to a series of
enzymatic reactions producing the final products. The C4 position is hydoxy-
lated to the intermediate 4-hydroxy-6-methylpretetramid IV, which then is
converted by other hydroxylases and ketoreductases, introducing a hydroxy
group into the 12a position of the nucleus while reducing the 4-hydroxyl group
to a ketone group, producing 4-oxo anhydrotetracycline V as an intermediate
[19]. Amination of position 4 to the 4-amino derivative occurs, forming
4-amino anhydrotetracycline VI, which is then sequentially methylated by
methylase enzymes, forming 4-dimethylamino anhydrotetracycline VII.
Hydroxylation at carbon 6 by hydroxylase enzymes produces a hydroxyl
group at C6 along with an unsaturated bond between the 5a and 11a carbons
and is designated 5a(11a)-dehydrotetracycline VIII.
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Table 1. Other biologically active tetracyclines and natural polyketides from the order
Actinomycetales

Demecycline I
antibacterial agent

Streptomyces aureofaciens

Demeclocycline 11
antibacterial agent

Streptomyces aureofaciens

Dactylocycline A 111 Dactylosporangium
antibacterial agent
Dactylocycline B IV Dactylosporangium

antibacterial agent

2-Acetyl-2-decarboxamido-
T-chlortetracycline V
antibacterial agent

Streptomyces aureofaciens

Terramycin X VI
antibacterial agent

Streptomyces psammoticus

Chelocardin VII
antibacterial agent

Streptomyces species

(continued on next page)
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Table 1. (continued)

Daunorubicin VIII
anticancer agent

CHy Streptomyces peucetius

SF2575 IX
antitumor agent

Streptomyces sp. SF2575

'i;

TAN 1518 A X and B XI ?\ Streptomyces sp. AL-16012
OH

OH

antitumor agent

TAN 1518 R1 R2

A H Me
B Me Et

With S. rimosus as the antibiotic producer, the substrate is finally hydroxy-
lated at position 5 to yield the final product, oxytetracycline IX. In S. aureofa-
ciens, this hydroxylation does not occur. Instead, 5a(11a)-dehydrotetracycline
can undergo transformation to two different products, either directly to tetra-
cycline X or the halogenated derivative, 7-chlortetracycline XI, via haloperox-
idase enzymes [20].

Other natural tetracyclines

Natural tetracyclines can be obtained by other antibiotic producers of the
Actinomycetales order, whose members number over 3,000 distinct species in
over 40 genera. The species are grouped taxonomically by physiology and
ribosomal RNA comparisons and biosynthesize secondary polyketide metabo-
lites in a large chemical diversity of natural products [21]. Polyketide com-
pounds also have a broad range of biological activities against both prokary-
otes and eukaryotes. A partial list of lesser-studied natural tetracyclines pro-
duced by Streptomyces soil bacteria, as well as other genera in the order
Actinomycetales, is shown in Table 1.



12 M.L. Nelson

Uncommon tetracyclines, demecycline I and demeclocycline II, derivatives
of tetracycline and 7-chlortetracycline lacking the 6-0-methyl group, are read-
ily obtained from fermentation broths and are also characterized as structural-
ly modified tetracyclines and valuable intermediates for the synthesis of other
tetracycline compounds [22].

Dactylocyclines A (III) and B (IV) are two fermentation tetracyclines pro-
duced by the Actinomycete Dactylosporangium sp. SC14051, a soil bacterium
discovered in a New Jersey wetland [23, 24]. Dactylocyclines are chemically
unique, where the position 4a ring juncture carbon possesses a 4-OH group,
while glycosylated at C6 with an aminosugar in an unusual stereochemical ori-
entation, opposite that of the 6-OH of typical tetracyclines. Both compounds
were found to have biological activity against antibiotic-resistant Gram-posi-
tive bacteria.

2-acetyl-2-decarboxamido-7-chlortetracycline V and terramycin X VI are
tetracyclines possessing similar functionality to the common tetracyclines with
one chemical distinction: the presence of a 2-acetyl group instead of the 2-car-
boxamido functional group [25]. Both are produced by several different
Streptomyces species and have biological activity against bacteria.

Chelocardin VII is yet another tetracycline found to possess a 2-acetyl
group and it possesses a position 4-amino group that is also stereochemically
opposite from that found in typical tetracyclines [26]. It also possesses a
9-methyl functional group and an aromatized C-ring, adding to its uniqueness
as an antibacterial agent. These changes convey activity primarily against
Gram-positive bacterial pathogens and decreases Gram-negative antibacterial
activity.

Streptomyces species also produce a vast array of polyketide-derived natu-
ral products that have been found to be bioactive against eukaryotic cells. The
anticancer agent daunorubicin VIII and its congeners doxorubicin and other
anthracyclines are produced by several different Streptomyces species and pos-
sess as a substructure a naphthacene ring system [27]. As anticancer agents
they are quite effective, forming reactive species that intercalate with DNA,
acting as DNA synthesis inhibitors in actively dividing cells. There is also a
pleiotropic component or mechanism of action to these compounds, due pre-
sumably to their ability to form free radical species and non-specifically mod-
ify macromolecular targets.

The antitumor antibiotic SF2575 IX was isolated from Streptomyces sp.
SF2575 and has been deposited at the Fermentation Research Institute, Agency
of Industrial Science and Technology, Japan, under the name Streptomyces sp.
SF2575 [28, 29]. This tetracycline was cytotoxic against several different can-
cer cell lines with an undetermined mechanism of action. Other antibiotics
with similar structures have also been isolated from fermentation and
described, e.g., the TAN series of anticancer agents. These tetracyclines were
isolated from Streptomyces species AL-16012, producing three different struc-
tural variants designated TAN A (X), TAN B (XI) and TAN X, the latter of
which had the same chemical composition and structure as SF-2575 IX [30].
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Chemical structure of the tetracyclines

The tetracycline nucleus possesses four linearly fused rings, labeled the ABCD
rings by IUPAC [31] convention, and is in the naphthacene ring family of
organic polycyclic hydrocarbons. Naphthacene rings I (Fig. 4) are numbered
starting at C1 on the A-ring moving counterclockwise, where all skeletal and
exocyclic carbon atoms receive a number designation. Bridgehead tertiary car-
bon atoms receive both a number and letter designation.

14

Figure 4. 3-dimensional structure of naphthacene I and dodecahydronaphthacene II and the Fischer
projection structure representation with structural locants of the ABCD naphthacene ring system.
Drawn using Alchemy 2000 software with PM3 and MM3 geometry optimization. Tripos, Inc., St.
Louis, MO.

The tetracycline nucleus is perhydrogenated, where only the D-ring retains
aromatization. The basic tetracycline nucleus, possessing all of its hydrogens,
is named by convention 1,2,3,4,4a,5,5a,6,6a,11,11a,12,12a-dodecahydronaph-
thacene II and is essentially a flat, planar molecule with little molecular
dynamicism, possessing both alicyclic alkane (the ABC rings) and aromatic
character (D-ring).

Major changes in the structural and molecular character of the tetracycline
nucleus occur by the introduction of the six oxygen functional groups into the
lower region of the molecule and to the C3 carbon, along with a dimethy-
lamine group at C4 producing the compound sancycline I (Fig. 5). Sancycline
is the simplest tetracycline with the most basic chemical structure needed for
activity in prokaryotes, while eukaryotes and their macromolecular targets can
be affected by the 4-dedimethylamino derivatives of tetracyclines II, i.e., those
lacking the C4 dimethylamine group.

Introduction of the C10 phenol, the C11-C12 keto-enol substructure, the ter-
tiary hydroxyl group at C12a and the C1 ketone in conjunction with enolate ion
formation at C3, adds dynamic structural attributes to the molecule, changing
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Figure 5. Geometry minimized 3-dimensional structure of sancycline I and 4-dedimethylaminosan-
cycline II. The top structures are the front view and the middle view from the pharmacophore region.
The chemical structures are presented in the bottom view.

the naphthacene ring to the structure shown, where the A-ring is bent upwards
at an angle about the C4a-C12a bond. Sancycline I and 4-dedimethylsancycline
IT display a similar three-dimensional shape to that which was obtained from
oxytetracycline through x-ray crystallographic methods [32].

The presence of the highly dense oxygen functional group system has an
impact on the physicochemical and three-dimensional properties of the naph-
thacene ring system and is the major region responsible for the pharmacolog-
ical properties of the tetracycline family. Along the lower periphery of the ring
system is the pharmacophore region, the area of three-dimensional spatial
arrangement of atoms that convey binding affinity to biological macromole-
cules and receptors and it is the area most sensitive to chemical modification.

Tetracyclines, in particular oxytetracycline, have been shown to exist as an
equilibrium of two different forms, based on solvent environment, although
this view is probably simplistic. Hydrophilic phases favor the formation of the
zwitterionic “A” form, whereby proton transfer between the 3-OH group and
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Tetracycline Form A <«—  Tetracycline Form B

Figure 6. X-ray crystallography structures of two bioactive forms of tetracycline, the A zwitterions
form and the B unionized form. Adapted from Stezowski [32].

the neighboring C4 dimethylamine occurs to form a twisted charged species 1
(Fig. 6) [33]. Conversely, an uncharged lipophilic form occurs, the “B” form,
which causes the overall structure to extend and become more planar II about
the C4a-C12a-axis. It has been suggested that both forms are required for
bioactivity, at least in bacteria, where the charged form is required for binding
at the ribosome, and the uncharged form is responsible for crossing biological
membranes.

Both derivatives show the effect of each individual exocyclic oxygen and/or
C4 nitrogen atom and C2 carboxamide on the overall shape and therefore sub-
sequent function of the tetracyclines. Modifications of the C1 and C11 ketone,
C3 or Cl11a-C12 enolization, or the C10 phenol drastically change the struc-
ture to a more linear flattened or extended structure, similar to the B form. The
B-diketone structure between rings B and C and the process of tautomerization
[34] are extremely important for maintaining biological activity, whereby
blocking of the 11a position causes severe twisting about the C5a-C11a ring
juncture, changing the structure from its normally angled shape. This molecu-
lar deformation occurs with C11a halogenated tetracycline derivatives, which
inhibits the formation of the C11a-C12 enolization and is inactive against both
prokaryotic and eukaryotic targets.

Comparisons and observations of the effect of its functional groups on over-
all structure suggest that the C4 dedimethylamino tetracycline A form has a
similar structure to the C4 dimethylamine A form. The superimposability of
both tetracyclines indicates that perhaps the compounds would bind similarly
to receptors and show equipotency against cellular targets and biological end-
points. Both compounds, sancycline and the chemically modified tetracycline
C4 dedimethylamino derivative, CMT-3 (also known as COL-3), have been
studied both chemically and biologically, and data can be readily compared in
biological models.
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Nomenclature

Tetracyclines are named according to IUPAC convention and the substituents
found at the various positions along the naphthacene ring. Thus, sancycline,
the simplest tetracycline both chemically and biologically, is named by con-
vention I (Fig. 7):

4-dimethylamino-1,4,4a,5a,6,11,12a-octahydro-3,10,12,12a-tetra-
hydroxy-1,11-dioxo-2-naphthacenecarboxamide.

H;C\N/CH:,

NH2 NHz

4a-sancycline 4p-sancycline

Figure 7. Chemical structures and ring numbering system of 4ct-and 4f-sancycline.

Other IUPAC tetracycline names for several clinically significant tetracy-
clines are shown below, where the changes based on the nomenclature of san-
cycline are bolded.

Chlortetracycline
7-chloro-4-dimethylamino-1,4,4a,5,5a,6,11,12a-octahydro-3,6,10,12,12a-
pentahydroxy-6-methyl-1,11-dioxo-2-naphthacenecarboxamide

Oxytetracycline
4-dimethylamino-1,4,4a,5,5a,6,11,12a-octahydro-3, 5,6,10,12,12a-hexahy-
droxy-6-methyl-1,11-dioxo-2-naphthacenecarboxamide

Tetracycline
4-dimethylamino-1,4,4a,5,5a,6,11,12a-octahydro-3, 6,10,12,12a-hexahy-
droxy-6-methyl-1,11-dioxo-2-naphthacenecarboxamide

Minocycline
4,7-bis-(dimethylamino)-1,4,4a,5,5a,6,11,12a-octahydro-3, 10,12,12a-
tetrahydroxy-1,11-dioxo-2-naphthacenecarboxamide

Stereochemistry located at the chiral centers within the tetracycline nucleus
is denoted within the chemical name, where the orientation is added as S or R,
depending upon its three-dimensional spatial arrangement. The designation of
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the alpha (o) I and beta (B) II orientation depicts the spatial arrangement of
two possible diastereomers of the C4-dimethylamino group, the o derivative
occupying space below the plane of the naphthacene ring, and the [ orienta-
tion occupying substituent space above the plane of the ring. The IUPAC des-
ignation for minocycline now shows the stereochemistry, where these desig-
nations are bolded:

Minocycline
[4S-(4a,12a0)-4,7-bis(dimethylamino)-1,4,4a,5,5a,6,11,12a-octahy-
dro-3,10,12,12a-tetrahydroxy-1,11-dioxo-2-naphthacenecarboxamide

There are more basic ways to name tetracyclines and their derivatives, and
one will find these interchangeably within the scientific literature. By taking
the core structure of tetracycline and then removing and/or adding functional
groups, the derivation of simple chemical names for the tetracyclines is possi-
ble. For example, oxytetracycline, a generic name, can be described distinc-
tively as 5-hydroxytetracycline. Demeclocycline is thus named 6-demethyl-7-
chlortetracycline, and demecycline is denoted as 6-demethyltetracycline.
Sancycline is thus named 6-demethyl-6-deoxy tetracycline and so forth. This
becomes important when describing the functional groups attached at the var-
ious positions forming more complex derivatives.

Another nomenclature convention has emerged recently. The term “chemi-
cally modified tetracyclines” or CMTs, refers to tetracyclines that at some
position along the naphthacene ring have been synthetically altered and this
term delineates semisynthetic derivatives of tetracyclines. CollaGenex
Pharmaceuticals, Inc., of Newtown, PA, USA, has described certain CMTs
with the prefix COL, designating them as compounds used in their research
programs as potential therapeutics in several different areas, some of which
will be discussed in the following text. The CMTs, COL designation and their
chemical structure are shown in Figure 8, as a guide and reference for other
chapters throughout this book.

Chemical properties of the tetracyclines

A tetracycline molecule has two major areas residing within the naphthacene
ring system that can be designated the lower (inviolate) and upper (violate)
peripheral regions. Both regions are based on their bacteriological activity
upon being chemically modified (Fig. 9). The linear arrangement of the ABCD
rings is crucial for bioactivity, and, as a general rule, chemical modification
along the lower peripheral region decreases bioactivity, whereas the upper
peripheral region can be usually chemically modified to produce other bioac-
tive semi-synthetic tetracyclines. The lower peripheral region, however, is the
major pharmacophore region sustaining bioactivity in both prokaryotic and
eukaryotic systems, where chemical functional groups dictate binding and
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Figure 8. Chemical structures of the chemically-modified tetracyclines (CMTs) and their COL num-
ber designation as a reference for use with other chapters.

Figure 9. Top Geometry minimized 3-dimensional structure of sancycline viewed from the pharma-
cophore lower peripheral region.

activity. As a complex molecular entity, tetracycline can form different mole-
cular substructures based on the individual dynamics and arrangement of the

oxygen functional groups.
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Individual attributes of the ABCD ring system contribute to the total tetra-
cycline structure, while their correlation to antibacterial activity is a ready
measure of potential activity against different targets, even eukaryotic cells.

Many other factors influence tetracycline binding to receptors, including pH
and inorganic cation complexation, and all ultimately affect biological activi-
ty. The description of binding events of tetracyclines and metals and their
activity profiles remains to be totally elucidated. Further exploration of the role
of cations will be discussed in the chapter on Tetracyclines and Proton and
Metal Binding.

A-ring chemistry

Within the A-ring of the tetracycline nucleus, five different functional groups
are present simultaneously. C1 possesses a carbonyl group, C2 an exocyclic
carboxamide group, C3 a keto-enol functional group, which will be elaborat-
ed on further, and a dimethylamino group at C4. There is also a tertiary
hydroxy group at C12a at the ring AB juncture, separating the A-ring chro-
mophore from the BCD chromophore substructure (Fig. 10).

oCH3

Ha% OH H3C sg
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Figure 10. Structural attributes of the tetracycline A-ring.

Given the dense chemical functionality within the A-ring, one can expect
and find complex chemical behavior and distinctive chemical dynamicism,
which coincide with its ability to ionize and and produce mixtures of zwitteri-
ons or charged forms of tetracycline.

The A-ring possesses a tricarbonylmethane keto-enol system spanning C1 I,
C2 I and C3 HI (Fig. 11), producing an acidic substructure with a pKa of
2.8-3.3. At physiological pH this functional group is ionized, allowing forma-
tion of a tautomeric substructure that is crucial for biological activity (Fig. 11).
Modification of any one of the carbonyl functional groups or inhibition of tau-
tomerization results in a loss of bioactivity.

The C4 dimethylamine group functions as a base forming a conjugate acid
with a weak pKa of approximately 9.4. 4-dedimethylamino derivatives, the
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Figure 11. Tautomeric structures of the A-ring tricarbonyl group.

CMT or COL compounds, lack this basic functional group, although ring tau-
tomerization from the C1-C2-C3 tricarbonyl should still occur.

The tetracycline chelocardin VII (Tab. 1), possessing a 2-position methyl
carbonyl group, retains biological activity. Tetracyclinenitrile, produced from
tetracyclines by carboxamide dehydration using p-toluenesulfonic acid or
dicyclohexylcarbodiimide [13, 35], results in a loss of biological activity
(Fig. 12). Inactivity may be due to diffusion through biological membranes,
where nitrile derivatives are 400-fold less permeant in a liposome model, com-
pared to tetracyclines with a 2-position carbonyl [36]. Chemical modification
of C2 position derivatives indicates that the exocyclic carbonyl is crucial for
activity, whereas the carboxamide N atom may be synthetically modified.

pTSA, pyridine

or

DCC. MeOH

Figure 12. Synthesis of tetracycline C2 position nitrile derivatives.

C2 carboxamide chemistry

The C2 carboxamide nitrogen group is capable of reacting with chemical
reagents to produce numerous other tetracycline derivatives. The Mannich
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reaction, a combination of a carboxamide, aldehyde and nitrogenous base, has
been successfully used to covalently synthesize tetracycline prodrug forms I
that increase the both the water solubility and the bioavailability of tetracy-
clines (Fig. 13) [37]. Rolitetracycline, the tradename for the clinically used
prodrug form of tetracycline, is formed by the reaction of formaldehyde and
pyrrolidine in t-butanol producing the condensation product N-(pyrrolidinyl-
methyl)-tetracycline II (Fig. 13) [38]. In an aqueous phase, Mannich base pro-
drugs hydrolyze back to the parent compound with a half-life that is depend-
ent upon the nitrogenous base that is used. The half-life of tetracycline
Mannich base prodrugs can vary dramatically, where rolitetracycline has a
half-life of 45 min at pH 7.2 and 37 °C [39]. The morpholinomethyl derivative
has a half-life of greater than 300 min under the same conditions.

Figure 13. Synthesis of the tetracycline C2 position Mannich bases morpholinomethyltetracycline I
and II rolitetracycline.

Many Mannich bases of tetracyclines are reported in the literature, with the
most notable being those composed of simple nitrogenous bases and amino
acids. The most studied Mannich bases of the tetracyclines have been the
pyrrolidine I, morpholine II, lysine III and hydroxyethylpiperazine IV deriva-
tives (Fig. 14).

The carboxamide functional group reacts with aldehydes and alcohols pro-
ducing N-alkoxymethyl tetracyclines I. Although this class of compounds has
not received as much attention as the Mannich products (Fig. 15) [40], they
retained antibacterial activity against Gram-positive bacteria.

Tetracyclinenitriles react with tertiary alcohols and isobutylene functional
groups to produce monoalkylated tetracyclines 1. They retain exceptional
activity against Gram-positive bacteria but lose activity against the Gram-neg-
ative bacteria (Fig. 16) [41]. The nitrile group may be reconverted back to the
carboxamide II using BF; followed by hydrolysis [42].
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Figure 14. Structures of rolitetracycline I, N-morpholinomethyltetracycline II, N-lysinomethyltetra-
cycline III, and N-hydroxyethylpiperazine tetracycline IV.

aldehyde
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NHz  alcohol (ROH)

Figure 15. Synthesis of 2N-alkoxymethyltetracyclines.

Figure 16. Synthesis of 2N-alkyl derivatives of tetracyclines and nitrile hydrolysis to the carbox-
amide.
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C4 dimethylamino chemistry

The C4 dimethylamino group has been the most studied of all the functional
groups on the tetracycline nucleus, after it was discovered that C4 stereo-
chemical orientation is extremely important for antibacterial bioactivity. The
C4 dimethylamino group can undergo a reversible process in vitro and in vivo,
producing an unnatural C4 [-epimer product that was earlier called “qua-
tramycin”(Fig. 17) [43, 44].

Tetracycline epimers show differences in antibacterial bioactivity, where the
B-epimer possesses only 5% of the activity of the natural o-epimer against
Gram-negative bacteria such as Klebsiella. Epimerization can be induced by
various solvent systems within a pH range of 2—6, although epimerization can
occur above pH 7.5 [45]. The kinetics of epimerization are influenced by
numerous factors, including the position C2 and C5 substituents, the presence
of chelating metals, solvent and buffer systems, and temperature [46]. While
neighboring substituents and chelating metals tend to decrease the epimeriza-
tion process, aqueous environments and acidic solutions increase the produc-
tion of epimers. C4 epimers are also formed in vivo, where epimerization of
tetracycline has been demonstrated and measured in muscle and organ tissue
samples in animals [47].

4o-tetracycline and the 4-epimer product of tetracycline, 4f3-epitetracy-
cline, show considerable differences in antibacterial activity, where 4o-tetra-

C

4a-epimer 4B-epimer
natural tetracycline quatrimycin
I I

Figure 17. Mechanism of acid-catalysed C4 epimerization of tetracyclines to the 4o and 4 epimers.
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cycline has a minimum inhibitory constant (MIC) value of 0.21 and
0.06 pg/mL against Staphylococcus aureus and Streptococcus pyogenes,
respectively, whereas 4B-epiTc has MIC values at 6.0 and 3.0 ug/mL [43]. The
30- to 40-fold decrease in activity upon epimerization suggests that protein-
synthesis inhibition is substantially decreased, where 4f-epimer has less ago-
nist activity and is less effective in inhibiting ribosomal function.

Epimerization kinetics have been studied by UV-visible spectroscopy,
where absorbance at 250-300 nm, the A-ring chromophore region, is typical-
ly monitored [45]. Changes in this region indicate that during epimerization,
only the A-ring is changed from one form to another, whereas 4B-epitetracy-
clines exhibit a lower molar absorptivity (€).

Nuclear magnetic resonance can also be used to monitor epimerization
kinetics, where the C4-f3 proton in natural tetracyclines shifts downfield when
isomerized to the C4-a epimer proton. Minocycline undergoes C4 epimeriza-
tion in polar protic solvents, such as water, where epimerization is a function
of pH, temperature and time, as well as in polar aprotic solvents, such as
DMSO. The chemical shift of the natural C4 B-proton of minocycline is clear-
ly evident in an NMR spectrum exhibiting a sharp singlet at 84.27 ppm, as
depicted in Figure 18a. Isomerization and proton exchange at C4 can be
demonstrated by heating minocycline in dimethylsulfoxide-dg solution, with
or without deuterium chloride (DCl) as a deuterium exchange catalyst, for 1 h
at 70 °C.

After 1 h at 70 °C in DMSO-dg without DCI, the spectrum of minocycline
(Fig. 18b) shows the disappearance of the C4-f proton at 84.27 ppm and the
appearance of the C4-o proton downfield at 84.72 ppm, indicating epimeriza-
tion at the C4 position.

One can also quantify the relative epimer ratios in a C4 epimer pair by care-
ful integration of the proton spectra. Isomerization produces a downfield
chemical shift of about 0.5 ppm, where now the C4-o. proton epimer species
represents approximately 65% of the sample, while the remainder is the natu-
ral isomer. The presence of a mixture of C4 isomers is also evident in the aro-
matic region of the spectra, where a doublet of doublets is indicative of two
A-B spin-coupled systems, consistent with the presence of two compounds.

The NMR spectrum of minocycline (Fig. 18c) in DMSO at 70 °C with DCI
shows the characteristic 40 and 4P protons at 8 4.27 and 4.72 ppm, respec-
tively, although the peaks are somewhat minuscule. The DCI added to the
DMSO has produced a deuterium exchange, whereby the C4 protons are now
exchanged with deuterium, resulting in a loss of C4 proton signal.

Other C4 derivatives

The conversion of the C4 dimethylamine of tetracyclines to quaternary amines
I is possible by reacting the starting free base of tetracyclines with alkyl
iodides I (Fig. 19) [48]. Tetracyclines possessing a 6-OH group form numer-
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Figure 18. 'H-NMR spectra of minocycline (A).

ous by-products, presumably due to the instability of tetracycline methiodides,
with the formation of C-ring dehydration product 4-trimethylammoniumanhy-
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Figure 19. Synthesis of quaternary amine I, methyl betaine II, 4-trimethylammonium anhydro III and
4-dedimethylamino IV tetracyclines.

drotetracycline II. Methiodides of tetracyclines form methyl betaines III by
treatment with sodium acetate at pH 4.5. The methyl betaine UV absorption
spectrum is similar for the methiodide except for a decreased absorbance at
223-226 nm, indicating a loss of iodide ion.

Quaternary derivatives of tetracyclines typically abolish all antibacterial
activity compared to the parent materials from which they are prepared.
However, they are readily synthetically modifiable to the corresponding
4-dedimethylaminotetracycline family of compounds IV.

4-dedimethylamino tetracyclines, CMTs or COL compounds

Reductive degradation of the 4-dimethylamino group in tetracyclines can be
attained by using chemical reagents such as zinc in glacial acetic acid (Fig. 20)
and was one of the first reactions performed on chlortetracycline as part of its
structure determination, forming 4-dedimethylamino chlortetracycline I [13].
More recent methods use reductive electrolysis of C4-trimethylammonium
tetracyclines in methanol for the scale-up synthesis of 4-dedimethylamino
doxycycline II, also known as CMT-8 or COL-8 [49].

The antibacterial activity of 4-dedimethylamino derivatives depends on
whether the target pathogens are Gram-positive or Gram-negative bacteria,
and whether or not they are used in vivo. 4-dedimethylamino-6-demethyl-6-
deoxy tetracycline, also called CMT-3 or COL-3, is reported to have activity
in vitro against Staphylococcus aureus and Streptococcus pyogenes with MICs
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Figure 20. Synthesis of 4-dedimethylamino tetracyclines using reductive degradation methods.

of 0.8 and 1.5 pug/mL [50]. However, these compounds were ineffective against
Gram-negative bacteria and were devoid of activity in vivo against Gram-pos-
itive strains. The lack of activity against Gram-positive strains in vivo suggests
that aqueous solubility and/or bioavailability relates to activity, although this
question remains to be answered. The solubility of the 4-dedimethylamino
tetracyclines in aqueous buffers or physiological systems may be considerably
less due to their increased hydrophobicity as compared to the hydrophilic
4-dimethylamino derivatives and their inorganic or organic salts.

The C12a hydroxyl group at the ring A—ring-B juncture is extremely impor-
tant for maintaining the overall three-dimensional shape of the tetracycline
molecule, as well as for maintaining bioactivity. The selective removal of this
group is possible using zinc dust and 15% ammonium hydroxide [51]
(Fig. 21). The product, 12a-deoxytetracycline I, has only about 2% of the
activity of the parent tetracycline when tested in vitro against S. aureus. 12a-
deoxytetracycline is also readily converted to the degradation product dedi-
methylaminoterrarubein II, also known as 6-methyl pretetramide, a major
biosynthetic precursor discussed earlier in the polyketide pathway of oxytetra-
cycline.

H3C _CH, H3C  _CHj3
Ho N HG, SN CHs

HC o

OH

NHz
OH OH OH o4 o

OH O OHOHO

tetracycline I I

Figure 21. Synthesis of 12a-deoxy tetracyclines and degradation products.
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Figure 22. O'*-transformations of tetracycline.

O'%_formyl tetracyclines I (Fig. 22) are obtained by their reaction in an
acetoformic acid reagent in cold pyridine or by anhydride reagents in acid
[52]. O'*-formyltetracycline, as a prodrug form of tetracycline, shows essen-
tially the same bioactivity as the parent material, reverting back to parent in
5 min in aqueous buffers at pH 7.5. O'? esters II have also been synthesized,
retaining activity against Gram-positive bacteria but losing activity against
Gram-negative bacteria. Esters greater than 2 carbons also lose their activity
against Gram-positive bacteria [53].

The reactivity of the O'? group with organic isocyanates has also been
described, where O'?*-phenyl carbamoyl III derivatives were produced in a
reaction with anhydrous tetracyclines. The compounds were claimed to retain
antibacterial activity [54].

B-ring chemistry

There are relatively few position 5 modifications found within the literature;
however, the 5-OH group of doxycycline may be chemically modified using
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Figure 23. C5-OH transformations of doxycycline.

DMSO and acetic anhydride to produce the 5-deoxy-5-oxo doxycycline I in
high yield (Fig. 23) [35]. 5-deoxy-5-oxo-methacycline was purportedly syn-
thesized using the same reagents, using the IR spectrum to confirm the struc-
tural assignment of the C5 carbonyl at 1740 cm™.

Acid-stable tetracyclines, those lacking a 6-OH group, form esters at the
C5-OH position via the reaction of carboxylic acids in anhydrous hydrogen
fluoride or methanesulfonic acid as both a solvent and catalyst II (Fig. 23)
[55]. C5-esters generally have increased activity against Gram-positive bacte-
ria and decreased activity against Gram-negative bacteria, although a limited
number have been studied.

The lower peripheral part of the B-ring possesses a keto-enol substructure
in conjunction with the C-ring, spanning carbons C11, Clla and C12. By
allowing keto-enolization to occur, the third pKa macroscopic acidity constant
may be derived. This region has a pKa value of 7.5, while the B-diketone sub-
structure is sensitive to chemical modification. Disruption of the system results
in a loss of bioactivity against both prokaryotic and eukaryotic targets.

The CMT-5 is an example of a tetracycline modified at this position, pro-
duced by the reaction of hydrazine with the B-dicarbonyl tautomer between
rings B and C [56] (Fig. 24). Tetracycline hydrazine derivatives, 11,12-pyra-
zolotetracyclines I, have no bioactivity, showing the importance of the C11-
C12 B-diketone structure in maintaining structure and function while allowing
the formation of chelates with inorganic cations.

Although hydrazine derivatives cannot form cation chelates at the ligand-
receptor interface and are inactive, they serve to suggest the role of cations in
the metal-binding pharmacophore C11-C12 region and the role of cations in
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Figure 24. Synthesis of 11, 12-pyrazolotetracyclines.

biological modulation. Binding of cations in this region appears to be a major
molecular interaction at the tetracycline pharmacophore-receptor interface.

C-ring chemistry: synthesis of anhydrotetracyclines, methacycline and
doxycycline

Oxytetracycline serves as the starting material for several different tetracycline
derivatives, depending upon the reaction pathways used (Fig. 25). Due to the
relative instability of the C6 benzylic hydroxyl group, strong acids dehydrate
the C-ring through the 6-OH group, while concertedly aromatizing the C-ring,
forming 5-hydroxyanhydrotetracycline I [57]. In a similar reaction, tetracy-
cline undergoes C-ring dehydration to form anhydrotetracycline 11, chlortetra-
cycline to form anhydrochlortetracycline III, while methacycline forms
5-hydroxyanhydrotetracycline I.

As degradation by-products, anhydrotetracyclines are found in most chem-
ical samples of tetracyclines which possess a reactive 6 position functional
group, unless extra care is taken to ensure that these mixtures are not present
[58]. The biological assay of 6-OH tetracyclines may be compromised by
anhydrotetracycline contaminants, showing variable results and/or toxicity.

Anhydrotetracyclines have several deleterious biological effects. In vivo
they are phototoxic and hepatotoxic and they may cause the development of
anemias [59-61]. They are thought to show their atypical activity as being
similar to membrane perturbation agents [62], by non-selectively changing
cytoplasmic cell membrane shape, cell morphology and releasing internal cel-
lular constituents, such as [3-galactosidase or lactate dehydrogenase, from the
cell, signaling lethal cellular damage. They do not, however, cause lysis of E.
coli spheroplasts, in contrast to a true membrane perturbation agent. Atypical
tetracyclines may be acting at the level of membrane energization, where elec-
trochemical changes can initiate autolytic processes and cell lysis.

Anhydrotetracyclines are also high-affinity ligands for the Tet repressor
protein, a natural bacterial expression system in bacteria that senses tetracy-
cline antibiotics and up regulates antibiotic efflux resistance mechanisms,
which will be addressed in detail later in this and other chapters. As a side note,
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Figure 25. Dehydration mechanism common to 6-OH tetracyclines and methacycline forming anhy-
drotetracyclines.

the Tet repressor protein is produced naturally by bacteria that are trying to
avoid the toxic effects of anhydrotetracyclines, and this defense mechanism
probably evolved specifically to sense this and other toxic tetracyclines.

Synthesis of methacycline

The formation of anhydrotetracyclines can be avoided during semi-synthesis
procedures, where protection of the 11a position as the 11a-chloro derivative I
(Fig. 26) is readily afforded by N-chlorosuccinimide [63]. Chemically intro-
ducing an 11a-Cl halogen group stabilizes the oxytetracycline C-ring, allow-
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Figure 26. Synthesis of methacycline from oxytetracycline.

ing it to be reacted with acids, bases and other chemical reagents under harsh
chemical conditions. Treatment with anhydrous hydrogen fluoride forces an
exocyclic dehydration to occur to produce 6-methylene-11a-Cl-oxytetracy-
cline II. The 11a-Cl group is readily removed by reaction with sodium hydro-
sulfite to produce methacycline III, a clinically significant tetracycline that
possesses activity against a broad spectrum of bacteria [64].

Synthesis of doxycycline

The exocyclic double bond of 6-methylene tetracyclines can be further react-
ed with mercaptans via a radical reaction producing the anti-Markovnikov sul-
fur adduct of methacycline (Fig. 27) [64]. Benzylmercaptan reacted with
methacycline produces 60-benzylthiomethylene-5-OH tetracycline I, which
can then be reduced with Raney nickel catalysts under hydrogen to produce
6a-methyl-6-deoxy-5-hydroxytetracycline [65], now known as doxycycline II,
a tetracycline that is still currently widely used against a broad spectrum of
bacteria.

Alternatively, methacycline may be directly stereospecifically reduced under
hydrogen using rhodium metal complexes, producing doxycycline in high
yields by a method proven useful enough for its industrial-scale synthesis [66].

13-benzylmercapto-o-6-deoxytetracycline sulfide is readily oxidized to the
S-oxide I using oxidizing reagents such as peroxides or Oxone, a mixture of
permanganate salts (Fig. 28) [64, 67]. The S-oxide is readily converted into
7,13-epithio-0-6-deoxytetracycline by treatment in strong acid II [64]. The 7,
13-epithio compound was found to have superior activity compared to the 13-
benzyl derivative, particularly against Gram-positive bacteria.
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Figure 27. Synthesis of doxycycline from methacycline.

Figure 28. Synthesis of 7,13 epithio-5-OH tetracycline.

The synthesis of C13 mercaptan adducts of tetracyclines has been studied
in our laboratory, where we have found them to be active against antibiotic-
resistant bacteria possessing drug efflux and ribosomal protection mecha-
nisms. We have also studied their effect against tetracycline efflux proteins and
have found them to act as inhibitors. This subject will be discussed shortly.

Other C6 position derivatives

Modification of demecycline with N-chlorosuccinimide produces the 11a-Cl
derivative I, which in liquid HF results in the displacement of the 6-OH with
fluorine to yield two possible stereoisomers of the 6-fluorotetracyclines, 0-iso-
mer II and B-isomer III (Fig. 29) [68]. Demecycline can also be directly acety-
lated using HBr and acetic acid to produce 6-0i-acetoxy-6-demethyl tetracy-
cline IV. Both the fluorine and acetoxy [-isomers are more active against S.
aureus, while the a-isomer shows significant decreases in activity.
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Figure 29. Synthesis of C6 position chemical derivatives.

Methacycline may be cis-dihydroxylated between the C6 and C13 exocyclic
carbons. Oxidation with osmium tetroxide, OsO,, or with oxidizing salts such
as potassium perchlorate, produces 6, 13-dihydroxytetracyclines V (Fig. 29),
although this compound was found to be inactive against both Gram-positive
and Gram-negative bacteria [35].

D-ring chemistry: synthesis of minocycline and GAR-936

The aromatic D-ring, composed of positions C7, C8, C9 and a phenol at C10,
has been a useful chemical platform for the semi-synthesis of numerous other
tetracycline derivatives (Fig. 30). Earlier tetracyclines, those possessing a
6-OH group, were chemically unstable, and the lability of this position li-
mited synthetic progress in D-ring chemistry. Semi-synthesis of 6-deoxyte-
tracyclines and 6-deoxy-6-demethyltetracycline, sancycline and other chem-
ically stable tetracyclines, led to the development of new D-ring derivatives
possessing both chemical diversity and, in some cases, potent antibacterial
activity.
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Figure 30. Synthesis of C7 and C9 derivatives of sancycline.

The D-ring undergoes chemical modification primarily via electrophilic
aromatic substitution, where electrophilic reagents, E+, react to produce posi-
tion 7 and 9 derivatives of 6-deoxy-6-demethyltetracyclines I (Fig. 30) [69].
The types of substitutions possible include halogens I, nitro groups Ila, IIb,
amino groups Illa, I1Ib, diazonium functional groups IVa, IVb, and their reac-
tion products, such as the ethyl xanthates Va, Vb and azides VIa, VIb. Reaction
with N-hydroxyphthalimides in strong acid also is possible, producing corre-
sponding 7 and 9 position analogues VIla, VIIb.

The reactivity of the D-ring is based on several factors, the major one being
the electron-donating characteristics of the phenol group activating the ortho
C9 and para C7 positions to electrophilic substitution. At the same time, C8 is
deactivated by both the C10 phenol and the C11 carbonyl, leading to a loss of
reactivity. Electron density calculations performed in our laboratory confirm
the reactivity at these positions, where C7 and C9 possess greater electron den-
sity than the C8 position (Fig. 31). A single point semi-empirical molecular
orbital calculation using the AM1 Hamiltonian was conducted to determine the
relative electrostatic point charges at the 7, 8 and 9 positions. Shown is the
MOLCAD rendering of the Coulson charges.

Synthesis of minocycline

Nitration of sancycline results in the electrophilic substitution at either the C7
or C9 position (Fig. 32). Separation of the 7 or 9 nitro regioisomers and reduc-
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Figure 31. MOLCAD rendering of doxycycline (Gasteiger-Huckel Charges) and the electron density
at C7. C8 and C9. Modeling was done using Silicon Graphics hardware and version 6.6 Sybyl soft-
ware, Tripos, St. Louis, MO.

Figure 32. Synthesis pathway for 7 and 9 aminominocycline derivatives and minocycline.

tive hydrogenation and methylation using 10% Pd/C at atmospheric pressure
produce 7-dimethylamino-6-demethyl-6-deoxytetracycline II or 9-dimethy-
lamino-6-demethyl-6-deoxytetracycline III [70]. The 7-dimethylamino deriva-
tive, named minocycline, has superior activity against a broad spectrum of bac-
teria and is one of the most potent of all the tetracyclines used today against
tetracycline-susceptible bacteria. The initial synthesis route for this compound
had major problems, the separation of the regioisomers at positions C7 and C9
is a formidable task, where industrial-scale separations by chromatography are
not economically feasible.

Two different reaction pathways are now used for the industrial-scale syn-
thesis of minocycline, and American Cyanamid Lederle Laboratories have
been instrumental in the development of both synthetic strategies.
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Figure 33. Multistep synthesis of minocycline via diazonium intermediates.

The first synthesis scheme uses the fermentation product demeclocycline as
the starting material, which is readily reduced by catalytic hydrogenation to
sancycline I (Fig. 33) [70]. In anhydrous HF and under the correct nitration
conditions, 9-nitro sancycline 1I is produced. Catalytic reduction of the nitro
group to the amine produces 9-amino sancycline III. Further nitration produces
7-nitro-9-amino sancycline IV. The amino functionality is removed via the dia-
zonium salt intermediate to produce 7-nitro sancycline V. The nitro group is
reduced and simultaneously reductively alkylated using formaldehyde and cat-
alytic reducing conditions to produce minocycline VI.

Another reaction scheme utilizes the reactivity of the 7 position of sancycline
with diazo compounds (Fig. 34) [71]. Sancycline in acid reacted with dibenzyl
azodiformate in tetrahydrofuran produces 7-N, N'-dicarbobenzyloxy hydrazine
Tc L. This intermediate is then catalytically reduced to 7-aminosancycline II.
The amino compound is finally reductively alkylated using formaldehyde and
catalytic hydrogenation conditions to minocycline III. The regiospecific reac-
tion at position 7 with amine-forming reagents is highly fortuitous, producing
minocycline in a shorter synthetic sequence and in high yield.

By either method, minocycline was the last tetracycline to be approved for
use against bacterial infections in the United States. It still is produced today
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Figure 34. Regiospecific synthesis of minocycline.

and marketed under a variety of tradenames, the most prominent of which is
Minocin, from American Home Products, Inc., (AHP) Pearl River, New York,
formerly Lederle Laboratories.

Today AHP has continued research into new tetracyclines by producing a
family structurally related to sancycline and minocycline, the glycylcyclines.
These promising compounds have been found to be effective against antibiot-
ic-resistant bacteria, both in vitro and in vivo, and are the first new tetracy-
clines to be developed in almost 30 years.

Synthesis of the glycylcyclines

Glycylcyclines are synthesized using either minocycline or sancycline as the
starting material (Fig. 35), where nitration of the D-ring by reagents produces
9-nitro minocycline, or 7 and 9 nitro regioisomers of sancycline [72]. The
D-ring nitro derivatives are reduced to the amino functional group and are piv-
otal intermediates for further modification. The 9-amino derivatives of
minocycline I and sancycline II are treated with N, N-dimethylglycinyl chlo-
ride in an aprotic solvent to afford DMG-Mino III and DMG-DMDOT IV.
While the dimethylaminoglycyl derivatives were potent as antibacterials, an-
other derivative from this series, 9-t-butylglycylamido minocycline, also known
as TBG-MINO or GAR-936 V [73] (Fig. 35), has demonstrated superior poten-
cy as an antibacterial compared to the dimethylamine derivatives. Other glycyl-
cycline-like compounds have been described since this work began, namely,
9-glycylamino doxycycline derivatives and amino acid derivatives of doxycy-
cline IV, but there was no improvement in spectrum or potency of activity [74].
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Figure 35. Synthesis of the glycylcyclines and DMG-Mino and DMDOT.

The attachment of N-alkyl glycylamido derivatives at position 9 generally
increases activity against a broad spectrum of tetracycline-susceptible and
resistant Gram-positive and Gram-negative bacteria, including strains possess-
ing efflux and ribosomal protection resistance determinants. GAR-936 is cur-
rently undergoing development by AHP as a new antibacterial agent.

Cellular mechanisms of action of the tetracyclines

Studies of the cellular mechanisms of action of the tetracyclines against both
prokaryotes and eukaryotes show that they have a diverse range of biological
activities. The major mechanism of action of the typical tetracyclines against
bacteria is protein-synthesis inhibition, at least upon initial examination. Both
typical and atypical tetracyclines also have pharmacological effects against
eukaryotic cells across multiple cell types; their molecular mechanisms of
action are just beginning to be understood. A discussion of the effects of tetra-
cyclines against both bacteria and mammalian cells demonstrate the chemical-
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ly “promiscuous” [75] nature of the tetracycline molecule, where it can inter-
act at a variety of receptors, both prokaryotic and eukaryotic in origin, and
modulate cell processes.

Inhibition of protein synthesis

Soon after their discovery, tetracyclines were initially described as having
inhibitory action in bacteria similar to chloramphenicol, an antibiotic and
known protein-synthesis inhibitor. There were also reports that tetracyclines
produce metabolic disturbances in cells and could modulate oxidative phos-
phorylation, electron transport, nucleic acid biosynthesis and bacterial cell
wall synthesis [76-79]. Tetracyclines were also found to inhibit met-
alloflavoenzymes such as NADH and cytochrome oxidoreductase [80].

Attempts to localize the primary area of the mechanism of action of tetra-
cyclines used S. aureus cells and radiolabelled macromolecular precursors
such as '“C-glutamine and '“C-lysine and concentrations of Tc between 0.1
and 1.0 pg/mL. Protein synthesis decreased within 5 min, indicative of easy
penetration of tetracycline into the bacterial cell [81].

Within the first 30 min after drug contact, the mode of action of tetracycline
is primarily bacteriostatic, inhibiting bacterial growth without killing, while
during this time macromolecular processes such as cell wall, DNA and RNA
synthesis are found to be unaffected. Thus, the primary effect of tetracyclines
was first described as inhibition of protein synthesis [82].

While some thought that the primary targets of tetracyclines were second-
ary processes such as protein and enzyme-dependent DNA and RNA synthe-
sis, these findings were refuted by studies showing that tetracyclines mostly
inhibit protein-synthesis activity in cell-free protein-translation assays [83,
84]. Cell-free systems have been used to establish a quantitative measure of the
inhibition of protein synthesis using tritium-labeled tetracycline (*H-Tc) as a
probe. Tetracyclines were also found to decrease polyuridine-directed pheny-
lalanine incorporation into cell-free E. coli systems [85].

The macromolecular synthesis of protein, as measured by incorporation of
radioactive precursors, is more sensitive than other biochemical pathways to
tetracyclines, while total cellular growth is inhibited at concentrations that
inhibit 90% of the rate of protein synthesis [86]. Similar inhibition patterns are
seen for both chlortetracycline and oxytetracycline, while still other studies
show inhibition of other pathways by these compounds such as cell division,
protein and nucleic acid synthesis in E. coli [87]. It was also found that tetra-
cyclines caused inhibition of rRNA synthesis in E. coli [88] and down regula-
tion of precursor uptake mechanisms [89] along with protein-synthesis inhibi-
tion.

Inhibiting protein synthesis may have an effect on membrane and phospho-
lipid synthesis and turnover in E. coli [90], as shown by electron microscopy
where distinct morphological abnormalities occur in the presence of tetracy-
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clines [91]. However, cellular abnormalities due to tetracyclines may also be
due to changes in the synthesis of envelope proteins [92].

Tetracyclines were found to bind firmly to isolated ribosomes using *H-Tc,
binding with the 30S and 50S ribosomes of E. coli [93]. Other methods for
studying the binding of tetracyclines to macromolecules include observation
of the binding of *H-Tc tetracyclines by a two-phase partitioning system [94].
This demonstrated affinity of SH-Tc to the bacterial 30S ribosomal subunit,
where tetracyclines also inhibited the formation of peptide amide bond link-
ages on growing polypeptide chains.

Ribosomal binding

When bacterial ribosomes encounter tetracycline in concentrations needed to
inhibit bacterial growth, they present many different molecular receptors for
tetracycline and tetracycline-metal complexes, and therefore a multitude of
tetracycline-RNA-protein binding interactions are possible.

In prokaryotes, E. coli ribosomes are composed of 2 particles, designated the
30S and 50S subunits. Each subunit is composed of numerous proteins and
RNA molecules. The 30S unit is further composed of a 16S RNA molecule and
21 S proteins, in order of largest to smallest. The 50S subunit is composed of
two RNA molecules, 5S and 23S particles, and 32 proteins designated as L pro-
teins. A functioning ribosome, with particles and S and L proteins, is an intri-
cate architecture of molecular machinery used specifically to biosynthesize pro-
teins. Tetracyclines bind to a variety of macromolecular systems in both proka-
ryotic and eukaryotic cells, but binding to ribosomes has been the most studied.

Among the major tetracyclines, tetracycline binds to E. coli ribosomes with
a high degree of specificity [83, 93, 95] as does oxytetracycline [96]. Most
tetracyclines bind to bacterial ribosomes to some degree, as studied by the
aqueous two-phase partitioning system [92]. Bacterial ribosomes show bind-
ing of tetracyclines to both the 30S and 50S subunits, with a delineation of a
high-affinity site [97] on the head region in the 30S ribosome and multiple
low-affinity sites on both the 30S and 50S subunits. The low-affinity sites
accompany the S proteins, namely, the S5, S7, S13, S14 and S18 proteins [93,
95], while binding to the 50S subunit L proteins has never been described.
Recent proteolysis studies show most of the proteins affected by tetracyclines
are located on the 30S head region and the 50S interface side, where one of the
tetracycline-binding regions is near the ribosomal peptidyl transferase center
[98]. Photoaffinity labeling experiments also suggest the S7 protein as a rea-
sonable affinity receptor for tetracyclines, although other S proteins can be
labeled as well. Mutant ribosomes lacking S proteins show decreased binding
of tetracyclines as compared to the native subunits.

Spectroscopic study of the interaction of tetracyclines with ribosomal sub-
units from E. coli are possible using fluorometry and fluorescence anisotropy,
where, using demeclocycline as a probe, both high-affinity and low-affinity
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binding sites can be observed [99]. Demeclocycline binds to not only 30S, 50S
and 70S ribosomal particles with high affinity, but also reveals secondary bind-
ing to many other unspecific binding sites [100] at higher compound concen-
trations.

Photoaffinity labeling of ribosomes

E. coli ribosomes have been photoaffinity-labeled with a high degree of speci-
ficity using *H-Tc to probe the binding sites within the ribosome [101]. In
these experiments, S proteins were demonstrated to be labeled, with S7
demonstrating high-affinity labeling, while other S proteins, S4, S13 and S14,
incorporated less 3H-Tc [102].

The success of these studies relies on the inherent photolability of tetracy-
cline and its ability to form radical species to covalently modify and map ribo-
somal binding sites and ribosomal components. *H-Tc photoincorporates in
the presence of ribosomes and other substructures, but free radical quenching
agents must be used to increase specificity of the labeling reaction [103]. It
was also noted that competing side reactions do occur [104], where photolysis
of tetracyclines and RNA results in a 1:1 ratio of labeling of RNA and the S7
ribosomal protein.

Molecular mechanism of action of the tetracyclines

While the site of action was determined to be the ribosome and its compo-
nents, the mechanism of typical tetracyclines was found to be inhibition of
codon-specific binding of aminoacyl-tRNA to ribosomes and the blocking of
protein synthesis [105, 106]. Tetracyclines were also found to inhibit
formyIMET-tRNA binding to ribosomes [107]. Supportive evidence further
pointed to the tRNA binding site, where inhibition by tetracycline occurred via
an allosteric effect inhibiting appropriate binding of the amino acid-tRNA at
the acceptor site or “A”-site [108].

During protein synthesis, mRNA, with an appropriate start codon, initiates
peptide formation by signaling the ribosome to self-assemble. The codons of
the RNA encode for each amino acid in the chain. The ribosomal complex has
two sites, the A-site (acceptor) and the P-site (peptidyltransferase). The A-site
is a receptor to accept tRNA-amino acid complexes from the cytoplasm, bind-
ing at the ribosome complex, providing one specific amino acid for each codon
triplet. The amino acid is then catalytically transferred from the A-site to the
growing polypeptide chain on the P-site by peptidyltransferase enzymes, form-
ing a peptide bond in the process. The A-site is free again to accept the next
tRNA-amino acid complex to complete the growing protein chain.

When translation is completed, by the final reading of the mRNA, the
polypeptide chain is released along with the RNA. Once the protein is released
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and post-translational modifications and protein folding occur, it is used by the
bacterium for survival and growth. However, tetracycline binding to ribosomes
decreases the ability of tRNA to bind at the acceptor A-site of ribosomes [109].
Once this occurs, the P-site lacks the tRNA-amino acid substrate for its reac-
tion, and the aminoacyl transfer reaction is inhibited and protein synthesis
stops.

It is believed that tetracyclines act at the A-site by non-competitive or
allosteric effects, inhibiting binding and backing up tRNA-amino acid com-
plexes within the cytosol. While tetracyclines are shown to be specific for the
A-site, it is also probable that during binding they can inhibit the function of
release factors that act in chain termination with stop codons, and chain release
factors [110], while some effect may also reside at the polypeptide exit site on
the E. coli ribosome [111].

Other mechanisms of action of the tetracyclines: the typical and atypical
tetracyclines

It has been postulated that tetracyclines can inhibit cellular growth in bacteria
by other mechanisms of action, whereby tetracyclines change bacterial mem-
brane integrity and mechanical properties, eventually causing macromolecular
dysfunction, cell lysis and death.

The typical Tcs, those that act as classic protein-synthesis inhibitors, such
as tetracycline, doxycycline, minocycline and chlortetracycline, exhibit bacte-
riostatic activity, at least initially in bacteria. Other tetracyclines have been
found to be bacteriocidal, killing bacteria in an atypical mechanism. Atypical
tetracyclines are believed to act by disruption of cellular membranes, inhibit-
ing all cellular processes and macromolecular synthesis pathways. Molecules
that change cytoplasmic membrane shape and change cell morphology also
trigger the release of cytosolic constituents such as [3-galactosidase or lactate
dehydrogenase from the cell [62, 112, 113].

Using cell-free protein translation systems, different compounds of the
tetracycline family showed different abilities to inhibit protein synthesis.
Typical tetracyclines, tetracycline, chlortetracycline, minocycline and doxycy-
cline, showed primarily protein-synthesis inhibition. Other tetracyclines, anhy-
drotetracycline, 4-epi-anhydrotetracycline and 6-thiatetracycline, were found
to be intermediate inhibitors of protein synthesis, while two compounds, san-
cycline and chelocardin, also appeared to inhibit protein-synthesis ability
[114]. The intermediate protein-synthesis inhibitors also decreased radiola-
beled precursor incorporation into protein, DNA and RNA, suggesting mem-
brane perturbation and loss of precursor uptake capability.

It is also feasible that activity may also be a consequence of drug retention
in the cell membrane, inhibiting macromolecular synthesis via inhibition of
precursor uptake. One argument for this scenario is that only the more
lipophilic tetracyclines seem to have this ability, whereas hydrophilic tetracy-
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clines tend to be only protein-synthesis inhibitors. Another argument is that the
equilibrium between the hydrophilic form (the A form) and the lipophilic non-
ionized form of Tc (the B form) is changed, where the more lipophilic B form
tetracyclines remain in the membrane hydrophobic environment, causing inhi-
bition of intrinsic proteins.

But clearly some tetracyclines do not fall into either of the two categories.
Sancycline is capable of exerting a dual behavior, inhibiting protein synthesis
in the typical manner, yet it can also decrease the incorporation of precursors
into macromolecular synthesis of DNA, RNA and even peptidoglycan.

Several atypical tetracyclines can interfere with membrane function [112];
6-thiatetracycline, anhydrotetracycline and 4-epi-anhydrochlortetracycline ini-
tiate the immediate release of 3-galactosidase, whereas chelocardin and anhy-
drochlortetracycline caused release after a short delay period. Tetracycline,
chlortetracycline and minocycline did not cause an increase in release of
cytosolic contents.

There is also an implication of intrinsic membrane proteins as targets for the
atypical tetracyclines. Atypical tetracyclines do not directly solubilize cell
membranes, as shown by the cell membrane spheroplast assays. This leaves
other distinct possibilities: atypical tetracyclines may cause membrane de-
energization and autolysis, or they may inhibit crucial enzymes responsible for
cell wall biosynthesis.

Since atypical tetracyclines spend more residency time in the cytoplasmic
membrane due to lipophilicity, they may be affecting enzymes and ion-medi-
ated enzymatic reactions crucial to the cell wall synthesis and integrity.

Eukaryotic effects of tetracyclines

Tetracyclines also have been found to bind to a variety of different eukaryotic
proteins as well as to affect different processes and ribosomal function in
eukaryotic cells. Differences between bacterial and mammalian ribosomes are
clear, where bacteria have a 70S ribosome comprised of 30S and 50S subunits,
while the mammalian 80S ribosome is composed of 40S and 60S subunits.
Even with their differences in chemical composition, tetracyclines have been
found to affect mammalian ribosomal function.

Chlortetracycline is found to have an effect on leucine incorporation in rat
liver ribosomes [115] while changing the protein-synthesis abilities of mam-
malian cells [116, 117]. Tetracycline also is covalently incorporated into rat
liver ribosomes, both the 40S and 60S subunits, as monitored at 254 nm by UV
spectroscopy [118].

Tetracyclines can also inhibit protein synthesis in mammalian cells [119],
while affecting the protein synthesis in human lymphocytes treated with
Concanavalin A. In these studies, it was found that using clinically achievable
doses of tetracyclines significantly affected production of migration inhibition
factor, a product of protein biosynthesis [120].
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Tetracyclines also have profound activity against mammalian cell mito-
chondria. They inhibit mitochondrial protein synthesis [121] and can depolar-
ize membrane potential and decrease respiratory control [122]. The inhibitory
effects of tetracyclines and the effect of calcium suggest a Ca-tetracycline
complex is responsible for the modulation of energy metabolism. Prolonged
inhibition of protein synthesis in mitochondria also leads to proliferation arrest
and the accumulation of growth-arrested cells in the G1-phase of the cell cycle,
indicating that tetracyclines can inhibit cell cycles in a specific manner [123].
This might explain certain aspects of tetracyclines as immunosuppresive
agents, where tetracyclines may impair lymphocyte function through inhibi-
tion of their mitochondria [124]. Tetracyclines are thought to impair mito-
chondrial biogenesis by inhibition of mitochondrial protein synthesis, thereby
decreasing blast cell transformation.

Tetracyclines have activity as antiparasitic agents for perhaps the same rea-
son, i.e., inhibitory effects against mitochondria. Oxytetracycline is a potent
inhibitor of mitochondrial protein synthesis in Theileria parva and of lym-
phoblast mitochondrial protein synthesis [125].

As mitochondrial stress agents, tetracyclines may cause a myriad of effects.
Tetracyclines also affect regulation of differentiation-specific gene expression,
where it impaired myotube formation and induction of muscle creatine kinase
activity which was observed in differentiated myocytes. Transcription of mus-
cle-specific proteins, creatine kinase and troponin-I were also significantly
suppressed in a dose-dependent manner [126)].

Bacteriological uses of tetracyclines

The tetracycline family of antibiotics is currently in the stages of a renaissance,
whereby the chemistry and biology are now being re-evaluated as the need for
new antibiotics increases and the number of effective antibiotics against drug-
resistant pathogens decreases.

Tetracyclines possess multifactorial and diverse, and in some cases
unknown, modes of action against pathogenic bacteria, giving hope that
chemotherapy using tetracycline analogues will help in the fight against drug-
resistant bacteria. The use of tetracyclines in human medicine is limited to
those that have been isolated from fermentation broths or by chemical modifi-
cation through semi-synthesis to produce chemically stable and effective com-
pounds. A list of medically important tetracyclines is described in Table 2,
along with their primary and secondary uses against bacterial pathogens [127].

Natural products oxytetracycline, tetracycline and demeclocycline are used
to a lesser extent, while the semi-synthetic tetracyclines, minocycline and
doxycycline, are some of the most widely used antibiotics in medicine, animal
health and agriculture, although antibiotic resistance has curtailed the use of
some of these agents.
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Table 2. The clinically used natural and semi-synthetic tetracyclines

natural Oxytetracycline
H3C\ /CHg
"%, JoH on N
semisynthetic
Minocycline Doxycycline
CH. H3C CH3
HgC\N/CHg H3C\N/ 3 CHs oH \g/

Primary indications

Secondary indications'

Rickettsia

Mycoplasma pneumoniae
Psittacosis and Ornithosis
Borellia recurrentis and other species
Hemophilius ducreyi
Yersinia pestis
Bacteroides species
Vibrio cholera

Neisseria species
Treponema species
Clostridium species
Bacillus anthracis
Chlamydiaspecies
Malaria prophylaxis

Streptococcus species’
Amoebiasis’
Severe acne*
)
E. coli
R
Enterobacter aerogenes”
. . 2
Shigella species”

Klebsiella species®

"'When other antibiotics as penicillin are contraindicated.
2When bacteriological testing indicates susceptibility.

3 Adjunct to amoebicides.
* Adjunct to standard therapy

Tetracyclines as modulators of antibiotic resistance phenotypes

Bacteria become antibiotic-resistant to compounds when they acquire mecha-
nisms to survive in the presence of toxic chemicals and antibiotics. There are
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three main mechanisms of resistance that bacteria may use: target receptor
alteration, antibiotic alteration by enzymatic modification, and antibiotic efflux.

Numerous bacteria, once susceptible to many common antibiotics, are treat-
ed with more costly, toxic and sometimes ineffective antibiotics. Among these
organisms are vancomycin-resistant Enterococci, Pseudomonas aeruginosa
and Acinetobacter baumanii, for which no novel chemotherapy treatment
exists, while other strains, such as methicillin-resistant Staphylococcus aureus,
are treatable only with vancomycin or a diminishing list of last-resort antibi-
otics.

While consumer and health professional education is one approach to help
stem the increasing problem of antibiotic resistance, other approaches to the
problem include finding new antibiotics against bacterial pathogens and find-
ing new targets within bacteria which can be utilized to inhibit their growth.

Another approach, currently being studied in our laboratory, is to take
antibiotics that have lost their efficacy due to resistance and to modify their
chemical structure, producing more potent analogues that may circumvent,
inhibit, or bypass antibiotic resistance phenotypes. The tetracyclines are a
model family of compounds where this is possible. Currently, our efforts at
Paratek Pharmaceuticals, Inc., Boston, MA, are focused on modifying the
chemical structure and nature of the tetracyclines through organic semi-syn-
thesis, expanding their chemical and biological properties, while increasing
their effectiveness against antibiotic-resistant bacteria.

Tetracycline bacterial resistance phenotypes

The cytoplasmic membrane of bacteria harbors many different types of pro-
teins, both extrinsic as well as those that are intrinsic and membrane-bound.
Intrinsic efflux proteins in cell membranes are responsible for maintaining
homeostasis within the cell by removing toxic compounds, metabolites, and
antibiotics that enter the cell during chemotherapy. Intrinsic efflux proteins act
as secondary transporters either specifically to remove only one class of tox-
ins from intracellular compartments, or non-specifically, exhibiting broad
specificity for compounds that are structurally unrelated.

In 1980, tetracycline efflux among Gram-negative bacteria was first
described by Stuart B. Levy and Laura McMurry, at Tufts University School
of Medicine, Boston, MA [128]. The mechanism was noted at first as a “keep
out” mechanism that resulted in lower concentrations of *H-Tc within the cell
(L. McMurry, personal communication). Much later, a second mechanism of
tetracycline resistance was discovered by Vickers Burdett and involves the pro-
duction of ribosomal protection proteins [129]. Both mechanisms of tetracy-
cline resistance are found in over 20 resistance-determinant classes in both
Gram-negative and Gram-positive bacteria; they are given a letter designation
to describe the class of transferable genetic determinant responsible for the
resistance phenotype (Tab. 3) [130].
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Table 3. Tetracycline resistance determinant class with principal bacterial host

Efflux
Gram-negative Gram-positive Ribosome protection
A Pseudomonas K Staphylococcus M Enterococcus
B Escherichia coli Streptococcus O Campylobacter
C Salmonella L Staphylococcus Q Bacteroides
D Aeromonas Streptococcus S Listeria
E Aeromonas P, Clostridium difficile T  Streptococcus
G Vibrio G  Enterococcus
H Pasteurella P, Clostridium difficile

The model of tetracycline transport in antibiotic resistant bacteria

Tetracycline efflux in bacteria is mediated by a family of inner membrane pro-
teins, named the Tet proteins [131]. Tet proteins are highly conserved and
homologous throughout this family, with slight variations of amino acid com-
position. They function as intrinsic membrane proteins to reduce the intracel-
lular tetracycline concentration, ensuring survival of the bacterium.

Early studies examined the uptake of radiolabeled tetracycline into resistant
and susceptible bacteria, identifying active efflux by de-energizing cells.
Susceptible cells accumulated manifold more tetracycline when given an ener-
gy source than resistant cells possessing plasmid R222, which bears the tetra-
cycline resistance determinant on transposon Tn/0 (Fig. 36, A). When the cells
were energy-depleted, they took up the same amount of tetracycline. When the
cells were treated with the oxidative uncoupling agent 2,4-dinitrophenol
(DNP), the opposite occurred. Tetracycline accumulated in the resistant cells,
whereas the susceptible cells showed no accumulation (Fig. 36, B). This point-
ed to an active transport mechanism in the resistant cell that extruded tetracy-
clines via energy-dependent processes. The Tet efflux mechanism has been
found to be proton motive force-dependent; it functions as a tetracycline-
cation antiport system with cations, extruding protons in exchange for a tetra-
cycline-cation complex [131, 132].

The Tet protein is easily expressed in E. coli, and its protein structure has
been determined by classical protein determination methods, where the pri-
mary protein structure reveals a two-domain protein separated by a large cyto-
plasmic loop, consisting of 12-membrane spanning segments [133]. Tet pro-
teins belong to the multifacilitator superfamily of efflux proteins and have
evolved as a multimer within the inner membrane to specifically pump tetra-
cyclines out of bacterial cells.

Functioning transport proteins like Tet proteins can also be expressed in E.
coli everted membrane vesicles, produced by French press lysis, which now
bind tetracycline and transport it into membrane vesicles [128] instead of by
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A, Susceptible E. coli B. Resistant E. coli —
No R222 Plasmid With R222 plasmid
30 — 30 —
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¥ dinitrophenol
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Figure 36. Tetracycline accumulation in resistant and susceptible E. coli cells with (A) and without
(B) the plasmid R222 with determinant Tn10. Resistant cells accumulated radiolabeled tetracycline
(*H-Tc) in the presence of dinitrophenol (DNP), indicating that an active transport process was inhib-
ited. Adapted from ref. 128.

efflux from the whole cell (Fig. 37). Transport dynamics of substrates can be
followed for radioactive substrates such as calcium [134] as well as for radio-
labeled tetracyclines.
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Figure 37. *H-Tc uptake by everted membrane vesicles possessing the Tet(B) protein. Vesicles were
prepared from E. coli ML308-225 bearing plasmid R222. Lactate energized the vesicles, which
allowed *H-Tc transport and accumulation.



50 M.L. Nelson
Modulation of tetracycline efflux proteins

In order to determine the molecular requirements for inhibition of tetracycline
efflux, we examined numerous tetracycline analogues for their ability to inhib-
it uptake of *H-Tc into everted inner membrane vesicles derived from a tetra-
cycline-resistant E. coli D1-209 possessing the plasmid R222, which bears the
class B determinant in Tn10. Class B is the most common Tc-resistant deter-
minant found in many genera and has the highest transport activity of all the
Tet proteins studied thus far.

After cell lysis under French pressure cell conditions, inner membranes of
E. coli reorient themselves inside-out, producing Tet(B) proteins trapped in a
lipid bilayer vesicle that is reversed — now pumping tetracyclines into the vesi-
cle instead of pumping them out of the cell (Fig. 37). When everted membrane
vesicles with Tet(B) are energized by Li-lactate, NADH, or ATP, they accu-
mulate *H-Tc, which is readily measured by nitrocellulose membrane filtration
and scintillation counting [128].

We hypothesized that when a competitor for or inhibitor of tetracycline
transport is added to energized vesicles along with *H-Tc, the amount of inhi-
bition can be measured as a decrease in accumulation of *H-Tc. Everted mem-
brane vesicles therefore serve as an efficient assay for finding molecules capa-
ble of blocking Tet protein-mediated efflux and thus blocking tetracycline
efflux. Inhibiting efflux proteins and increasing intracellular drug concentra-
tions may constitute an effective approach to reversing tetracycline resistance,
changing a resistant cell to a susceptible one.

We investigated tetracycline positional variants in relation to the tetracy-
cline molecule and structural requirements for inhibition of efflux. The com-
pounds initially tested were obtained from other laboratories, compound stores
and pharmaceutical companies or were synthesized accordingly. The com-
pounds chosen reflected partial ring derivatives of tetracycline as well as those
that would define the minimal structural attributes needed to inhibit Tet(B)
protein function. Furthermore, these assays would provide data for modifica-
tions of tetracycline that would provide for effective Tet(B) protein-blocking
agents as synergists in combination with antibacterial tetracyclines.

All compounds were also examined for their ability to disrupt membrane
energetics or pH gradient formation in vesicles from tetracycline-susceptible
E. coli using an acridine orange assay [135]. If a compound were to act as a
Tet(B) antagonist by membrane perturbation or disruption, the proton gradient
collapses, and fluorescence changes signal vesicle disruption. In our studies
none of the tetracycline compounds tested interfered with pH gradient forma-
tion or disrupted the membrane vesicles.

Based on over 50 compounds examined, we found that an intact ABCD
naphthacene structure is needed for maximum inhibition of efflux (Fig. 38)
[136]. Also required is the presence of the phenolic keto-enol structure along
the lower peripheral region spanning C10, C11, C12 and C1. The function of
these groups correlates well with activity, as divalent cations are required for
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H3C\ /CH3

o

Figure 38. Minimal molecular requirements for inhibition of the Tet(B) efflux protein. Areas in boxes
represent molecular substructures most sensitive to modification.

efflux. The C4 position dimethylamino group is not necessarily needed to
inhibit activity, as dedimethyl tetracycline derivatives have marginal inhibito-
ry activity alone.

Chemical modifications at positions 2, 4, 5, 6, 7, 8, and 9 produced com-
pounds of variable activity, but indicated that synthetic derivatives may be
more potent efflux inhibitors. We found that 13-alkylthio derivatives, produced
by the synthesis scheme described previously in Figure 27, where methacy-
cline is reacted with mercaptans, were among the most potent inhibitors of
efflux (Fig. 39). In particular, 13-propylthio-5-OH tetracycline I and its halo-
genated derivative 13-[(3-chloropropyl)thio]-5-OH tetracycline II inhibited
efflux with ICs, values of 0.7 and 0. 6, respectively. In contrast, the k, of tetra-
cycline is between 15 and 20 uM, while clinically used doxycycline has an
ICsq value of 9.2 pM.

Studies of both derivatives against susceptible and resistant bacteria showed
that they were effective alone against tetracycline-susceptible Gram-positive S.

CH, el
HyC HyC
2" cH, 2" cH,
/ /
s s

N

NH3 NH2

Figure 39. Chemical structures of efflux protein inhibitors 13'-thi0propy1-5—OH tetracycline I and 13-
[(3-chloropropyl)]-5-OH tetracycline II.
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Table 4. Minimum inhibitory concentrations of doxycyclines and 13-(propylthio)-5-OH Tc analogues
against tetracycline susceptible and resistant strains alone and in combination

MIC, pug/mL
Doxycycline 13-PropylthioI ~ 13[(3-chloropropyl)]
susceptible
E.coli  ML308-225 0.5 40 10
E.coli  D31m4 0.5 10 25
S. aureus (RN450) 0.25 0.6 0.6
E. faecalis (ATCC9790) 0.25 1.25 0.6
drug alone
E.coli  ML308-225 Tet A 50 >50 50
E.coli  ML308-225 Tet B >50 >50 >50
E.coli  D31m4 Tet B (LPS-) 12.5 12.5 6.25
S. aureus (RN4250) Tet K 12.5 12.5 6.25
E. faecalis (ATCC9790) Tet L 1.56 1.56 1.56
In combination: doxycycline/analogue
E.coli  ML308-225 Tet A 6/3 synergy 3/3 synergy
E. coli ML308-225 Tet B NE NE
E.coli  D31m4 Tet B (LPS-) 6/1.5 additive 3/1.5 synergy
S. aureus (RN4250) Tet K 6/3 additive 3/1.5 synergy
E. faecalis (ATCC9790) Tet L 1.5/0.8 additive 1.5/0.4 synergy

# Amount of compound to inhibit growth after 18 h at 37 °C. NE = no effect.

aureus and E. faecalis (Tab. 4). Even more encouraging was that they were
also effective against S. aureus and E. faecalis that possessed Tet(K) and
Tet(L) efflux proteins, and were more effective than doxycycline, especially
against E. faecalis. Against susceptible E. coli, they were both ineffective,
especially against tetracycline efflux strains possessing the Tet A and Tet B
determinants, as was doxycycline.

The checkerboard MIC titration of the two derivatives with doxycycline
indicated, however, that compound II acted in synergy with doxycycline
against E. coli D1-299 (bearing Tet A), a weaker efflux system (Tab. 4).
Furthermore, compound I acted in synergy with doxycycline against most of
the efflux-mediated strains, both Gram-negative and Gram-positive.

We speculated that the efflux inhibitor I has an increased affinity for the Tet
protein and displaces the normal substrate, doxycycline. We further postulated
that once efflux inhibitors entered the cell and blocked efflux, therapeutic con-
centrations of doxycycline can enter and accumulate, leading to ribosome dys-
function and inhibition of growth.

This led to a more detailed study of the synthesis and evaluation of C13-
alkylthio and 13-arylthio derivatives in the tetracycline efflux model. The 13-
alkylthio series of compounds and the 13-phenylthio and 13-benzylthio com-
pounds were next examined and clear trends in the structure-versus-activity
emerged [67]. Position 13-substituted compounds exhibited activity that was
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dependent on the size, lipophilicity and polarity of the C13 substituent.
Correlation of the bioassay results to Verloop-Hoogenstraten STERIMOL val-
ues, a measure of size of molecular substituents, suggested that the more
potent inhibitors had steric length values of 4.4—6.2 angstroms, while optimal
width was between 3.0 and 4.2 angstroms [137]. Lipophilicity also correlated
well with bioactivity, where introduction of polar hydroxy groups or car-
boxylic acids, even within the same homologous series, caused a decrease in
efflux inhibitory activity. Most of the active compounds fell within a range of
pi values between 1.0 and 2.5.

We concluded that optimal efflux inhibition was attained when the size and
thus lipophilicity of the substituent was constrained within limits of a
hydrophobic pocket located within the domains of the Tet(B) protein, and that
compounds not meeting or exceeding these parameters would be less active
(Fig. 40).

From these studies one analogue, 13-cyclopentylthio-5-OH tetracycline
(13-CPTC) (Fig. 41), was chosen for further study for its effects on Tet protein
function [138]. 13-CPTC showed the most potency in inhibiting efflux with an
ICsq value of 0.4—-1.0 uM, and was examined for its effects on the Tet(B) pro-
tein.

The effect of 13-CPTC on accumulation of *H-Tc in everted vesicles indi-
cated that it acted by competitive inhibition, as plotted using Michaelis-
Menten kinetics and Lineweaver-Burke methods (Fig. 42). These findings
showed that 13-CPTC had a greater affinity and was competing with tetracy-
cline for the binding site on the Tet(B) protein. The increase in 1/k;, apparent
upon addition of the inhibitor changes the distribution of available Tet protein

Figure 40. Hydrophobic pocket in the Tet protein outlined by 13-thio derivatives and their activity as
efflux inhibitors. Using C13 derivatives, the constraints of length and width of the substituent optimal
for activity was revealed.
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Figure 41. Chemical structure of 13-cyclopentylthio-5-OH tetracycline (13-CPTC).
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Figure 42. Lineweaver-Burke plot of inhibition of *H-Tc by the efflux protein inhibitor 13-CPTC in
everted membrane vesicles. Increasing amounts of 13-CPTC were added at 0.9 yM (B) and 3.0 pM
(C) while no 13-CPTC (A) indicated competitive inhibition.

from one of high affinity and translocation ability to one of decreased affinity
for tetracycline and low translocation ability.

In whole cells against susceptible E. coli, *H-Tc accumulation was not ham-
pered by the presence of 13-CPTC (Fig. 43, A). However, in resistant E. coli
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Figure 43. Accumulation of 3H-Tc in E. coli ML308-225 without (M) and with (O) 13-CPTC (40 uM)
and E. coli D1-209 Tet(B) without (O) and with (@) 13-CPTC 40 pM (A). Accumulation of *H-Tc in
E. coli D1-209 Tet(B) preincubated with 13-CPTC (@), or without 13-CPTC (O). A rapid rise in accu-
mulation occurs after addition of 40 pM of efflux protein inhibitor 15 min after glucose was added
(M) (B).
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with Tet(B), adding 13-CPTC caused a rapid uptake of *H-Tc, indicating that
efflux was now inhibited (Fig. 43, B). Also, resistant E. coli Tet(B) cells read-
ily accumulate tetracycline when they were pre-incubated with 13-CPTC.

The antibacterial effects of 13-CPTC alone and in combination with doxy-
cycline show that alone 13-CPTC is hardly effective (Tab. 5), exhibiting MICs
of between 6.25 and 25 pg/mL against Gram-negative bacteria. 13-CPTC was
found, however, to be active against Gram-positive bacteria bearing Tet K and
Tet L efflux determinants. Furthermore, combinations of 13-CPTC with doxy-
cycline exhibit synergy, especially the efflux-mediated tetracycline resistance
due to Tet(B), indicating a reversal of resistance, where both the compounds
are 2-fold or more potent when combined than when used alone.

These findings demonstrated that 13-CPTC acts as a potent inhibitor of the
Tet(B) protein, binding competitively with tetracycline at the putative binding
site of efflux. We hypothesize that the ability of 13-CPTC as an efflux inhibitor
to affect the growth of tetracycline-resistant bacteria is due to competitive inhi-
bition of the efflux protein. By combining subinhibitory amounts of an efflux
inhibitor and a tetracycline, it is possible to demonstrate a pronounced inhibito-
ry effect both on molecular processes and bacterial growth. Similarly, the addi-
tion of 13-CPTC to bacteria actively effluxing tetracycline results in rapid accu-
mulation of tetracycline, reversing efflux and ultimately antibiotic resistance.

Our research findings suggest that the tetracycline molecule may be syn-
thetically modified toward the development of an effective tetracycline block-

Table 5. Minimum inhibitory concentrations of doxycyclines and 13-cyclopentylthio-5-OH Tc (13-
CPTC) against tetracycline susceptible and resistant strains alone and in combination

MIC, pg/mL
Doxycycline 13-Propylthiol  13[(3-chloropropyl)]
susceptible
E.coli  ML308-225 0.5 20
E.coli D31m4 0.5 0.8
S. aureus (RN450) 0.25 0.5
E. faecalis (ATCC9790) 0.25 0.8
drug alone
E.coli ML308-225 Tet A 50 50
E.coli ML308-225 Tet B >50 50
E.coli D31m4 Tet B (LPS-) 12.5 6.25
S. aureus (RN4250) Tet K 12.5 1.56
E. faecalis (ATCC9790) Tet L 1.56 0.39
In combination: doxycycline/analogue
E.coli  ML308-225 TetA 3.12/1.56 synergy
E.coli ML308-225 Tet B 1.56/1.56 synergy
E.coli.  D31m4 Tet B (LPS-) 1.56/0.39 synergy
S. aureus (RN4250) Tet K 3.12/0.78 additive
E. faecalis (ATCC9790) Tet L 1.56/0.19 additive

# Amount of compound to inhibit growth after 18 h at 37 °C. NE = no effect.
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ing agent and efflux protein inhibitor. By blocking the Tet(B) efflux protein we
have demonstrated the ability to modulate antibiotic transport and tetracycline
resistance phenotypes, changing the resistant cell to a state of susceptibility by
using therapeutically relevant concentrations of a tetracycline.

In view of the widespread antibiotic resistance among bacterial species, this
approach offers methods and insights for the development of compounds that
may one day be used to reverse tetracycline resistance and antibiotic resistance
clinically.

The past and present uses of tetracyclines

While the tetracyclines in the past have had success as antibiotics against
microorganisms, we have seen that they also have agonist, antagonist and
physiological properties against a wide variety of proteins, enzymes and
macromolecular targets in eukaryotic cells. Tetracyclines, as microbial sec-
ondary metabolites, function to change their environment and establish terri-
torial boundaries against both prokaryotes and eukaryotes. Thus, it becomes
clearly evident from studying the tetracyclines that they are pharmacological-
ly and chemically “promiscuous” agents, capable of interacting with numerous
molecular receptors and modifying cellular responses.

We have studied the number of articles published on tetracyclines, which
totals 4, 976 over the last 10 years (1990-2000), and over 13,000 since 1948,
the year tetracyclines were discovered and announced, and have found that
technological fronts are emerging in bacteriology, dental and enzymatic phar-
macology, genetic techniques and transgenics, and cellular physiology of
eukaryotic cells. In other diverse fields of research, such as neurology, repro-
ductive biology and virology the utility and activity of the tetracyclines are
being discovered and are also emerging as new technological fronts.

While other chemical classes of antibiotics have considerably more cita-
tions over the same 10-year time period (i.e., P-lactams, 14,805;
cephalosporins, 9,695), they are primarily within the discipline of bacteriolo-
gy, and none have shown the wide discipline diversity or have demonstrated
such cross-utility as have the tetracyclines.

Tetracyclines, as dynamic entities, possess unique chemical and biological
characteristics that may explain their ability to interact and modify so many
different cellular targets, receptors and cellular properties. The discovery of
new uses of tetracyclines and their novel biological properties against both
prokaryotes and eukaryotes is currently underway by the contributors to this
manuscript and numerous scientists throughout the world.
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Introduction

An aspect of major importance in understanding the pharmaco-kinetical prop-
erties of drugs and the mechanism of their action is that of acid-base equilib-
ria. According to the definition of Lowry and Broensted, acids are proton
donors and bases are proton acceptors. Upon deprotonation the acid yields the
conjugate base, whereas protonation converts the base into its conjugate acid.
An orally administered drug will most likely change its protonation state dur-
ing its passage through the acidic stomach and the alkaline intestinal tract. This
change will influence its solubility in an aqueous environment, its permeabil-
ity through membranes and, last but not least, its binding constant to the recep-
tor site.

In case of tetracyclines (cf. Tab. 1), the situation is complicated by two addi-
tional facts. First, most derivatives contain three functional groups which can
be subject to protonation-deprotonation equilibria (Fig. 1). The conformation
of the drug is furthermore dependent on the protonation state. Second, it is
well established that tetracyclines bind to many proteins preferentially, if not
exclusively, as complexes with divalent metal ions like Mg** or Ca**. In a solu-
tion that contains, besides the tetracyclines, di- or trivalent metal ions, one
therefore finds several types of complexes which differ from each other in
degree of protonation of the tetracycline, in metal: ligand ratio and in confor-
mation and/or metal binding site. The relative content of the different com-
plexes varies with pH and ionic strength of the solution, the nature and con-
centration of the metal ions and to a certain degree also with the history of the
solution.

Because of the importance of these dependencies for the practical applica-
tion of tetracyclines as antibiotics [1], e.g., the bioavailability of these drugs in
blood plasma, numerous studies have been performed in the past to elucidate
them. Unfortunately, the experimental conditions were seldom similar enough
to allow a direct comparison of the presented results, and the transfer of con-
clusions was not always justified.
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Table 1. Structures of widely used “normal” tetracyclines

R, R; R; Ry H N(CHz),

CONH,

R, R, Ry Ry
Tetracycline H CH; OH H
Chlortetracycline Cl CH; OH H
Oxytetracycline H CH;, OH OH
Demeclocycline Cl H OH H
Methacycline H CH, OH
Doxycycline H CH; H OH
Minocycline N(CHj;), H H H

Several critical reviews have been published around 1985 covering the
chemistry [2], the physico-chemical properties [3, 4] and pharmacological
aspects [5-7] of tetracyclines. This review will therefore concentrate on
research done during the past 15 years concerning topics like the relation
between conformation and state of protonation or metal ion chelation. New
experimental results will be discussed in comparison with results from quan-
tum-chemical calculations and molecular dynamics simulations.

Chemical structures and adopted geometries of normal tetracyclines

Tetracyclines comprise four annelated six-membered rings usually denoted as
A, B, C and D. Their stereochemistry is very complex since carbon atoms 4,
4a, 5, 5a, 6 and 12a (see Tab. 1) can, in principle, be asymmetrically substitut-
ed. The orientation of the various substituents in natural and semi-synthetic
derivatives was proven by synthesis (for a review see, e.g., reference [5])
and/or crystal structure determination. When crystallised from non-aqueous
media, tetracyclines are supposed to exist in the neutral form [8, 9]. However,
when crystallised from aqueous media, the zwitterion is found (Fig. 1) in
which a proton is transfered from O3 to N4 [10]. According to our experience,
the zwitterion is formed independently of the pH of the aqueous starting solu-
tion (Leypold, private communication).

Moreover, the molecules are not flat but adopt a conformation in which, due
to a rotation about the C4a—C12a bond, the conjugated system extending from
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Figure 1. Deprotonation scheme of Tetracycline hydrochloride (the anion CI” is omitted for simplici-
ty). The possible sites for protonation/deprotonation equilibria are denoted a, b and ¢ in contrast to the
rings A, B, C and D.
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Figure 2. Stereo view of the unit cell of Tetracycline hexahydrate crystallised from acidic solution of
Tetracycline hydrochloride. Note the network of hydrogen bonded water molecules. Tetracycline
exists as zwitterion in the “extended” conformation (dimethyl amino group lies below the plane
spanned by the BCD ring system). (By courtesy of C. Leypold)

01 to O3 (later on termed A chromophore) lies above and the dimethyl amino
group below the plane defined by the nt-conjugated system in rings B, C and D
(later on called BCD chromophore) (Fig. 2). This conformation is usually
called the A conformation [11] or the extended conformation [12]. Tetracylines
in the neutral form adopt another conformation, usually termed B conforma-
tion or twisted conformation, because the amino group swings in the direction
of 06. It was proposed that the latter conformation is stabilised by a strong
intramolecular hydrogen bond formed between the proton at O3 and the amide
oxygen [8, 9].

Since the unit cell of tetracycline hexahydrate crystals contains 4 tetracy-
cline and 24 water molecules which form a strong and extensive network of
hydrogen bonds (Fig. 2), one can speculate whether the conformations found
in the crystals are determined by crystal packing forces and whether the same
conformers are the dominant species in solution. Conformational studies in
solution were performed initially with Oxytetracycline, which behaves very
similarly to Tetracycline itself (see below). Hughes et al. [13] recorded CD
spectra in ethanol/water mixtures over a wide range of compositions. The
spectra provided strong evidence for a solvent-dependent equilibrium between
the zwitterionic form and the non-ionised (neutral) form. The zwitterion pre-
dominates in water-rich solutions, whereas the non-ionised form is the major
species when the ethanol content exceeds ca. 85% (v/v). The second solution
form was also postulated to explain the 'H-NMR data of Oxytetracycline in
non-aqueous solvents [14]. Natural abundance '>N-NMR has been used to
study several tetracyclines in the solid state and in solution [15]. Because the
chemical shifts of N are sensitive to the site of protonation in the A-ring, it
could be shown by comparison that the structural integrity (site of protonation)
of the investigated tetracyclines is maintained in (CD),SO solutions.
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Quantum-chemical model calculations

Gottschalk and Clark [16] recently published, in continuation of previous work
[17], the results of model calculations for Tetracycline in pharmacologically
important protonation states employing both semi-empirical and DFT meth-
ods. For the neutral, zwitterionic and anionic molecule in the gas phase, 2 or 3
conformers were found to lie within an energy range of 40 kJ-mol™ (Tab. 2).
Inclusion of solute-solvent interaction within the so-called COSMO-model
(conductor-like solvation model [18]) caused in general only small adjust-
ments in the overall geometry of the various conformers. It is evident from
inspection of Figure 3 that the arrangement of the A- and B-rings in the most
stable configuration in water (for each case shown in the lower picture) resem-
bles more closely the experimentally determined extended conformation. The
second, less stable conformer should therefore be related to the twisted con-
formation. In the mono-deprotonated form an additional conformer is found

Table 2. Calculated relative energies (in kJ-mol™) of various conformers of Tetracycline (shown in
Fig. 3) in the gas phase and in aqueous medium (from reference [19])

Conformer neutral form zwitterionic form anionic form
gas/solution gas/solution gas/solution
0/0 0/0 0/0
19.2/15.0 19.2/31.0 18.0/30.5
3 107.8/34.3

whose geometry is quite different and therefore cannot be related to any exper-
imentally known geometry [19].

The tautomerism of Tetracycline in the four different states of protonation
was studied on a semi-empirical level by Duarte et al. [20]. In the fully proto-
nated species LH;3*, the extended conformation is favoured by about
10 kJ-mol™ versus the twisted one. The most stable tautomer is the one with
the proton of site a (Fig. 1) bound to the oxygen of the amide group instead of
to O3. The calculated stabilisation of the zwitterionic species in aqueous solu-
tion is not large enough to make it the most stable form of LH,. The non-
ionised form is predicted to adopt the twisted conformation, whereas
Gottschalk and Clark propose the extended conformation. For the anion, LH,
and the dianion, L7, the twisted conformation is again favoured by about
3 kJ-mol™". It is not obvious why the predicted geometries are not in accor-
dance with the results published by Gottschalk and Clark. The explicit inclu-
sion of the specific hydrogen-bonding interaction with the first layer solvent
molecules will, without doubt, improve the theoretical results.
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Thermal and photochemical degradation of tetracyclines

It has been known for a long time that tetracyclines show a phototoxic
response (e.g., [21]). It is still not clear whether it is caused by the drug itself
or by products generated either as primary products or as the result of consec-
utive thermal reactions (Scheme 1). The formation of Dedimethylaminotetra-
cycline in the absence of oxygen [22] and Anhydrotetracycline (ATC) in aque-
ous solutions at pH < 7.5 has long been known, as well as the epimerisation in
acidic solution (formation of epi-tetracycline or ETC) [23]. In the presence of
oxygen and at high pH, quinone derivatives (QTC) are formed [24, 25].
Photolysis in aqueous solution (pH about 6.4, A>330 nm) yields
Lumitetracycline (LTC) with high efficacy [26, 27]. Strongly fluorescing isote-
tracyclines (ITC) are formed in thermal reactions at high pH [28]. The forma-
tion of degradation products can perturb spectroscopic investigations in sever-
al ways. A minor effect will usually be caused by the signal reduction due to a
decrease in tetracycline concentration. More harassing is if the signal contri-
bution from the (photo-) product(s) surpasses that of the tetracyclines under
investigation. This can easily be the case in fluorescence studies in view of the
low fluorescence quantum yields of the free tetracyclines. Similarly, some of
the photoproducts displayed in Scheme 1 could contribute significantly to the
CD signal and deceive one into observing structural changes of the drug,
which are actually not occurring. Last but not least, it should be mentioned that
our attempts to record preresonance Raman spectra of tetracyclines in solution
failed because of fluorescence from unidentified photoproducts. It was only
possible to record good solution spectra with NIR excitation. They matched
well with the preresonance solid state Raman spectra (Brehm, private commu-
nication).

Proton binding in normal tetracyclines

Tetracycline exhibits three macroscopic acidity constants, the assignment of
which is now widely accepted. In aqueous solution, the first deprotonation of
the fully protonated species, termed LH;" (or ab*c) in Figure 4, occurs at O3
(pK,=3.1+3.5). This step leads immediately to the zwitterionic form of the
neutral compound (LH," or a’b*c), which represents a tautomer to the non-
ionised form LH,° or abc. In view of the large difference to pK,, =7.2 + 8.5
and pK,3 =9.0 + 10.9, there is no doubt about the complete deprotonation of
03 before the second deprotonation step occurs. There was, however, a great
deal of discussion about the proper assignment of the second and third macro-
scopic acidity constant to the two relevant functional groups, namely the

Figure 3. Stereo views of the two most stable conformers calculated by Gottschalk and Clark [16] for
the neutral (top), zwitterionic (middle) and anionic form (bottom) of Tetracycline (AM1 Hamiltonian,
COSMO-model for consideration of solute-solvent interaction). (By courtesy of H. Lahnig).
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Scheme 1. Important degradation reactions of tetracyclines (ETC: 4-Epi-tetracycline, ATC:
Anhydrotetracycline, ITC: Isotetracycline, LTC: Lumitetracycline, QTC: Quinone derivative)

dimethylammonium group (b) and the O11-O12 B-diketone moiety (c) of the
ring BCD system. Martin [3] has presented a thorough discussion of the relat-
ed experimental material and shown that pK,, is dominated by O12H (c) and
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Figure 4. Definition of microconstants for the deprotonation of Tetracycline in aqueous solution (the
neutral species is present only in zwitterionic form a”b* ¢).

pK,; by N4*H (b) deprotonation. The structure of the dianion L~ is again
unambiguously defined as a’bc™. On the basis of titration experiments with
tetracycline methiodide [29], it was postulated that a fourth acidic group exists
in tetracyclines, namely O10H (pK,; =10.67 in methanol/water mixtures
(1:1)). Duarte et al. [20] postulated the existence of an isosbestic point at
around 260 nm in the pH range 9 + 10.5. They propose pK,4 = 11.8 for the
deprotonation of O10H.

A more quantitative analysis of the protonation/deprotonation equilibria in
tetracyclines requires the consideration of microconstants for each acidic
group (Fig. 4), which depend on the charge distribution in the molecule and
the solvent used. If the first deprotonation step comprises, as discussed above,
that of O3H then the general scheme can be simplified for aqueous solutions
to (see [3]):

K, = (H") (abc)/(ab*c) =K, )
K, = (H") [(ab*c) + (abe))/(@b*c) = Ky - Kape/ K3 = Koo - Koo/Ks ()
Ky = (H") (2 b¢)/[(@b'¢) + (be)) = [Kipe™! + Ky T 3)

where the acidity microconstants are defined via K; = (H") (B;)/(H'B;). (In ref-
erence [3] the microconstants are written with small letters. In order to avoid
a confusion with rate constants, capital letters are used to endorse that here
also equilibrium constants are meant.)
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The validity of equations (1) + (3) can easily be verified if one keeps in
mind that

pK, = —logK, = -log(exp(-AG/RT) = 2.3 AG/RT “4)

As illustrated in Figure 4, the change in Gibbs function is the same when going
from ab'c to abc” via ab’c™ or a'bc. This implies that K, - K. equals
Kac - Kaep If Kype << Kyop, then one gets: pKj = pK,pe (and vice versa). This
inequality implies also that for the route via a’bc to be the dominant one, the
change of Gibbs function between a™* ¢ and a’bc must be smaller than
between ab*c and ab*c™. If, on the other hand, K, = K., (a’bc and a*b*c”
are nearly isoenergetic) then one gets: pKj = pK,pe/2 = pKap/2 and analo-
gously: pK, =2 - pK,, = 2 - pK,.

The above discussion shows that the microconstants cannot be deduced
from the macroconstants except if additional information is available. One
possibility discussed extensively by Martin {3] is to incorporate information
about the pK, values of derivatives, which lack one of the functional groups
and can therefore follow only one of the considered deprotonation pathways.
Table 3 summarises the values given by Martin [3] and Bhatt and Jee [30] for

Table 3. Microscopic acidity constants derived by different authors for the deprotonation of
Tetracycline (25 °C and 0.01 M ionic strength)

Reference PKa pKab pKac pKabc pKacb
Martin [3] 333 8.7 7.80 8.6 9.56
Bhatt and Jee [30] 333 7.96 7.82 8.88 8.98

the microconstants appearing in our deprotonation scheme (Fig. 4). An alter-
native procedure would be the application of detection techniques which can
distinguish between the two isomers abc and a’b*c” and thus allow independ-
ent determination of the ratio K,,,/K,,. at a given pH from the equilibrium
concentrations (a’bc) and (a™b*c"). The prerequisite for such a procedure is the
knowledge of the properties of the individual species, which may exist in solu-
tion next to each other. Using the data of Martin (Tab. 3), the relative amount
of each of the occurring species is shown in dependence on pH of the solution
in Figure 5. Between about pH 4.2 and pH 7.2, the zwitterionic species LH,"
is the dominant one. Around pH 9.0 about 80% of the molecules are present as
anionic species LH™. Assuming the microscopic acidity constants given in ref-
erence [3], about 80% of the LH™ species are predicted to adopt the tautomer-
ic form ab*c” (trace d) and the remaining 20% the form a bc (trace e).

The deprotonation scheme presented in Figure 4 assumes that each species
appears in only one conformation. But it has been mentioned already in a pre-
ceding section that tetracyclines are conformationally labile. They can adopt
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Figure 5. Relative amount F of the different species found in an aqueous solution of variable pH: LH3*
(a), LH,* (b), LH™ (c), LH~ (f); LH™ can be present as a™b*c” (trace d) or a™bc (trace ¢). The calcula-
tion is based on the microscopic acidity constants given in reference [3].

various geometries exhibiting heats of formation which differ only by a few
kJ/mol. Based on the evidence discussed above, one must assume that in the
fully protonated form, tetracyclines adopt a twisted conformation (B confor-
mation) whereas in the fully deprotonated form they adopt an extended confor-
mation (A conformation). This implies that in a titration experiment, which
starts from an acidic solution and increases the pH by addition of OH™, the ini-
tially investigated deprotonation equilibrium is that of the twisted form B
(Fig. 6). If, on the other hand, one starts with a basic solution (e.g., pH 11), then
one investigates primarily the protonation behaviour of the extended conforma-
tion A. It depends clearly on the rate of addition of base and acid, respectively,
whether the initial conformation is conserved during the whole titration process
or whether a more or less complete change in conformation occurs at a defined
pH. Experimentally, such an alteration of conformations manifests itself in
spectra which change with time after addition of the titration solution. Another
consequence is that the spectra must not necessarily be reproducible. A change
in pH and the subsequent restoration of the starting pH can yield spectra dif-
ferent from that of the starting solution. According to our observation, the estab-
lishment of the thermodynamic equilibrium between the relevant conformers
may occur on time-scales varying between tens of minutes and several hours.
Without further information about the differences in Gibbs function of the
corresponding conformers and the activation barriers in between, it is impos-
sible to make an estimation of the magnitude of the effects to be eventually
observed in the various types of spectra. Nevertheless, it is obvious from the
crude model displayed in Figure 6 that the pK, values determined by titration
experiments in the two opposite directions may differ significantly (see
below). Furthermore, these values may also depend on the applied technique,
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Figure 6. Modified (de-)protonation scheme for tetracyclines including the possibility of conforma-
tional changes. Conformation A corresponds to the extended, B to the twisted form.

because different conformers can contribute with different efficacy to the total
signal observed (e.g., the fluorescence quantum yield most likely varies with
conformation).

Evaluation of titration experiments employing UV/vis-absorption and
CD spectroscopy

Because they are easy to apply, UV/vis-absorption and emission spectroscopy,
as well as measurement of the circular dichroism (CD) have been used to elu-
cidate the deprotonation scheme of tetracyclines. One advantage of these tech-
niques is that usually the solubility is high enough to generate data sets with
sufficiently high signal-to-noise ratio. Furthermore, by scanning across a suf-
ficiently large range in wavelength, one can increase the chances that, due to
larger differences in, e.g., the extinction coefficients, the evaluation procedure
results in more unambiguous predictions.
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According to Beer’s law, the absorbance of a sample containing several spe-
cies is determined by the sum of the absorbances of each species at the prob-
ing wavelength A:

A ()\,) = 2 8i()\«) Ci d

where €(A) represents the molar extinction coefficient of species i and ¢; its
concentration. In principle, if there are N species in the mixture, it would be
sufficient for a determination of the concentrations c; of all N species to meas-
ure the absorbance at N different wavelengths ?»j at which the (known) molar
extinction coefficients of all species differ from each other. In our case, not
only is the number of contributing species unknown, but mostly also the spec-
tra of the species to be eventually considered.

In recent years, computer programs were developed which allow analysis of
the spectra of systems in which the contributing species are related by ther-
modynamic equilibria. In one of the programs (“Specfit” [31-34]) a factor
analysis is carried out by single value decomposition on the input data (e.g.,
set of spectra versus pH) to give eigenvectors corresponding to the data and
noise found in the spectra. For each proposed equilibrium model the spectra of
all included species and the corresponding equilibrium constants are deter-
mined by applying a multivariate Marquardt fit to solve the mass balance equa-
tion by means of the Newton-Rhapson algorithm.

In fortunate cases, the decision which of the tested models is most likely to
be the correct one can be made by relying on the criterion of the lowest % In
most cases, the variation of x> for different models will be so small that addi-
tional criteria must be considered to justify the preference of one or the other
conceivable alternative. A good additional criterion is the shape of the spectra
calculated for the involved species.

Tetracycline absorption titrations

Tetracycline is usually administered as Tetracycline hydrochloride which, dis-
solved in pure water, exhibits a pH between about 1.8 and 2.8, depending on
concentration. Therefore many titrations start at a low pH (e.g., around 2) and
increase the pH by addition of, e.g., 1.0 M sodium hydroxide. Alternatively,
the titration experiments can start with pH around 10 and decrease the pH by
addition of, e.g., 1.0 M hydrochloric acid. pH values below or above the given
limits are usually avoided because of the occurrence of rapid degradation reac-
tions (formation of ATC at low pH and ITC at high pH as shown in Scheme 1).
In the pH range 3+5, epimerisation occurs, the rate being dependent on the
kind of buffer used [35]. In Tris buffer, which is used in our experiments, the
reaction is very slow and has therefore no effect on the presented results.

As a typical example, the changes observed in the UV/vis absorption spec-
tra upon upward titration of Tetracycline hydrochloride are shown in Figure 7.
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Figure 7. Absorption spectra of Tetracycline (I = 0.15 M) with increasing pH. pH steps between con-
secutive traces are about 0.5 units. (The small kinks at about 380 nm are instrumental artefacts due to
filter changes.)

One observes several isosbestic points, each of which appears only within a
certain pH region. This finding provides the experimental evidence that sever-
al (consecutive) equilibria are involved. For the numerical analysis using the
program “Specfit” the reaction scheme illustrated in Figure 1 is applied:

LH;* = LH,+H' —— LH +2H' —— L +°H*

It should be emphasised that in this evaluation of the experimental data only
the degree of (de-) protonation is the essential characteristic quality of the spe-
cies involved. This implies that, e.g., LH™ represents different conformers as
well as different tautomers. If at each pH the thermodynamic equilibrium is
established fast between all species representing LH™, then the resulting
absorption spectrum is unique and characteristic for this mixture of conform-
ers and tautomers. If, on the other hand, the activation barriers for transforma-
tion are high, then the absorption spectra become dependent on time after addi-
tion of acid or base (this can explain statements in the literature that the spec-
tra obtained in titration experiments are not reproducible).

In accordance with the above considerations, the two sets of absorption
spectra recorded during upward and downward titration yield slightly different
spectra for the species L=, LH, LH, and LH;" incorporated in the model
(Fig. 8). It is obvious that the degree of protonation is the most important fac-
tor with respect to the overall appearance of the absorption spectra.
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Figure 8. Absorption spectra of species L~ (O) LH™ (@), LH, (O) and LH," (M) derived from
Tetracycline titration experiments using the program “Specfit”. (Solid line: upward titration, dashed
line: downward titration). Significant differences are seen only for LH™ and L~.

The spectrum of the dianion L~ exhibits a strong visible band assigned to
the BCD chromophore with a maximum at about 380 nm. Upon protonation of
the N4 dimethylamino group, this band shifts hypsochromically by about
10 nm, the only other significant change being a relative increase in the extinc-
tion coefficient around 250 nm where the A and the BCD chromophore absorb.
The second protonation step involving the B-diketone system of the BCD
chromophore shifts the long wavelength band again by about 10 nm to a short-
er wavelength and makes the valley around 325 nm disappear. The final pro-
tonation of O3 has the greatest effect on the absorption in the 250-280 nm
region. The change in conformation and/or site of protonation is the cause of
the small differences in the species-associated spectra derived from upward
and downward titration. The extinction coefficient of the long wavelength
band is obviously higher in the twisted conformation (traces for LH™). A more
quantitative evaluation of the conformation-related spectral changes is not pos-
sible without further information about the thermodynamic parameters. We
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believe that the differences shown in Figure 8 are small because the titration
was performed with small steps in pH (in the actual experiment the pH steps
were only 0.25 units) and spectroscopic measurements were made only after
thermodynamic equilibrium was nearly reached. If larger steps in pH are
made, then the initial spectral differences are larger and the effect of relaxation
is easily seen.

Although the absorption spectra derived from the two sets of data are fairly
similar, the macroscopic acidity constants for the second and third deprotona-
tion step differ by up to one unit (Tab. 4). This implies that the problem of con-
formeric and tautomeric heterogeneity plays a major role for LH, and LH, as
could be deduced already from the discussion of Figure 4. Furthermore, the
ratio LHy/LH™ calculated by using either of the two sets of macroscopic acid-
ity constants can adopt reverse values in the pH range between 7 and 8 (e.g.,
1:3 and 3:1) before thermodynamic equilibrium is established.

Table 4. Macroscopic acidity constants determined for Tetracycline hydrochloride by absorption, flu-
orescence and circular dichroism titrations described in this work (data provided by M. Dean)

PKai PKa pKas Pka + pKa3
Absorption (upward) 34 6.7 8.7 15.4
Absorption (downward) 34 7.5 9.7 17.2
CD (upward) 33 6.7 8.7 15.4
CD (downward) 33 7.6 9.5 17.1
Fluorescence (upward) 33 7.3 9.2 17.5
Fluorescence (downward) 34 72 8.8 16.0
Martin [3] 33 7.7 9.5 17.2

Tetracycline circular dichroism titrations

The large difference in the CD spectra of Tetracycline at pH 2 (LH;") and pH
10 (L7) (cf. Fig. 9a) is generally attributed to the difference in its conformation
(twisted (B) at pH 2 and extended (A) at pH 10). Therefore, during the titra-
tion experiment, the change in conformation must occur. Depending on the
height of the barrier in the various states of (de-) protonation, the effective
transition could occur during upward and downward titration at different pH
levels as indicated schematically in Figure 6. As one consequence, the CD
spectra would show pronounced differences for upward and downward titra-
tion in that pH range in which conformational changes actually occur. Indeed,
the CD spectra calculated for the various species from upward and downward
titrations are clearly different, the pattern of the differences being similar for
LH;* and LH,°, on the one hand, and for LH™ and L=, on the other hand
(Fig. 9b). The evaluation yields different pK, values from upward and down-
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Figure 9a. CD spectra of the species L= (O), LH™ (@), LH, (OJ) and LH;* (M) derived from the
Tetracycline upward titration curves.
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Figure 9b. Differences in the CD spectra of Tetracycline species L=, LH™, LH,, and LH;" calculated
from spectra recorded during upward and downward titration.
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ward titration, the trends being similar for data derived from absorption and
CD spectroscopy (Tab. 4).

Tetracycline fluorescence titrations

Upon complete deprotonation, the fluorescence yields of tetracyclines are
greatly enhanced, as are those of the complexes with metal ions. It is usually
argued that the intra- and intermolecular hydrogen bonds engaging the keto
and enol groups of the BCD chromophore provide very effective radiationless
decay channels (e.g., by excited state proton transfer [27]) thus keeping the
yield for fluorescence low.

If the intramolecular hydrogen bond between O11 and O12 is eliminated,
the fluorescence yield should go up significantly. Quantum-chemical model
calculations show that the spatial arrangement of the mentioned groups is also
different in the extended and twisted conformation (see, e.g., Fig. 3). This
implies that the strength of intramolecular hydrogen bonding should vary with
a change in conformation and concomitantly so should the fluorescence yield.
The spectra derived from fluorescence titration experiments with Tetracycline
hydrochloride (Fig. 10) nicely confirm these expectations. Starting from L7,
the first protonation step at N4 decreases the fluorescence yield by about a fac-
tor of 4 with only a small change in the emission maximum. Protonation of the
dimethylamino group is thought to affect the fluorescence of the BCD chro-
mophore by inducing a conformational change. The second protonation step at

I [a.u.}

1 " 1
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Figure 10. Fluorescence spectra of the species L™ (O), LH™ (@), LH, (O)and LH;* (M) derived from
the Tetracycline upward fluorescence titration experiments.
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O11-012 causes a significant bathochromic shift of the emission of the BCD
chromophore. A smaller red shift and a further decrease in fluorescence inten-
sity results from the third protonation step at O3. In contrast to the results
obtained by absorption and CD titration, the second and third pK, values
derived from fluorescence experiments are higher in the upward than in the
downward direction (Tab. 4).

Before one enters into a discussion about the origin of this difference in pK,
values, one must examine whether the experimental conditions are such that
one can compare the results at all. Both in the absorption and CD titration
experiments, the recorded signal is determined by the concentrations of the
various species in the electronic ground state. In the fluorescence experiments,
the situation is more complex because the signal depends on the number of
molecules in the various fluorescing states and the corresponding fluorescence
yields. The distribution of the molecules across the fluorescing states parallels
their distribution in the ground state if no excited state reactions occur. Only if
this prerequisite is fulfilled, are the pK, values derived from the two different
types of experiments equal. If, as mentioned previously, excited state reactions
occur (e.g., deprotonation or conformational changes) then fluorescence
experiments should produce different pK, values.

Comparison of the results obtained by absorption, CD and fluorescence
titrations

Inspection of Table 4 shows that all techniques yield essentially the same value
for pK,; in accordance with the fact that educt and product of the first depro-
tonation step are very well defined. The agreement between the values derived
for the second and third pK, is satisfactory if one restricts the comparison to
those pairs of values which have been determined under equivalent experi-
mental conditions employing absorption and CD titrations.

In a previous chapter we have shown that the sum of the pK, values of the
second and third deprotonation step must be a constant independent of the
actual intermediates (e.g., a’bc versus a'b’c”) if the Gibbs function of the spe-
cies LH, and L~ is conserved. The difference of this sum for upward and down-
ward titration provides additional experimental evidence that, upon titration in
different directions, species with different Gibbs functions must be involved at
the level of LH,. (This conclusion is based on the assumption that the struc-
tural and geometrical heterogeneity on the level of L~ should be minimal.)
Furthermore, the variations in the relevant species of the type LH, must be
such that they affect the absorption and CD spectra in a similar fashion. Since
pK,; is furthermore equal for titration in both directions, educt of the third pro-
tonation step and product of the first deprotonation step must be energetically
very close. This implies that during downward titration, an efficient geometri-
cal relaxation must occur on the level of LH, to yield as relaxation products
those species which are formed upon deprotonation of LH;*. This relaxation
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can represent not only the transition from extended to twisted conformations
as suggested by Lambs et al. [36] but also between different tautomeric and
rotameric forms (e.g., rotation of the carboxamide group).

In the fluorescence experiments, the upward titration yields a proper sum
for pK,, and pK,3 (=17.5), but the differences of pK,, and pK_; determined for
both titration directions are reduced. This implies that the fluorescence prop-
erties are not much altered upon the structural relaxations which were postu-
lated at the LH; level based on absorption and CD measurements.

The variations of pK,; with detection technique and direction of titration
should be related to the tautomeric equilibrium between a’b*c™ and a bc on the
LH™ level. A change in conformation should not only modify the strength of
intramolecular hydrogen bonding, as discussed above, but also the microscop-
ic acidity constants for (de-)protonation at site c. Concomitantly, there must be
a change in the macroscopic acidity constants if the involved microscopic
reaction steps change.

Metal ion chelation by tetracyclines

It is generally assumed that the preferred sites of chelation of metal ions are
the deprotonated functional groups because the dominant interaction between
the metal cations and the tetracyclines should be Coulombic in nature.
Consequently, spectral changes induced upon metal chelation should be simi-
lar to those caused by protonation of the same site. Metal ion binding is, how-
ever, influenced by two additional factors:

(i) It is strengthened if five- or six-membered ring chelation can occur with a

basic site as anchor and

(ii)) Many metal ions prefer oxygen to nitrogen donors.

Considering the three sites which are subject to protonation/deprotonation
equilibria and the large number of possible donor atoms, it is immediately
obvious that tetracyclines can form a great variety of complexes which differ
by the number of chelated metal ions and their binding sites as well as by the
number and location of protons still bound.

In principle, one can investigate the complexation behaviour of tetracyclines
in several ways, which correspond to different situations in medical applica-
tions.

(i) A solution containing both tetracycline and the chosen metal ion at a fixed-
concentration is titrated with either base or acid.

(ii) A solution of tetracycline is buffered for a selected pH and then titrated
with increasing amounts of metal ions.

In the latter case, the intuitive model assumes the tetracycline molecules to
be present as a mixture of species with different degrees of protonation, which
then bind the metal ions M preferentially at the ionised functional groups. (For
the sake of simplicity, the charges are omitted in the following):
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LH,+m-M — LM, H, 5)

Since the microscopic acidity constants of the ligand will change upon metal
ion binding, a fraction of the primarily formed complexes LM ,H, will depro-
tonate

LM, H, —— LM_H,, +H"' (6)

until the equilibrium is established in accordance with the formation constants
Bimn of all possible species:

Bimn = (LM Hy)/(L)' (M)™(H")" )

The latter definition includes also complexes in which one metal ion binds,
e.g., two tetracycline ligands or, in case of high metal ion concentrations, one
ligand binds two metal ions next to a variable number of protons. For single
protonation/deprotonation equilibria, the pK, values are given by the differ-
ences between the logf values of the corresponding complexes. Analogous
relations hold for the metal ion binding constants in the reactions:

LM H, +M == LM, H, (8a)
LM H+M ——— LM, Hy_ + H* (8b)

Concerning the reaction mechanism, there is a difference between the con-
certed reaction described by equation (8b) and the consecutive reaction steps
according to equations (5) and (6). It should be detectable only in time-
resolved experiments at variable temperature (different activation energies) or,
e.g., experiments at variable pressure (different activation volumes). For ther-
modynamic considerations, as made in connection with the evaluation of titra-
tion experiments, the incorporation of the equilibrium (8b) is sufficient (see,
e.g., reference [37]).

The analysis presented so far characterises the formed complexes by their
composition (e.g., number of metal ions and protons) which also uniquely
determines the net charge of the complex as n + 2m — 21. This characterisation
is sufficient if one is only interested in the fraction of membrane-permeating
neutral complexes present at a given pH and metal ion concentration. The dif-
ferentiation of the complexes of a given composition according to the binding
sites of proton(s) and metal ion(s) requires detection techniques which produce
a distinct and characteristic signal for each species. Unfortunately, the results
of the easily available techniques like UV/vis absorption and CD spectroscopy
by themselves are not sufficient for such a differentiation. Likewise, potentio-
metric studies cannot provide this type of structural information [38].

Up to now, no crystal structure of a tetracycline complexed with the usual-
ly applied di- or trivalent metal ions has been published. The only exception is
a complex of Oxytetracycline with mercuric chloride, whose UV spectral data
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are, however, atypical for metal complexes of this drug [39]. Since therefore
no direct information is available on actual complexation sites, only more indi-
rect information by various kinds of spectroscopic techniques can be exploit-
ed. Based on UV/vis absorption studies Conover was the first to assign the
11,12-B-diketone system as the primary chelation site in Oxytetracycline.
Later on, Colaizzi et al. [40] suggested an involvement of the carboxamido
group and the 1- or 3-enol. From CD studies Mitscher et al. [41, 42] conclud-
ed that both the BCD-chromophore, at low pH, and the A-ring, at higher pH,
are engaged in complexation. Finally, Caswell and Hutchinson [43] differenti-
ated between magnesium and calcium complexes. For the latter they suggest-
ed binding via O11, O12 and O3 (or the carboxamide function). Lambs et al.
[36] confirmed this differentiation between Ca®* and Mg?** binding. They
analysed their data allowing for metal to ligand ratios of 2: 1, 1: 1 and 1: 2
depending on the actual concentration ratio in the solution. They postulated
that in the ternary complexes comprising one metal and two tetracycline mol-
ecules, the two tetracyclines are chelated at different sites (one tetracycline via
N4, the other via the BCD system). The concentrations of these complexes
were, however, too low for a spectroscopic characterisation. For the ternary
complexes containing two Ca”™, they suggested chelation via N4 and 012 and
for the second ion via O12 and O1. In contrast, the first Mg2+ ion should bind
via N4 and O3, while the second coordinates O11 and 012. '"H-NMR spec-
troscopy provided some evidence for complexation of Ca®* and Mg?* at the
A-ring involving the 1- or 3-enol and the carboxamido group [44].

Examination of the cited literature (and the references given therein) shows
that the described experiments were mostly performed under conditions that
differ so much that the provided evidence can not be combined without cau-
tion. Furthermore, most experimental techniques do not give direct structural
information with the effect that the presented conclusions are seldom really
straightforward. Consequently, metal chelation of tetracyclines must still be
considered an unresolved problem. There is need for more systematic investi-
gations applying really structure-specific methods.

The results of quantum-chemical calculations employing the COSMO
model to simulate the solute-solvent interaction have recently been published
by Gottschalk and Clark [16]. In Figures 11 and 12, stereoviews of the 5 low-
est-energy complexes formed from the tetracycline zwitterion and anion,
respectively, are shown for comparison. It is immediately evident
(i) that different sites of complexation are correlated with different geometries

(conformations) of the tetracycline ligand and
(ii) that within an energetic range of about 40 kJ-mol™', many of the complex-
ation schemes discussed in the literature occur.

Figure 11. Stereo view of the five energetically most favoured complexes between Mg®* and the
Tetracycline zwitterion (lowest energy conformation at bottom). (By courtesy of H. Lahnig.)
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Figure 12. Stereo view of the six energetically most favoured complexes between Mg®* and the
Tetracycline anion (lowest energy conformation at bottom). (By courtesy of H. Lahnig)
(Continued from previous page)

The by far most stable complexes involve in both strates of protonation the
carboxamido group in combination with O1 and O6, respectively. There are,
however, two caveats:

(i) The employed Hamiltonian (AM1) tends to overestimate metal binding to
nitrogen atoms and

(ii) Specific hydrogen bonding by water molecules in the first solvation shell
is still not included.

A correct consideration of both factors could change the energetic
sequence of the proposed structures. In accordance with expectation is the shift
of the preferred complexation sites from the carboxamido group in combina-
tion with O1 and O3 to those with involvement of O11, O12 and O1 when
going from the zwitterionic to the anionic form. Therefore it is not surprising
that binding to O1 has a significant effect on the spatial arrangement of rings
A and B.

Spectroscopic pH titrations of tetracycline with metal ions at a fixed
ratio

Detailed experiments of this type were usually carried out with a ratio of total
metal ion concentration to total ligand concentration of less than about 10.
Under these circumstances only the formation of complexes containing one
metal ion must be taken into account in the analysis [45]. It is furthermore
advantageous if the pK, values of the free ligands can be transferred from pH-
titration experiments performed in the absence of metal ions and, provided
they are known, their absorption and CD spectra, respectively, in various states
of protonation. Since the distribution of conformers and tautomers belonging
to each of the species L™, LH™, LH, and LH;" can vary with the history of the
solution (cf. discussion in previous section) one gets slightly different absorp-
tion and CD spectra depending on the direction of the titration. As a conse-
quence, the stability constants derived from both sets of spectra are also
dependent on the direction of titration (cf. Tab. 5).
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Table 5. Stability constants log B (L;M,) of complexes of various tetracyclines with Mg?* and Ca**
determined with the program Specfit. (The values in parenthesis are derived from data recorded dur-
ing upward titration)

M absorption CD fluorescence
Tetracycline Mg* 6.23 5.97 6.0
(4.28) (3.66) (4.35)
ca®* 5.86 5.99 6.06
(5.10) (3.94) (5.16)
Oxytetracycline Mg* 5.45
(4.83)
Doxycycline Mg* 5.94

An important result of the experiments performed in our laboratory is that
evaluation of the absorption spectra requires only the consideration of L;M;,
type complexes. The fit of the CD spectra of the Mg”* complexes needs two
types of complexes, namely L,M, and L;M;H,. This implies that both Mg**
and Ca®* are complexed mainly by the completely deprotonated species (equa-
tion 8a) or, if ion binding occurs in the anionic form, that the last proton is eas-
ily released upon ion binding (equation 8b).

In Figure 13, the absorption and CD spectra calculated by the program
“Specfit” are shown for Mg®* and Ca** as complexing ions. Both types of
spectra are significantly different for these two types of ions, thus providing
evidence that the predominant species exhibit a different binding pattern for
Mg?* and Ca®*. In case of Mg?* binding, the complexes [TcMg]® and
[TcMgH]" have apparently similar absorption, but different CD spectra. This
can be rationalised since the deprotonation step that connects the two species
occurs at N4 and alters the electron density of the chiral centre C4. As a fur-
ther consequence the CD of both the A and the BCD chromophore could expe-
rience an induced effect. Noteworthy in this connection is the large difference
in B values determined from absorption (and fluorescence) and CD titrations
in upward direction (cf. Tab. 5).

Ca’* and Mg?* titrations of tetracycline at fixed pH

It was stressed above that for a given pH a distribution of conformers and/or
tautomers exists in aqueous solutions of tetracyclines. Because these exhibit
different spatial arrangements of the possible complexing sites, they differ in
driving force for metal complexation. Consequently, the structure of the pref-
erentially formed complexes can vary with pH of the solution. In addition,
conformational changes might be suppressed by metal ion binding. That
implies that non-equilibrium distributions of the various complexes could be
conserved for longer times.
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Figure 13. Absorption (a) and CD spectra (b) of the L,M, type complexes with M being Mg?* () or
Ca” (M). Evaluation by means of the program “Specfit” using the data recorded during downward
titration.

The distribution curves (Fig. 5) predict the anion to be the dominant species
at pH 8.5 whereas the zwitterionic form dominates at pH 7.0. Since a change
of conformation of the metal-free ligand is likely to occur between these two
pH values, the complexation pattern could be different if the solution is
buffered at one of these pH values.

Titration experiments with Mg** carried out at pH 7.0 and pH 8.5 showed
essentially the same changes in the absorption spectra, thus indicating that the
complexation site for the first and the second ion is conserved when switching
from pH 7.0 to pH 8.5. The titration experiments with Ca** at pH 7.0 produced
similar spectral changes as with Mg®*, whereas at pH 8.5 a completely differ-
ent development of the spectra with increasing amounts of Ca®* was observed
[37]. This points clearly to a different complexation pattern for Ca** at pH 8.5.
Based on the characteristic features of the spectra calculated by means of
“Specfit” for the LM H, and L;M,H, complexes (Fig. 14) the complexation
sites shown in Figure 15 were suggested [37]. H, means that the extent of
deprotonation can not be determined from the set of experimental spectra. The
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Figure 14. Absorption spectra of Tetracycline (solid line) and the L;M;H, (O) and L;M,H, complex-
es (M) with M = Mg?* (a, ¢) and M = Ca® (b, d). pH was 7.0 (a, c) and 8.5 (b, d).

spectra resulting from the analysis for the complexes with one or two metal
ions represent a weighted superposition of the spectra of such complexes with
different numbers (x =0 or 1) and positions of the protons. The large differ-
ence in conditional binding constants at pH 7 and pH 8.5 (Tab. 6) has an inter-
esting consequence regarding the ratio tetracycline to metal ion required for
half of the tetracycline molecules to be complexed with metal ions. The exam-
ple shown in Figure 16 refers to a total tetracycline concentration
Cr =3 x 107 M. At pH 7.0, an approximately 20-fold excess of Mg?* is need-
ed, whereas at pH 8.5 a factor of 3 is sufficient for half of the tetracyclines to
be bound. For Ca”, the corresponding values are a 100-fold (pH 7) and a
2-fold (pH 8.5) excess of the metal ions. Noteworthy is also that formation of
bimetallic complexes starts at pH 7 at about a 100-fold excess of metal ions,
whereas at pH 8.5 an approximately 10-fold excess is sufficient to induce for-
mation of ternary complexes L;M,. This sensitivity of metal complexation to
pH is a serious complication in various types of experiments under physiolog-
ical conditions, especially if they rely on the measurement of the fluorescence
intensity. Since complexation of one metal ion is usually connected with the
release of one proton, increasing the metal ion concentration goes along with
a decrease of pH except if a buffer is present. Because metal complexation has
a large effect on the fluorescence yield, a non-linear relationship between
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Figure 15. Proposed complexation sites for Mg?* and Ca® in the Mg-type (top) and Ca-type (bottom)

complexes (after reference [37]).

Table 6. Conditional binding constants for complexation of various tetracylines with Mg?* and Ca®.

(After Schmitt and Schneider [37])

pH log (K,*/M™) log (K, /MY type of complex®
Tc Mg 7.0 2.88 +0.01 1.47+0.04 Mg-type
8.5 4.06 +0.01 1.79 £ 0.03 Mg-type
Tc Ca** 7.0 2.61+0.02 0.87 +£0.12 Mg-type
8.5 4.46 +0.04 2.11+0.14 Ca-type
Oxy Mg* 7.0 3.07 +0.01 1.56 +0.04 Mg-type
8.5 4.13 £0.03 1.55+0.10 Mg-type
Oxy Ca® 7.0 2.61+0.02 1.00+0.11 Mg-type
8.5 3.71 £0.06 2.15+0.17 Ca-type
ATC Mg?* 7.0 3.16 +0.03 0.79 + 0.09 Mg-type
8.5 3.99 +0.02 0.97 +0.05 Mg-type
ATC Ca** 7.0 2.92 +0.05 1.17+£0.03 nd?
8.5 3.30 £ 0.05 0.77 £0.12 nd 9

a) defined as K; = (LML) (M)

b) defined as K, = (LM,)/(LM,) M

¢) structures shown in Fig. 15
d) not determined
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Figure 16. Comparison of the partition profiles of Tetracycline complexed with Mg?* (top) and Ca®*
(bottom) at pH 7.0 (filled) and pH 8.5 (open symbols). Total concentration of Tetracycline is
Cr=3-10" M. Free ligand (OJ, W), LM (@, O), and LM, (A, A) (after reference [37]).

metal ion concentration and fluorescence intensity is likely in non-buffered
solutions.

Calorimetric studies of metal binding

It is a well-known phenomenon that two reactions can have a similar driving
force (AG), although the corresponding changes in enthalpy (AH) and entropy
(AS) are quite different (enthalpy—entropy compensation). In case of metal ion
complexation, such a compensatory relationship can reflect different modes of
binding and changes of solvation. Ohyama and Cowan [46] investigated the
complex formation of Tetracycline with Mg?*, Mn?*, Ca*, and Sr** by ultra-
sensitive calorimetry. Experiments were carried out at pH 9.5 to ensure com-
plex formation between specific solution species. Independent pH titration
studies showed that the protonation state of N4 had no influence on the bind-
ing constant K for magnesium ions. In Table 7, the thermodynamic parameters
for Mg?* and Ca** given in reference [46] are quoted. The change in sign of
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Table 7. Thermodynamic parameters for binding of Mg?* and Ca® by Tetracycline (pH 9.5). Data
taken from reference [46]

M T/K K- 10*M! AG/KJ mol™! AH/KJ mol™!

AS/IK™! mol™

Mg** 278 2.77£0.14 -23.7 -21.0 9.6
308 6.70 + 0.62 -28.4 -95 60.2

Ca® 278 10.8+1.3 -26.7 —-54.7 -100.7
308 129+1.8 -30.0 -36.8 -222

AS is interpreted by the authors as an effect of the distinct hydration environ-
ment for ions with higher (Mg®* and Mn?*) and lower (Ca®* and Sr**) charge
density. In the former, longer-range ordering of the solvent is achieved relative
to the latter ones. After complexation with Tetracycline, the hydration sphere
of Mg?* and Mn?* is most influenced by the decrease in local charge density
and the hydrophobicity of the Tetracycline moiety. The negative AS value
observed for Ca** and Sr** is thought to reflect the structure-forming contri-
bution from water molecules around the hydrophobic Tetracycline ring system.

The more favourable reaction enthalpy AH obtained for Ca®* and Sr**
should reflect the easy coordination of the larger cations. Coordination of the
smaller ions (Mg”* and Mn?*) could introduce strain on the bonds that form the
six-membered ring chelation complex [47]. Finally, the authors emphasise the
larger change in heat capacity upon binding of Ca®* versus binding of Mg**.
The interpretation given of the calorimetric data suggests that quantum chem-
ical model calculations can be successful only if the first layers of solvent mol-
ecules are taken into account explicitly.

Fluorescence decay times of tetracycline complexes with Mg?* and Ca?*

Time-resolved fluorescence measurements for free tetracyclines are difficult
because traces of impurities and/or reaction products can contribute more to
the total signal intensity than the species under investigation. Elimination of
the intramolecular hydrogen bond at O11-012 via deprotonation and/or com-
plexation of tetracycline with proper divalent metal ions leads to an increase of
the fluorescence yield as discussed above. Efficient formation of the complex-
es requires adjustment of the pH of the solution to pH 2 8.0. Under these con-
ditions, the metal-free compounds are present as a mixture of LH,*, LH™ and
the stronger fluorescing dianions.

A proper fit of the fluorescence decay of Tetracycline in aqueous solution
(pH 7, 1=0.1 M, A4 = 550 nm) needs four exponentials (private communica-
tion by D.-Th. Marian). Since the amplitude of the fourth component increas-
es with time, it is linked to a reaction product. The remaining three compo-
nents can be assigned to the three species mentioned above. The zwitterion
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LH,* exhibits the shortest decay time (T; = 30 ps) due to fast radiationless
decay mediated by the internal hydrogen bond O11-H-O12. The second com-
ponent (T, =270 ps) is assigned to LH and the long-lived component
(t3 = 1.5 ns) to the dianion L". The rationale behind this assignment is that
upon addition of Mg?*, the lifetimes of the first and third component do not
change. The relative contributions 3; and B; drop, however, from about 0.58
and 0.17 to nearly zero, whereas the second component increases in intensity
without much change in decay time (t,' = 385 ps). These results imply that
deprotonation at O11-012 already decreases the rate of radiationless deacti-
vation (increase in lifetime from 30 ps to 270 ps). Complexation with Mg?*
apparently decreases this rate further by making the molecule less flexible
(increase in lifetime from 270 ps to 385 ps).

According to Kunz [48], Tetracycline (10™* M in 0.05 M Tris buffer at pH
8.0) exhibits a fluorescence decay time of about 0.4 ns when complexed with
Mg?*. Upon complexation with Ca**, a fluorescence lifetime of about 0.25 ns
is found. It is perhaps not surprising that the complexes with epi-Tetracycline
exhibit approximately the same fluorescence decay times. The great similarity
in properties of Tetracycline and Oxytetracycline manifests itself also in the
excited state lifetimes of the Mg®* complexes (0.44 ns). Evidence for the
importance of hydrogen bonding as promoter of radiationless decay, not only
in Tetracycline but also in the metal chelates, can be derived from experiments
in D,0 and in acetonitrile — water mixtures. Switching from H,O (pH = 8.0) to
D,O (pD = 8.0) results in an increase of the fluorescence lifetime of the Mg2+
complexes from about 0.4 ns to about 1.35 ns.

Proton binding and metal ion complexation of tetracycline derivatives

Tetracycline derivatives, which possess the same three acidic groups as “nor-
mal” Tetracycline, show very similar changes in the absorption and CD spec-
tra upon pH titration. Consequently, similar pK, values are found (cf. Tab. 8).
The same holds true for complexation with Mg?* and Ca®* (Tab. 6).
Doxycycline, in our opinion, forms 1: 1 Mg-type complexes both with Mg**

Table 8. Macroscopic acidity constants for various derivatives of Tetracycline derived from absorption
titration experiments in upward and downward direction (data from M. Dean)

pkai pka pkas reference
Oxytetracycline 33 6.8 8.4 this work (up)
32 7.3 9.1 this work (down)
33 7.3 9.1 [3]
Doxycycline 3.0 77 9.1 downward
34 7.1 9.7 [31

Anhydrotetracycline 3.93 5.94 8.48 [56]
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and Ca** at pH 7.0 [37]. (At higher pH, measurements could not be performed
due to rapid deterioration of the sample.) According to Mitscher et al. [49]
binding of the second Mg** involves C5 OH and C12a OH in 5-hydroxytetra-
cyclines.

Proton and metal ion binding of anhydrotetracycline (ATC)

Since ATCs are important degradation products they were also studied exten-
sively in the past to clarify how their presence can influence the antibiotic
action of the parent compounds.

There is extensive spectroscopic evidence that 5,6-ATC can also adopt dif-
ferent conformations. It is generally assumed that one pair of conformers
resembles the twisted and extended conformation described for Tetracycline.
The only publication of X-ray data does unfortunately not provide co-ordi-
nates of the atoms [50]. Accordingly, the twisted conformation should be the
dominant one in neutral and acidic solution, whereas the extended conforma-
tion exists as majority species at high pH [45].

Semi-empirical quantum-chemical model calculations using the AMI1
Hamiltonian and the continuum model COSMO confirmed the empirical
assignment [51]. The fully protonated (LH;") and the zwitterionic species
(LH,) adopt nearly exclusively (97.5%) the A conformation. The anionic spe-
cies LH™ and the fully deprotonated species L~ should be present as a mixture
of both conformers. In water, the predicted ratio is 68% (A)/32% (B) for LH™
and 34% (A)/66% (B) for L~

At first glance, the complexation behaviour of ATC investigated by absorp-
tion and CD spectroscopy appears to be pronouncedly different from that of
the “normal” tetracyclines. Because of the lower pK,, and pK,; values (Tab. 8),
the extent of protonation of the N4 dimethylammonium group relative to that
of the O11-012 B-diketone system is significantly changed. The absolute val-
ues of the first conditional binding constants for the binding of Mg and Ca ions
shown in Table 6 support previous suggestions of O11-012 complexation like
in Tetracycline. The much smaller value of the second binding constant K,
favours the assumption of A-ring complexation by the second Mg

Complexation of tetracyclines with lanthanide ions

As mentioned before, tetracyclines chelate with a large variety of metal ions,
like alkaline and alkaline earth metal ions, with transition metal ions and also
with trivalent lanthanides. The lanthanide ions show luminescence (e.g., Eu*
around 600 nm) with decay times on the order of 20-120 us [52]. Sensitisation
of the Eu®* phosphorescence by energy transfer within the complexes can be
used to monitor tetracyclines by phosphorimetric techniques with high sensi-
tivity. The advantage of the time-gated detection mode is that fluorescence



98 S. Schneider

from impurities and/or degradation products can easily be suppressed, thus
allowing the detection of tetracyclines with a sub-nanogram limit. The opti-
munm tetracycline to Eu®* ratio was found to be 1:1, indicating a high associa-
tion constant. Since Eu* exhibits an ion radius similar to Mg?*, it is assumed
that the pattern of complexation is the same for both ions. Larger lanthanide
ions like La®>* and Yb** experience a modified Coulombic interaction, thus
leading to different complexation sites [53].

Tetracycline — metal ion complexes bound in the Tet repressor protein

Tetracyclines bind to repressor or activator proteins preferentially as complex-
es with Mg?* or Ca®*, which are found in blood plasma at concentrations of
about 1 mM. The binding constants of the metal ion complexes in the protein
are usually determined by fluorescence titration experiments. In these, a
buffered solution of the protein (e.g., TetR) and the tetracycline under investi-
gation is titrated with the chosen kind of metal ion. In view of the above, the
mechanism of effector binding comprises as a first step the formation of the
tetracycline — metal ion complexes and, as a second step, the incorporation of
the complexes in the binding pocket. The stoichiometry of the free tetracycline
—metal ion complexes formed is in principle determined by the concentration
of the metal ions, whereas within the protein the tetracyclines are assumed to
be complexed with one metal ion only [54].

The X-ray structure of the ternary Tetracycline — Mg?* — TetR complex
shows that Mg2+ co-ordinates at the [B-diketone moiety O11-0O12 [55].
Furthermore, the conformation is essentially the same as the one found in the
Tetracycline hexahydrate crystals (Fig. 17). If one ignores the interactions
between the effector and the protein, one can conclude that Mg®* chelation at
the B-diketone moiety does not much change the geometry of the (zwitterion-

Figure 17. Overlay of the crystal structures found for Tetracycline hexahydrate (zwitterionic form) and
the Tetracycline — Mg?* complex embedded in the TetR protein (co-ordinates from reference [55]).
(By courtesy of C. Leypold)
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ic) ligand. The comparison of the CD spectra of the free and protein-bound
tetracycline — Mg®* complexes (Fig. 18) demonstrates that upon protein bind-
ing there are indeed only minor changes in the long wavelength range (C.
Leypold, private communication).

The CD spectrum of the protein-bound Ca®* complexes resembles that of
the corresponding ternary complexes with Mg?*, thus suggesting that the com-
plexation site again comprises O11-012. The CD spectrum of the free com-
plexes in solution deviates, however, pronouncedly from that of the Mg”* com-
plexes. This is in accordance with the different chelation pattern of Ca** at pH
8.5 as discussed in the previous section.
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Figure 18. Comparison of the CD s?eclra of free (open symbols) and protein bound complexes (closed
symbols) of Tetracycline with Mg™ (a) and Ca®* (b). The ionic strength of the solution at pH = 8.5
was fixed by addition of 0.15 M NaCl. Metal to ligand ratio was 40 for Mg?* and 27 for Ca?*. (By
courtesy of C. Leypold)
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Fluorescence kinetics of ternary complexes including the Tet repressor
protein

Kunz [48] has measured the fluorescence kinetics of ternary complexes
between various mutants of the Tet repressor protein TetR (tryptophan scan-
ning analysis described by Kintrup et al. [48]), various tetracyclines and either
Mg?* or Ca®* as complexing metal ions. He found that, except for the combi-
nation ATC and Mg**, the effector fluorescence could be fitted by a biexpo-
nential decay law.

The decay times deduced for Tetracycline and Oxytetracycline (cf. Tab. 9)
must be considered as equal within experimental error. The differences
between the lifetimes of the Mg”* and Ca** complexes are small, thus indicat-
ing that the geometry of the complexes and their embedding in the binding
pocket must be similar. Anhydrotetracycline exhibits significantly longer
decay times, the shorter-lived component being less intense or even missing
(Mg?** complexes).

Table 9. Fit parameters derived for the effector fluorescence when imbedded in the Tet Repressor pro-
tein Tet R (B)wr (0.05 M Tris buffer, pH 8.0, 0.15 M NaCl, 5 mM B-mercaptoethanol: c(Tet
R(B)) =5 x 10™* M; ¢(Tc) = 107* M; c(M**) = 1072 M)

Tc M Ty/ns Ty/ns B B,”
Tetracycline Mg* 1.9 2.9 0.65 0.35
Ca* L4 2.7 0.38 0.62
Oxytetracycline M%2+ 1.5 2.8 0.55 0.45
Ca** 1.3 2.7 0.66 0.34
Anhydrotetracycline Mg?* 3.6 1.0
Ca** 1.8 39 0.12 0.88

? relative contribution to total fluorescence B; - AT/ZAT;

The origin of the observed biexponential decay is not yet clear, because
there are several alternatives for an explanation:

(i) It could be the result of a structural heterogeneity of the protein and con-
comitantly different chromophore — protein interactions.

(ii) It could be caused by a geometrical heterogeneity of the effector mole-
cules like the conformational heterogeneity described for the free tetracy-
clines.

(iii) It could result from different patterns of metal ion complexation (includ-
ing the complexation of more than one ion).

It should be mentioned that within the series of single tryptophan mutants
which were investigated, the fluorescence decay kinetics was, in general, fair-
ly independent of the site of mutation. Exceptions were found only if the intro-
duced tryptophan modified the binding pocket and/or caused steric interac-
tions with the effector [48].
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Concluding remarks

Tetracyclines appear to be like chameleons. They can readily adjust them-
selves to variations in their surroundings, e.g., the pH value. They can adopt a
large number of different structures with relatively small differences in total
energy. Therefore, it is practically impossible to find conditions under which
one species is present nearly exclusively. As a consequence, it is also extreme-
ly difficult to determine experimentally the thermodynamic and spectroscopic
properties of each species as defined by state of protonation or metal ion chela-
tion, conformation of the four annelated rings, or rotation and hydrogen bond-
ing of functional groups.

At first glance, it is annoying to see the wide spread of the values found in
the literature for apparently simple characteristic parameters, e.g., the pK, val-
ues. The differences in the numbers presented are mostly several times larger
than the quoted possible errors. An explanation for this fact could be found in
the above-mentioned structural heterogeneity, which tetracyclines exhibit in
solution under essentially all reasonable experimental conditions. As could be
demonstrated in this contribution, different detection techniques see different
species with different sensitivity. Alternatively, some techniques may not be
able to distinguish between two species whereas others do. Since the results of
the data analyses will be governed by those species which contribute most to
the recorded signals, it must not be surprising if, e.g., absorption and fluores-
cence spectra produce somewhat different pK, values or stability constants.

Another important aspect, which was partly ignored in past experiments, is
the kinetic one. Structural relaxation to establish the thermodynamic equilibri-
um will occur on different time-scales depending on whether, e.g., conforma-
tional changes with high activation barriers or changes in state of protonation
or hydrogen bonding are required. Metal complexation seems to lock tetracy-
clines in certain conformations. As a consequence, thermal and photochemical
degradation reactions can be enhanced, but also decreased, as a consequence
of metal ion chelation.

From the early days of tetracycline research onward, it was suggested that
it is the flexibility of these molecules that makes them such a successful and
efficient drug. On the other hand, this flexibility makes it also very difficult to
establish a structure — function relationship as long as its precise structure has
not been determined at the site of action.
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Introduction

At present, three-dimensional structures characterizing specific tetra-
cycline/protein interactions are available only for the Tet repressor, TetR. This
is the regulatory switch for the most common resistance mechanism against
tetracyclines, Tc, in Gram-negative bacteria. Crystallographic investigations
with at least 2.5 A resolution of TetR/Tc complexes [1, 2] and the TetR/DNA
complex [3] provide a clear view of endpoints for the functional allosteric
pathway of this distinct regulatory system and reveal mechanisms that under-
lie TetR/Tc recognition and induced conformational changes forcing dissocia-
tion of the repressor/operator-DNA complex, TetR/fetO.

Understanding the molecular mechanisms of bacterial resistance against
antibiotics is of significant clinical importance [4]. Nowadays, general interest
is stimulated by the fact that TetR/terO is the most efficiently inducible system
of transcriptional regulation known to date. It is commonly used as a tool for
selective targeted gene regulation in eukaryotic systems [5—10].

The resistance mechanism

The most frequently observed resistance against tetracycline (Tc) in Gram-
negative bacteria depends on the export of a tetracycline-magnesium complex,
[MgTc]* (Fig. 1), by the TetA protein. The TetA is embedded in the cytoplas-
mic membrane and mediates active efflux of [MgTc]* against equimolar
uptake of a proton (proton motive force) [11, 12]. Regulation of expression of
TetA is under tight transcriptional control of the tetracycline repressor, TetR.
This unique type of resistance determinant has a central regulatory part with
overlapping operators and promoters between the two genes fetA and tetR,
arranged with divergent polarity [13]. In the absence of tetracycline, the two
operator sites, tetO1 and tetO2, are protected by TetR homodimers preventing
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Figure 1. Chemical structure of the tetracycline-Mg>* complex, [MgTc]*, and schematic recognition
pattern of amino acid side chains of TetR in the binding tunnel. Amino acids of the two TetR
monomers are distinguished by ('), hydrogen bonds are indicated by thin and van der Waals contacts
by thick broken lines. Note the unusual O-H...w interaction between the hydroxyl group at position
12a of Tc and the aromatic side chain of Phe86; the interaction between Val 113 and the hydroxyl sub-
stituent at position 6 of Tc is less favorable, indicated by a double arrow. Mg is octahedrally coor-
dinated by the chelating 1,3-ketoenolate (O11, O12) of Tc, by His100N,, and by three water molecules
(WAT). Variations of substituents in the hydrophobic half of Tc retain the antibiotic activity, these are
functional groups at positions of C5, C6, C7, C8 and C9, also substituents at N4 [26]. The figure shows

7-chlortetracycline [2].

transcription of the repressor itself and the membrane-residing efflux protein,
TetA. The resistance mechanism is activated by [MgTc]* binding to TetR.
Specific drug/repressor interactions enforce conformational changes in TetR
and abolish the high affinity to the cognate operator sequences, tetO! and
tetO2, allowing transcription of the controlled genes.

The mechanism is encoded by seven highly homologous resistance deter-
minants (classes A to E, G and H), which are located on plasmids and trans-
posons [14, 15]. The genetic organization is described in detail elsewhere; for
reviews see [16, 17].

In contrast to inducer- or effector-controlled repressor-systems for regula-
tion of metabolic pathways, where transcription has to be regulated more gen-
tly, the silent (TetR bound to tetO) and the active states (TetR bound to
[MgTc]") of the resistance mechanism have to be exactly distinguished for two
reasons. First, TetR is required to be a particularly [MgTc]*-sensitive switch,
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because the bacteriostatic action of the drug depends on inhibition of riboso-
mal protein synthesis. The affinity of TetR for tetO is reduced by 9 orders of
magnitude after binding of [MgTc]* to TetR (K, ~ 10° M™'). This enables
expression of the resistance genes before the drug binds to the small ribosomal
subunit (K, ~ 106 M™) [18]. On the other hand, high-level expression of TetA
is lethal for the bacterial cell, because unspecific cation transport interferes
with the maintenance of the electrostatic potential across the cytoplasmic
membrane [19]. Therefore, a well-defined repressed status of the tetA gene by
strong binding of TetR to fetO is essential (association constant K, ~ 10" M™).

This guarantees that both situations of the resistance mechanism are effi-
ciently distinguished. Moreover, sub-inhibitory Tc concentrations are suffi-
cient to allow transcription of the TetR-controlled genes to proceed.

TetR/inducer complexes

Tetracycline binds to TetR as a chelate complex with a divalent metal ion, e.g.,
[MgTc]". The complex carries one net positive charge and is also the target of
the TetA protein [12, 20]. The chemical structure of the tetracycline-Mg?*
complex is shown in Figure 1. The 1,3-ketoenolate moiety of the Tc rings B
and C is deprotonated under physiological pH conditions and coordinates diva-
lent metal jons with high affinity [21]. The binding constant to Mg** is about
10* M and even higher for other divalent metal ions, e.g., Fe(Il) [22]. Crystal
structure data are available for TetR/[MgTc]* complexes with different Tc
analogs: tetracycline, 7-chlorotetracycline and 9—(N,N—dimethylglycylami-
do)-6—demethyl-6—deoxy—tetracycline [1, 2, 23]. The TetR/Tc-complexes in
the absence of divalent metal ions are biologically not relevant but, neverthe-
less, of crucial importance in analyzing the structural properties of TetR [24].
The different states of Tc- and/or [MgTc]*-complexation are useful in ration-
alizing the steps sequentially leading to complete induction.

Tetracycline/TetR contacts

The tetracycline analogs differ from each other only by substituent variations.
The molecules are clearly separated into a hydrophobic and a hydrophilic half
(see Fig. 1). Modifications of hydrophilic substituents abolish bacteriostatic
interaction with the prokaryotic ribosome [25].

Variations in the hydrophobic half are permissible and provide a high prob-
ability of antibacterial activity [26]. Obviously, TetR is exactly designed to
mimic the ribosomal target, because non-antibiotic Tc analogs are not able to
induce TetR, even if they have a reasonable binding constant to TetR [27]. The
same decrease of inducibility is observed for TetR-variants with single amino
acid exchange of residues, which are involved in [MgTc]*-recognition and
-induced allosteric transitions [28].
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A first group with hydrophilic amino acid residues anchors and positions Tc
ring A by hydrogen bonding at the far end of the binding tunnel (His64, Asn82,
Phe86 and GIn116) (see Fig. 1). Remarkable is the aromatic hydrogen bond
between a hydroxyl group (O12a) of Tc and the aromatic system of Phe86,
which is strictly conserved in all TetR classes. Another group includes side
chains of conserved His100, Thr103 and Glul47', all involved in direct or
water-mediated Mg?*-coordination.

The hydrophobic region in the binding tunnel is coated by type-conserved
Valll3, Leul31, Ile134, Leul70', Leul74', Met177', exclusively involved in
non-polar van-der-Waals contacts to the hydrophobic part of [MgTc]* with
substituents at positions 6 to 9 and the corresponding framework of Tc-rings C
and D.

The Tet repressor protein

The TetR of the resistance determinant class B, TetR(B), has been character-
ized extensively with molecular biological and biochemical methods, but
unfortunately crystallographic results are based on TetR of class D, TetR(D).
However, these two repressor proteins share about two-thirds of sequence
identity; crystal structure investigation at medium resolution of TetR(B)
revealed identical polypeptide folding with TetR(D) [1]. Therefore, we can
assume that the discussed sequence-specific interactions of TetR with [MgTc]*
or tetO will be identical in both classes. Even the oligonucleotide sequences of
the corresponding fetO only differ in one base pair. Taking together all infor-
mation on TetR, this is the best-characterized example for specific tetracy-
cline/protein interaction and one of the best-understood inducible repressor
systems [29].

The length of the polypeptide chains of TetR within the seven classes varies
between 207 and 219 amino acid residues. Sequence identity is high, ranging
between 45 and 75%. The first X-ray crystal structure analysis of the TetR(D)
in complex with [MgTc]* (the induced state) [1] revealed a polypeptide chain
consisting of only 207 amino acid residues out of the 218 residues correspon-
ding to the gene nucleotide sequence. Posttranslational deletion of the N-ter-
minal Met]1 and loss of 10 C-terminal residues during preparation were clear-
ly identified in the electron density maps and verified by matrix-assisted laser
desorption/ionization mass spectrometry of dissolved crystals [30]. The advan-
tage of the C-terminal truncation of TetR(D) is that it has only one C-terminal
residue more than the highly homologous TetR(B), supporting the similarity of
both proteins.

A genetically truncated TetR(D) was used with the C-terminal amino acids
209 to 218 deliberately deleted. This variant allows an improved purification
protocol [31] with enhanced crystallization properties compared to previous
preparations of wild-type TetR(D) [2, 30]. These deletions have no effect on
the biological activity of TetR(D). Quantification of in vivo repression and
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induction efficiencies of wild-type and the genetically truncated TetR(D) show
that functionality is not impaired by the truncation [32].

Topology of the TetR homodimer

The quaternary structure of TetR is known to be a very stable homodimer in
solution [32, 33]. In the crystal structures the local dyad of the homodimer
coincides with the symmetry of twofold rotation axes and both monomers are
identical. The all-helical TetR monomer is folded into 10 a-helices (ol to 10
for one monomer and al' to o10' for the other one); see Figure 2. The TetR
molecule is clearly divided into two N-terminal DNA-binding domains and a
regulatory core domain with a globular shape, which provide two [MgTc]"
binding pockets.

The DNA-binding domains consist of the N-terminal three-helix-bundles
(al to o3 and a1’ to 3'), with a2 as the supporting and o3 as the recognition

Figure 2. Overall structure of the TetR homodimer. The monomers are related by a horizontal two-fold
rotation axis coinciding with the long dimension of the TetR dimer. The helices o are depicted as rib-
bons and Tc as space-filling models. In one monomer the helices are labeled ol to ol0 from the
labeled N- to the C-terminus. The helix-turn-helix motifs of the DNA-binding domains are 02, a3 and
a2', a3'. Both monomers are clearly separated, without intertwining of the two polypeptide chains.
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helices of the classical helix-turn-helix motif, HTH [34, 35]. The center-to-
center separation of the recognition helices a3, a3', which determines the abil-
ity of TetR to bind to tetO, is controlled by helices 04, 04’ (amino acid
residues 48 to 63); they link the DNA-binding domains to the [MgTc]* bind-
ing sites in the regulatory core domain. The N-terminal part of helix a4 clos-
es the hydrophobic core of the DNA-binding domain. This rigid arrangement
is essential for the molecular mechanisms forcing dissociation of the TetR/tetO
complex after inducer-binding to TetR.

The scaffold of the regulatory core domain is a central four-helix-bundle con-
sisting of the antiparallel helices a8, a10 crossing the dyad-related helices a8,
o10' at an angle of ~50° [2]. If the three-dimensional structures of free TetR
[36], of different TetR/[MgTc]*-complexes and of the complex TetR/tetO are
superimposed, these four a-helices and a5, a5’ are identified as the most rigid
and structurally best-conserved part. These six helices constitute a rigid scaffold
that determines the architecture and function of the core domain of TetR. The
core domain harbors two tunnel-like [MgTc]" binding cavities formed by o5 to
o8, a8' and 09' (and their symmetry-related counterparts o.5' to o8', o8 and o9
for the other tunnel) [1, 2]. In the induced repressor, the TetR/[MgTc]*-com-
plex, the two [MgTc]* are completely buried in the binding tunnels of TetR.
Both polypeptide chains simultaneously provide amino acid residues for bind-
ing of each [MgTc]*, which is a common situation observed for other effector-
controlled regulatory DNA binding proteins [37, 38]. This is in agreement with
increased thermal stability of TetR after inducer-binding [39].

The regulatory core domain is clearly separated into two subunits. At the
periphery of the TetR core, helix a9 merely wraps around the “other” half in
a hand-shake fashion, closing the tunnel after inducer-insertion by a lateral
shift. This exchange of secondary structure elements for oligomer assembly
was denoted as domain-swapping [40].

The entrance to the [MgTc]* binding tunnel is located between helix o9'
and the interhelical loops between helices a6 and o7 and helices o8' and 0.9/,
respectively [36]. The entrance is sufficiently large for the inducer [MgTc]* to
enter with Tc-ring A head-on to ensure site-specific contacts to charged,
hydrophilic and hydrophobic amino acid side chains in the binding tunnels of
the TetR-homodimer.

The loop connection (about 12 amino acid residues) between helices o8 and
09 is highly flexible, indicated by disorder in all TetR crystal structures. The
function of this oligopeptide supports the mobility of ®9. The loop is the least
conserved region and the only part where deletions or insertions are found. The
amino acid composition of this loop gives rise to a net negative charge of the
loop in all TetR sequences, indicating a supporting role in [MgTc]"-capture.
TetR-mutants with deletions in this loop show reduced [MgTc]* affinity, cor-
relating with lack of inducibility. In contrast, sequence variations by substitu-
tions to alanine show minor effects [41]. A sufficient length of this loop is
important for the transition of the open TetR structure to the closed [MgTc]*-
induced conformation.
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In the TetR-homodimer, the [MgTc]" binding sites are separated by about
25 A, and each is located far away (at roughly 33 A distance) from the DNA-
recognition helices a3, a3', like the effector-binding sites in the purine repres-
sor, PurR, or the lactose repressor, Lacl [42, 43]. A direct interaction of the
effector molecules with operator DNA is impossible, in contrast to, e.g., the
tryptophan repressor, TrpR [44].

Molecular contacts in the crystal packing

The relative orientation of the homodimers in the crystal lattice of TetR(D) and
TetR(B) are different with space groups 14,22 and P4,2,2, respectively. Any
speculations about artificial effects caused by contacts of TetR homodimers in
the crystal packing can be ignored for the discussion of allosteric mechanisms
required for induction. In the crystal lattice, neighboring TetR(D) homodimers
are arranged in a head-to-head fashion facing the DNA-binding domains [2].
In contrast, TetR(B) homodimers have head-to-tail contacts. A TetR-variant
with TetR(B)-sequence of the DNA-binding domain, but with TetR(D)-core,
crystallizes isomorphously to TetR(D) [36]. Thus, different packing is in prin-
ciple determined by contacts of the rigid core domains and not by the DNA-
binding domains.

Molecular structure of the TetR/operator DNA complex

We have to review the structure of the TetR/tetrO-complex to discuss the
allosteric pathway of conformational changes induced by Tc-binding. The
crystallographic results are in agreement with sequence-specific TetR/retO
interactions proposed by genetic and biochemical studies [45-49], but reveal
additional features. The high association constant requires high structural
complementarities of terO and the DNA-binding domains of TetR.

The twofold symmetry of TetR is maintained in the DNA-bound complex
(Fig. 3). The HTH-motifs bind to the corresponding major groove of the palin-
dromic operator, but TetR does not recognize the minor groove. All base pairs
(bp) of the used 15mer operator fragment, except the central three pairs, are
engaged in TetR binding. The central base pair (bp 0) is required as a spacer
for the half-operators and does not contribute to sequence specificity.

No water molecules are incorporated into the protein/DNA interface. This
is in remarkable contrast to the well-accepted role of water molecules for both
the specificity and affinity of protein-DNA interactions [50]. A high-entropy
term can be assumed for the association constant of TetR to tetO caused by
release of water at the TetR and terO interfaces. There is no ‘empty’ space in
the interface region that could be filled by disordered water molecules.

The N-termini of the recognition helices a3, a3’ point towards the palin-
dromic center of tetO while the helix axes are aligned parallel to the major
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Figure 3. Structure of the TetR/fetO-complex. The o-helices of the homodimeric TetR are represent-
ed and labeled as in Fig. 2. The complex is rotated around the horizontal dyad axis with respect to
Fig. 2 to show the positioning of the helix-turn-helix motifs in the major groove of tetO. The curva-
ture of the 15 bp operator fragment is indicated by a central thin line, the phosphate-ribose backbone
is represented by two tubes for the sugar-phosphate backbones with the attached nucleosides. The cen-
tral third of the tetO-fragment is straight, the curvature of each half operator is caused by TetR bind-
ing to the major groove. Figure adapted from [3].

groove, forming an angle of ~33° with respect to the axis of the DNA double
helix (Fig. 3). At the recognition site, the major groove is widened to
14-14.5 A (canonical B-DNA 11.7 A), whereas at the central base pair, the
major groove on the opposite side of the TetR interface is narrowed to 9.5 A.
These distortions are associated with corresponding changes of the minor
groove resulting in partial unwinding of the DNA duplex, which increases the
helical repeat to 38 A (B-DNA 34 A). Each half-operator is kinked away from
TetR at bp 2, but within the 15mer-tetO fragment the base pairs at the ends are
almost parallel to each other, because the kink is compensated along bp 3 to 6
by bending towards the protein.

Several hydrogen bonds cause this kink at the G2 position. The phosphate
groups attached to the 3'- and 5'-positions of the ribose are hydrogen-bonded
to amino acid side chains (Thr26, Thr27, Tyr42 and Lys48) and NH groups of
the peptide main chain (Thr27, Lys48). In a similar way, the 3'- and 5'-phos-
phate groups at the bp-7 of the anti-parallel operator strand are hydrogen-
bonded by side-chain (Thr40, His44) and main-chain contacts (Glu37N of the
HTH turn). In this manner hydrogen bonds to phosphate groups determine the
region of each distorted half-operator recognized by TetR.
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The kink is further stabilized by sequence-specific hydrogen bonds between
both purine bases G2 and A3 and the side chains of Arg28 and GIn38, respec-
tively. In the bent half-operator, all residues of helix a3 contribute to sequence-
specific oligonucleotide recognition, except Leudl, which is part of the
hydrophobic core stabilizing the three-helix-bundle. Unexpectedly, the recog-
nition helix a3 (residues 38 to 44) is about one turn shorter compared to other
prokaryotic regulatory proteins [2]. Intensive operator interaction of 03 is indi-
cated by N-terminal distortion to form a 3¢-helical turn. TetR/tetO interactions
of this short a3 are supported by residues which are not in the HTH sequence,
but sterically close to the binding motif. These hydrogen bonds are formed
between fetO phosphate groups and main-chain peptide N-H groups and side
chains of amino acid residues (Thr26, Lys48).

Allosteric transitions induced by tetracycline binding

The distance and relative orientation of the HTH-motifs differ between the
induced and non-induced status of TetR, because the center-to-center separa-
tion of the recognition helices a3, a3’ increases from 36.6 A in the operator
complex to 39.6 A after inducer-binding. Obviously, a sequence of structural
changes is necessary to transfer the induction signal to the DNA-binding
domain, because the [MgTc]*-binding sites are at least 33 A apart from the
tetO-binding interface. Specific events of the allosteric pathway can be
deduced by comparison of the DNA-bound TetR and the induced form, the
TetR/[MgTc] -complex. After passing the entrance of the binding tunnel of
each TetR monomer, specific [MgTc]*-recognition triggers conformational
changes, which result in the reorientation of 04, required for a changed affin-
ity of TetR for the operator-DNA.

At the far end of the binding tunnel Tc-ring A is anchored by hydrogen
bonds between its functional groups and the side chains of His64 (C-terminus
of 04), Asn82, Phe86 (both on a5) and GIn116 (7) (Figs 4, 5). This region
can be assumed as being the first specific recognition target of TetR, because
these amino acids remain in identical position after inducer-binding [36]. In
contrast, the Tc-chelated Mg2+—ion displaces His100 and Thr103 of the short
helix a6 (residues 96 to 102) by 1.9 and 3.9 A, respectively. This is facilitated
by a shift of helix 06 in its C-terminal direction by 1.5 A and a ‘peeling off’
of its C-terminal turn to form a type II B-turn (residues 100 to 103).

This induced fit identifies the binding site of Tc-chelated Mg?* as the initi-
ation point for conformational rearrangements associated with induction.
Helix o6 (with residues Val99, Thr103) is in van-der-Waals contact with helix
a4 (with residues Leu52, Ala56); these helices intersect at an angle of about
—130° (globin fold). The translation of 06 forces the central part of 04 to shift
in the same direction, because the arising void at the hydrophobic contact sur-
face of these two helices has to be filled. Because helix 04 is C-terminal fixed
to the regulatory domain with His 64 anchored to Tc, the N-terminus swings
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Figure 4. Comparison of TetR in induced (light gray) and DNA-bound form (dark gray). View down
the operator axis, after 90° rotation around the horizontal axis with respect to Fig. 3. For clarity, only
helices a1 to a8 of one monomer and 09" of the dyad-related monomer are shown, Tc is the 7-chlor-
tetracycline [2]. Gray spheres connected by stippled lines represent the water zipper formed between
04 and the loop a6No7. Induction is triggered by [MgTc]*-binding, causing a shift of helix a6 and
leading to a 5° rotation of helix a4. This pendulum motion with the swivel approximately at His 64
translates the DNA-binding domain with helix a3 along the major groove of tetO and increases the
distance between helices a3 and a3' abolishing the affinity of TetR to fetO. Figure adapted from [3].

in a pendulum-like motion by about 5° (Fig. 4). All these events obey the con-
straint of the two-fold rotational symmetry inherent in the TetR homodimer. As
a consequence of the hinge-like rotations of a4 and 04', the respective N-ter-
minal DNA-binding domains are shifted apart, increasing the separation of the
recognition helices 03, a3' by 3 A. The shift of the recognition helices along
the major groove disrupts the contacts between the DNA-binding domain and
the respective half-operator, causing dissociation of the TetR/terO-complex.

Stabilization of theTetR/[MgTc]" complex

The induced conformation of TetR is stabilized by an extended network of
hydrogen bonds to prevent operator binding. The octahedral coordination
sphere of the Tc-chelated Mg?*-ion is completed by three meridional water lig-
ands and the imidazole of His100. The carboxylate group of Glu147' (on helix
a8' of the scaffold) forms hydrogen bonds to two Mg®*-coordinating water
molecules and to Gly102N of the induced B-turn at the C-terminus of helix a6.
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Figure 5. Detailed view of Fig. 4 at the inducer binding site. In the induced TetR, the Tc framework is
anchored via ring A by hydrogen bonding to residues His 64, Asn 82, Phe 86 and GIn 116. The
hydrophobic part of Tc is recognized by side chains of helices a7, a8 and 09'. Coordination of Mg?*
triggers translation of helix a6 and unwinding of its C-terminal turn, shifting Gly102 and Thr103 by
48 and 3.9 A, respectively. His100Ne coordinates directly to Mgz”, whereas Thr1030y is bound to
MgZ+ via a water ligand. Figure adapted from [3].

Thr103 is part of the new B-turn and stabilizes with its hydroxyl group the
B-turn with an additional hydrogen bond to the carbonyl oxygen of His100 and
to the third aqua-ligand of Mg®*. The coordination of Mg?* is essential for the
mechanism of induction, because in metal-free Tc-complexes of TetR, helix
o6 remains unchanged [24].

The formation of the new B-turn at the C-terminus of helix a6 requires dis-
placement of all residues of the loop connection between helices a6 and o7
(up to 4.8 A for residues 102 to 106). Adjacent to this B-turn, the loop with
residues 104-106 is reoriented to form a part of the hydrophobic pocket by
methylene side chains of Arg104 and Pro105 for the Tc-ring D. The hydropho-



118 W. Hinrichs and C. Fenske

bic pocket for Tc is completed by the helical repeat of helix a9" with residues
Leul70', Leul74' and Metl77". Helix 9" is laterally shifted, closing the
entrance of the binding tunnel like a “sliding door” and finally placing its
C-terminal Asp178' in an appropriate position to form a salt bridge to Arg104.

This closing mechanism identified the opening at helix a9 as the entrance
of the binding tunnel. The other opening is not impaired by the inducer-bind-
ing process and remains rigid, because no structural differences in all TetR
states are observed. The inserting [MgTc]* displaces approximately 20 water
molecules in the binding tunnel, indicating a remarkable contribution to the
entropy of the system. The narrow shape of the binding tunnel suggests that
this opening at the far end is required for water release and was termed “open
backdoor” [36].

A chain of water molecules along a4 links the inducer-binding site to the
DNA-binding domain - the water zipper

A cooperative water-mediated hydrogen-bonding network links the [MgTc]*-
binding site to helix a4 and tightens the N-terminal DNA-binding domain in
position, preventing binding to the major groove of tetO; see Figure 6.

The carbonyl oxygen Ot of the amide side chain of GIn109 (N-terminal turn
of helix a7) forms hydrogen bonds both to the peptide backbone NH106 and,
via a water molecule, to one aqua-ligand of the Mg**-coordination sphere.
GIn109Ne is part of a zigzag-chain with 8 water molecules hydrogen-bonded
to peptide carbonyl oxygens 53, 56, 57, 63 and 64 of helix o4. This hydrogen-
bonding network fixes the [MgTc]"-binding site to a4. In the inducer-free
TetR structures, this water network is not observed because several anchor
points associated with [MgTc]" are missing. The inducer-free structure is more
open/loose with higher flexibility around the empty binding pocket. Therefore,
the chain of water molecules along helix o4 was termed “water zipper” [36].

How to explain the reverse TetR?

Using random mutagenesis, a mutant of the class B TetR was identified which
shows increased, instead of decreased, affinity to ferO upon inducer/effector
binding. This reverse TetR is commonly used to regulate gene expression in
higher eukaryotes [5]. The reverse phenotype depends on mutations which
restrict the repressor to a non-inducible conformation (G102D, L101S) and on
mutations which lock the DNA-binding domains in the position necessary for
operator-binding (D9SN, G102D).

Mutations at position Gly102 are not inducible [28]. Any variation of this
residue causes sterical hindrance and interferes directly with the formation of
the B-turn next to a6 [36]. This is supported by the L101S exchange, which
probably stabilizes the C-terminus of o6, preventing B-turn formation.
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Figure 6. The water zipper. In the induced structure, the DNA-binding domains are tightly locked in
a conformation unable to bind to the operator DNA. This rigidity is supported by an extended network
of hydrogen bonds (dotted lines) which stabilize the positions of a4 to a6 after induction. The net-
work is becoming possible only after the loop segment connecting o6 and o7 moves into position fol-
lowing [MgTc]*-recognition and induction, which starts closing the indicated “water zipper” with
B-turn formation of residues His100-Thr103. A zigzag-chain of water molecules (dark spheres,
marked by U-shapes) forms, on one side, hydrogen bonds to carbonyl oxygens (53, 56, 57, 60 and 64)
of o4. On the opposite side, this water chain forms hydrogen bonds to the amide of Tc at ring A via
water 7, peptide NH104 (water 2) and O104 (water 4). The side chain of GIn109 has a central posi-
tion in this network through GIn109Ne, bridging the water molecules 5 and 6. GIn1090¢ forms hydro-
gen bonds to NH106 and water 9, which is in turn hydrogen-bonded to a water ligand of Mg?* (not
shown). Figure adapted from [36].

Tc-binding in the absence of B-turn formation does not induce TetR. This is
shown by Mg**-free TetR/Tc complexes, which are in the non-induced con-
formation despite the bound Tc [24].
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The substitutions D9SN and G102D are located at both ends of a6 and are
in conserved positions within all TetR classes. Both substitutions stabilize the
orientation of the DNA-binding domain required for tetO-binding; see
Figure 7. The side chain of D102 is in a position to form a salt bridge to Arg49
at the N-terminus of 04, fixing the relative orientation of helices o4 and o6.
The D95N exchange allows a hydrogen bond to the C-terminus of a1 (Glu23).

The most potent effectors for the reverse TetR are Tc analogs, which lack
the hydroxyl group at position 6 (Fig. 1) [5]. This hydroxyl group is in unfa-
vorable contact with the hydrophobic side chain of Vall13 and modifications
at position 6 enhance Tc binding to the hydrophobic part of the binding tunnel
and presumably stabilize the protein core [23, 27] supported by entropy
effects, because each Tc replaces about 20 water molecules in the binding tun-
nels [36].

Figure 7. Same view as Figures 4, 5. Modeling study of the reverse TetR using the TetR/tetO structure
[3]. The amino acid residues of mutated positions at both ends of a6 define the relative orientation of
the DNA-binding domain and o4 in the tetO-binding orientation. The exchange G102D allows for-
mation of a salt bridge to Arg 49 at the N-terminus of o4. The N-terminal part (D95N) of 06 is in posi-
tion to form a hydrogen bond to Glu23 (adjacent to al), stabilizing the orientation of the DNA-bind-
ing domain. Figure adapted from [3].
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Introduction

Promoters that allow conditional regulation of gene expression have become
essential tools for the study of gene function in eukaryotes. Studies relying on
comparison of genetically altered and wild-type organisms can lead to inter-
pretation of differences not directly connected with the investigated gene.
Regulatable promoters allow comparison of genetically identical organisms, in
which expression of one gene may be turned on or off. Varying the transcrip-
tion levels of a gene is also important for expression of toxic gene products or
essential genes leading to a lethal phenotype when knocked out.

Several regulatable gene expression systems developed for use in eukaryot-
ic cells are based on endogenous regulators and promoters that respond to
inducing agents. A general disadvantage of these systems are their pleiotropic
effects since inducers such as heavy metal ions or substances involved in cell
metabolism or regulation processes are used. These effects impair the straight-
forward interpretation of results.

The features of an ideal inducible gene expression system are an inert
inducer that does not interfere with other endogenous cellular processes and a
specific regulator that binds its target sequence and regulates exclusively at
this promoter. Dose-dependence for quantitative control and reversibility are
further claims of a regulatable expression system.

Employment of heterologous regulators generally provides a greater speci-
ficity than is achieved with endogenous regulatory proteins, because they tar-
get only those genes that have been engineered to contain their binding site.
Bacterial regulators are therefore suitable tools for regulation in eukaryotes.
Because of the evolutionary distance between eubacteria and eukaryotes, the
probability of interference of a bacterial regulator with other processes in
eukaryotic cells is minute.
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The tet regulatory system

The Tn/0 encoded Tet repressor is an inducible bacterial regulator of tran-
scription. It regulates the expression of tc resistance in Gram-negative bacteria
by binding to two tet-operators (tetO) in dependence on the presence or
absence of the effector tc. Tight repression in the absence of the antibiotic and
high sensitivity for the inducer tc mark this system. The inducer tc is a small
effector molecule that shows high membrane permeability. Due to the high
affinity of TetR for tc (K, = 3%*10° M™!) low, non-antibiotic doses of tc or its
derivative doxycycline (dox) can be used, which do not show any discernible
effect on host cells. TetR was shown to function as an effective regulator in dif-
ferent organisms.

The regulation principle of activation is used in the tc-controlled system
described by Bujard and Gossen [1]. The system consists of a tet-regulatable
promoter and the Tet-transactivator (tTA), the activity of which is controlled
by tc. By fusion to the viral activation domain VP16, the function of the repres-
sor TetR was changed to an activator that controls transcription at the corre-
sponding tc-controllable promoters containing tetO sequences (see chapter by
Gossen & Bujard).

The tc-regulatable system has become widely used in mammalian cells.
Variants of the primary system based on the tTA improved its applicability:
While the tTA-based system is tc-repressible, the development of the reverse
tTA (rtTA) resulted in a tc-inducible system [2]. rtTA binds in the presence of
tc to the terO4-containing promoter, but not in the absence of inducer. Therefore
rtTA allows faster induction of gene expression than tTA and is more suitable
for approaches that require cell growth under repressed conditions.

In order to reduce background activity of the tTA-based regulation systems,
tc-regulatable trans silencers (tTS) were developed. The tTS carry silencer
domains instead of activation domains fused to TetR. By combination of tTS
and rtTA tc-regulatable systems were created, which are actively repressed by
tTS in the absence of tc and activated by rtTA upon addition of tc [3, 4].

The suitable features of the Tet regulatory system and its continuous opti-
mization converted it into one of the most powerful tools for modifiable gene
expression. In addition to mammalian cells, the tet-system works effectively in
many different organisms, like plants, yeast and protozoa. This article will give
an overview of the progress of tc-regulatable systems in plants and yeast and
thereby demonstrate its broad applicability.

Tc-dependent regulation in yeast

Yeast cells are frequently used as experimental systems to investigate eukary-
otic cell biology, because they resemble higher eukaryotes in many aspects and
are easily genetically manipulated. Yeast also plays an important role in tech-
nical processes for expression of higher eukaryotic genes. Finally, the com-



Regulation of gene expression in yeast and plants by tetracycline-dependent regulatory systems 127

plete sequencing of the S. cerevisiae genome reveals a large number of new
genes with unknown function that are studied by conditional expression of
their gene products. For these reasons the use of regulatable promoters for
gene expression in yeast is the subject of many investigations.

Tc-regulatable gene expression systems have been employed for
Schizosaccharomyces pombe, Saccharomyces cerevisiae and Candida glabra-
ta. In these systems different TetR-based regulators are used for repression as
well as for activation of transcription. The corresponding regulatable promot-
ers are adapted to the requirements of the respective organisms.

Repression of transcription by TetR

The bacterial Tet repressor emerged as an effective regulator in S. pombe and
S. cerevisiae. In S. pombe the tet regulatory elements were used in combina-
tion with the strong plant cauliflower mosaic virus (CaMV) 35S promoter to
generate an inducible heterologous gene expression system. The system had
originally been developed for gene regulation in tobacco plants [5]. It carries
three tetO regions, one upstream and two downstream of the TATA box.
Stringent repression was obtained by binding of TetR to the promoter region.
Induction levels of up to 400-fold were obtained after addition of tc.

In S. cerevisiae TetR regulates pol IIl-driven transcription of the tRNAS"
suppressor gene up to 50-fold [6]. Insertion of only one tetO at —7 upstream of
the suppressor gene generated a TetR-regulatable promoter. It was suggested
that repression in this system is due to an interaction of TetR with RNA pol III
in a way that it is arrested or inactivated. Another suggestion was the masking
of binding sites for important transcription factors. Precise localization of tetO
seems to be essential for successful regulation, as another construct in which
tetO was inserted in —46 upstream of the suppressor gene failed to regulate
transcription. A similar result had been obtained with the CaMV 35S promot-
er in plants, where repression was only seen when fetO was inserted less than
5 bp upstream of the TATA-box [7].

These examples show that the bacterial TetR works as a repressor of tran-
scription in yeast at class II as well as at class III promoters.

Regulation of transcription by tc-dependent transregulators

The principle of transcriptional activation is more suitable for regulation in
eukaryotes, than repression by a bacterial repressor, because only partial occu-
pancy of binding sites by an activator can lead to efficient transcriptional acti-
vation, but repression is only achieved by complete occupation of binding sites
by a repressor. In addition, higher cellular concentrations of repressors are
needed in comparison with activators, because they have to compete with
endogenous transcription factors for binding to the promoter.
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Based on the observation that TetR is active in S. cerevisiae [6], a tTA-con-
trolled regulation system was developed for this organism by Gari et al. [8].
The original (tetO;)hCMV TATA promoter, established for mammalian cells
(see chapter by Gossen & Bujard), seemed to be non-functional in S. cerevisi-
ae. Substitution of the TATA region by the endogenous CYCI TATA region
resulted in a promoter which allowed gene expression to be upregulated 200-
fold by tTA in dependence on dox. Expression of the Tet regulatory system on
a multicopy vector led to 1000-fold induction, which is similar to the regula-
tion efficiency of the commonly used GALI-10 promoters.

For a better understanding of the function of fetO-containing promoters,
two additional constructs containing only one (tetO) or two (tetO,) tet-opera-
tor regions were compared. Both promoter constructs yielded only half of the
induction levels compared to the terOQ, promoter. These data show that there is
no linear correlation between the number of fet-operators and the induction
factor.

Insertion of one or two lambda cl linkers between the TetR and VP16 moi-
eties (tTA* and tTA**) resulted in a significant increase of activation in
dependence on the number of inserted linkers. The price of increased induc-
tion factors obtained by overexpression of tTA, or by the use of tTA**, was a
slight reduction in growth rates of the yeast cultures. This negative effect was
reversed by the addition of dox to the growth medium. Since it had been shown
previously that high expression of TetR itself does not influence growth of S.
cerevisiae [6], this phenomenon must be due to a negative effect of the VP16
domain expressed in high amounts or in combination with a long linker.

Regardless of the negative effects observed by overexpression of tTA, the
episomal tetO-directed expression system was successfully used to establish a
yeast screen for isolation of tTA mutants with improved properties [9] and for
overexpression and characterization of unknown yeast genes [10].

An alternative tc-regulatable system was developed by Nagahashi et al.
[11]. tTAs were created by fusing TetR to the transactivation domain of GAL4
or HAP4, respectively. TetR-HPA4 was the more efficient transactivator. The
tc-responsive promoter contained the original Tn/0-borne fetO region fused to
the HOPI promoter of S. cerevisiae. Different promoter constructs with or
without the original UAS and URS sequences between the TATA region and
tetO were compared for transcriptional activity in the presence of TetR-GAL4.
UAS and URS had a negative effect on transcriptional activation, which could
be due to the greater distance between tetO and the TATA region in the corre-
sponding constructs. The system combining tetO-HOPI promoter and TetR-
HAP4 allowed regulation of gene expression up to 600-fold. TetR-GAL4 also
worked efficiently in C. glabrata [12]. Functionality was shown by expression
of the chromosomal HIS3 gene under control of the tetO-HOPI promoter in
the presence of TetR-GAL4. Addition of tc impaired cell growth on histidine-
depleted medium.
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Ways to create tc-activatable regulation systems

Addition of tc or dox quickly turns off transcription of the tTA-based expres-
sion system, whereas time-consuming dilution of the inducer is necessary to
turn on transcription. tTA is improper for long-term repression or rapid tran-
scriptional activation. rtTA (see chapter by Gossen & Bujard), which activates
transcription in the presence of inducer, is the more suitable regulator for such
approaches. Belli et al. [13] used the original rtTA for gene regulation in S.
cerevisiae. Unfortunately, a high level of transcriptional activation in the
absence of dox caused the low induction factor of seven. Concomitant expres-
sion of tTS was used to reduce this background activity. In correspondence to
the development of tTS in mammalian cells [14], new yeast-specific tTS were
created for regulation in S. cerevisiae. For that purpose, the Ssn6 protein or a
truncated version of Tup1 were fused C-terminally to TetR. Ssn6 and Tupl act
as general co-repressors of a wide number of genes in yeast by affecting
nucleosome positioning [15]. Both constructs reduced the basal transcription
of the (tetO;)CYCI promoter to nearly non-detectable levels. Utilization of
TetR instead of tTS resulted in higher background activity by at least two
orders of magnitude compared to TetR-Ssn6. This result clearly demonstrates
the superiority of the tTS over the bacterial repressor.

Based on tTA and tTS, two dual tc-regulatable systems were created, taking
advantage of the opposite effect of tc on the normal and reverse TetR moieties
(Fig. 1). One system, consisting of tTA and rtTS, activates transcription in the
absence of inducer and represses upon addition. The other system regulates in
the opposite way by rtTA and tTS. Background levels were decreased in both
systems by the respective tTS construct to undetectable levels without affect-
ing the maximal gene activation or growth rate of the cells. The dual activa-
tor/repressor system (tTA/rtTS) was successfully applied to the study of essen-
tial orphan genes in S. cerevisiae [16]. One-step substitution of the gene pro-
moters by a cassette carrying a fetO,-regulated promoter allowed conditional
expression in dependence on the dox concentration.

Another way to bypass the limitations of rtTA — the background activity in the
absence of dox — was the search for new rtTA alleles with optimized phenotypes
[9]. In order to find such rtTAs by random mutagenesis, a screen was established
in S. cerevisiae based on a plasmid harboring tTA and a gene encoding GFP*
[17] under control of the (tetO,)CYCI promoter [8]. Use of GFP allows identi-
fication of active tTAs or rtTAs by illumination with long-range UV-light. A
mutant pool was created by PCR mutagenesis of the fefR moiety and cloned into
the tTA gene of the yeast vector. rtTA variants with improved properties were
isolated and optimized by successive mutagenesis. The new variants (S2, M1
and M2) show extremely low background activity in the absence of inducer and
an increased sensitivity for dox. These results demonstrate the broad spectrum
of rtTAs that can be created as well as the potential of the yeast screen, which
provides the advantage of good transformation rates necessary for efficient
screening of tTA mutant pools in a eukaryotic background.
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Figure 1. tc-regulatable dual systems for S. cerevisiae. (A) shows the tc-repressible system consisting
of tTA and rtTS. In the absence of inducer tTA binds to rerO; and activates transcription. Binding of
dox to both regulators leads to dissociation of tTA from the DNA and to binding of rtTS to tetO,,
thereby repressing transcription. (B) The tc-activatable system consists of rtTA and tTS. In the absence
of inducer tTS represses transcription by binding to tetO. Addition of dox leads to dissociation of tTS
from the DNA. The inducer-bound rtTA binds to fetO; and activates transcription. The domains of the
regulators are indicated. The DNA is depicted as a black line, tetO and TATA sequences are indicated
as open boxes.

The work described above clearly demonstrates the potential of TetR-based
gene expression systems in yeast. The original TetR as well as the Tet-trans-
activators or -transsilencers were successfully used in different yeast species
for gene regulation. Further optimization made the Tet regulatory system supe-
rior over other frequently used systems, because of its rapid response after
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induction, growth independence, and the fact that the inducer does not influ-
ence cell physiology or metabolism. In addition, the maximal induction factors
of the Tet regulatory systems are as high as those obtained with GAL-based
regulation, the most efficient regulation system known in yeast.

The general interest of yeasts as model organisms for the investigation of
eukaryotic gene functions and as human pathogens make regulatable systems
for these organisms essential for future research.

Te-controlled gene regulation systems in plants

The first application of a tc-controlled system to regulate gene expression in
eukaryotes has been carried out in plant cells. This work paved the way for
subsequent employment of the tet system in other organisms. First the repress-
ing regulation system has been established and characterized in plants and
later the mammalian activating approach has been used as well.

TetR is an effective repressor in plants

The first tc-regulatable expression system was established in tobacco proto-
plasts [18]. The original Tet repressor-operator system was overlaid with the
CaMYV 35S promoter for regulation of transcription. Expression of TetR led to
repression of the CaMV 35S promoter activity, which was completely abol-
ished after addition of tc. Systematic analysis of the effect of tetO-bound TetR
in different positions within the CaMV 35S promoter revealed the optimal
arrangement of binding sites for repression [19]. Placing the terO maximally
3 bp upstream or 31 bp downstream of the TATA box resulted in effective
repression upon TetR binding in these positions [7, 20]. TetR seems to steri-
cally interfere with binding of transcription factors to the TATA box, thereby
inhibiting initiation of transcription. A CaMV 35S promoter containing two
tetO downstream of the TATA box led to 80-fold repression in transgenic
tobacco plants. Addition of a third terO upstream of the TATA box resulted in
the ‘Triple-Op’-promoter (see Fig. 2), yielding 500-fold repression in trans-
genic tobacco plants [5].

10° molecules of TetR were expressed per cell in tobacco plants. Repression
is tight enough to generate plants that carry a gene with a toxic gene product
under control of the TetR-regulated ‘Triple-Op’-promoter [21]. The same
arrangement also works in potato and tomato plants, but could not be estab-
lished in Arabidopsis thaliana [22].

Ulmasov et al. showed that pol III-driven transcription of tRNA suppressor
genes can be regulated by TetR in transiently transfected carrot protoplasts
[23]. Constructs carrying one or three tetO at different positions up- and down-
stream of the suppressor genes were assayed for repression by TetR. As in the
case of class II promoters, repression factors strongly depend on number and
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Figure 2. Schematic representation of the tc-inducible repression system. TetR is expressed constitu-
tively and binds to three fetO up- and downstream of the TATA-box of the CaMV 35S-derived ‘triple-
op’ promoter. In the absence of tc, ferO-bound TetR represses transcription of gene X by interference
with transcription initiation. In the presence of tc, the inducer binds to TetR allowing expression of
gene X. The DNA is depicted as a black line, fetO and TATA sequences are indicated as open boxes.

position of tetO. The maximum level of repression by TetR, reaching 90%, was
observed with a triple fefO element positioned immediately upstream of the
coding region of the tRNA gene. Repression was observed only at high con-
centrations of TetR, when the ratio of fetR and tetO-tRNA was 200:1. By incu-
bation of the contransfected protoplasts with tc, the expression of tRNA genes
was completely restored.

The tTA-based activating system

Weinmann et al. made use of the tc-dependent promoter-activating system,
based on the tTA (see the chapter by Gossen & Bujard) for gene expression
regulation in tobacco [24]. The target promoter for tTA was constructed by
replacing the enhancer sequences of the CaMV 35S promoter by seven tetO
and called Top10. Regulation factors of at least 700 were obtained in trans-
genic plants and nearly no background activity was determined after addition
of tc. The repression system yielded only 500-fold induction.

tTA-Top10 mediated regulation was not stable in transgenic tobacco plants
because after one year silencing of the Top10 promoter was observed. It is not
clear whether the silencing is due to methylation or other suppressing effects.
By removing potential methylation sites from the sequence of Top10, another
promoter, designated Tax, was created [25]. Tax contains only four tetOQ
sequences. This promoter was stably expressed over several generations with-
out silencing. It showed slightly elevated background activities, but yielded
8-fold higher expression compared to Top10.
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The regulation system consisting of tTA and Top10 was also established in
the moss Physcomitrella patens, a simple model organism for higher plants
[26]. In the presence of Tc negligible activity of the reporter was observed,
whereas strong expression was detectable within 24 h after transfer to tc-free
media.

Recently, the activating system was also established in Arabidopsis thaliana
[27]. Plants that express tTA over at least five generations without silencing
were isolated. Crosses with plants containing the Top10:GFP reporter yielded
progeny in which GFP was expressed under control of tTA. The expression of
GFP was tightly repressed by ten-fold lower amounts of tc compared to tobac-
co plants. In contrast to tobacco, silencing of Top10 does not seem to occur in
moss and Arabidopsis.

In order to achieve inducibility by tc, rtTA [2] was introduced into tobacco
and Arabidopsis. No regulation was obtained, although the mRNA encoding
rtTA was transcribed at levels similar to that of tTA. Since no rtTA protein was
detected in Western blots, it might be unstable in these plants [22]. Newly
characterized rtTA alleles with improved properties in HeLa [9] also were
unable to regulate plant promoters [28].

Another approach to create chemically inducible regulation in tobacco
plants is described by Bohner et al. [25]. Fusion of the glucocorticoid receptor
hormone-binding domain (GR HBD) to tTA rendered the regulation depend-
ent on the presence of steroid hormones (see Fig. 3). It is suggested that GR
HBD forms a complex with cellular proteins, from which it is released only in
the presence of steroid hormones. Therefore, the fusion protein of tTA and GR
HBD, called TGV, is functional in the presence of the inducer dexamethasone
and activates transcription 150- to 520-fold from the Topl0 promoter.
Activation was completely downregulated by tc after 24 h. This dual regula-
tion system shows lower regulation factors than obtained with tTA, but allows
on/off switching of gene expression at defined points of time.

Repression or activation in plants?

Both regulation systems, TetR-based repression and tTA-based activation, are
active in tobacco plants. Regulation by TetR allows a quick induction of tran-
scription and is thus suitable for studies that require gene expression at a
defined point in time. For studies requiring a quick turn-off of gene expression,
like the determination of mRNA or protein stability, the tTA-based system is
preferable.

Higher regulation efficiency is obtained with tTA and background expres-
sion is also lower in the presence of tc, compared to TetR in the absence of
inducer. The low background of the activating system is due to the properties
of the minimal promoter and its surrounding sequence.

A disadvantage of the repressing system is the high intracellular concentra-
tion of TetR required for efficient repression, which does not seem to be toler-
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Figure 3. Schematic representation of the dx/tc dual regulation system. TGV contains TetR, GR HBD
and the VP16 activation domain and is expressed constitutively. In the absence of inducer TGV is inac-
tive and associated with cellular proteins. Binding of dexamethasone (dx) to the GR HBD moiety of
TGV leads to release of the complex and allows binding to the seven tetO of the topl0 promoter
upstream of the TATA-box, thereby activating transcription by the VP16 domain. Binding of tc to the
TetR moiety of TGV causes dissociation of TGV from the DNA and transcription is no longer acti-
vated. The DNA is depicted as a black line, ferO and TATA sequences are indicated by open boxes.

ated by several species. TetR expression in tomato caused reduced shoot dry
weight and reduced leaf size [29]. To date it has not been possible to establish
the TetR-based regulation system in the model organism Arabidopsis thaliana.
In contrast, much lower concentrations of tTA are sufficient for regulation of
the Top10 promoter. Tobacco plants tolerate about 50-fold less tTA than TetR
[24]. Higher amounts of tTA that are obtained in transiently transformed plant
cells lead to decreased transcriptional activation, probably by squelching [24].

The obvious differences in the amounts of regulatory protein needed to
achieve the same effect can be rationalized by the different modes of action of
TetR and tTA. One hundred percent occupancy is required for effective repres-
sion by TetR, while only 50% occupancy would be enough for activation of
transcription by tTA [22]. While tTA is believed to have free access to its tar-
get sites, the repressor competes with endogenous transcription factors for
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binding. As a result, more TetR than tTA is needed to occupy the same num-
ber of target sites.

The limited applicability of the TetR-based regulation system, as well as the
lower induction factors, clearly favor tTA for regulation in plants. Comparison
of the approaches confirms the general notion that activating systems work
more efficiently in higher eukaryotes than systems based on repression [22].

Application of tc and kinetics of induction

In contrast to cell cultures or animals, the inducer can be applied to plants in
several ways that determine the kinetics and levels of induction. The way of tc
application to whole plants is a critical parameter for efficiency and quickness
of regulation. When tc is taken up in roots, it is transported throughout the
whole plant without obvious effects on growth [5]. Application of tc through
the roots led to the onset of protein expression after 1 day, but 10-14 days are
needed for maximal induction. Alternatively tc can be applied to the leaves,
from where it might be transported through the phloem into all parts of the
plant. Since plants suffer from spraying with tc, this mode of application is not
suitable for induction [5]. When tc is applied by vacuum infiltration into sin-
gle leaves, gene expression of the inducible promoter was detected after
30 min using TetR or after 1h using tTA in combination with the correspon-
ding promoter constructs.

Tc seems to become inactivated rather quickly in plants because the mRNA
levels started to decrease 2 days after induction and reached background lev-
els after 4 days. This may be due to the light-sensitivity of tc because this is
not seen when tc-treated leaves were incubated in the dark [5]. For continuous
de-repression tc has to be applied at least every day.

Although the first successful use of the bacterial TetR protein to control a
eukaryotic promoter was described for plants, development of new, optimized
tc-controllable regulation systems proceeded much faster for application in
mammalian cells. The use of tc or its more efficient derivatives has a broad
potential for medical applications, such as gene therapy, but it is hard to imag-
ine that antibiotics would be broadly used in the field. For the time being, TetR-
based regulation systems are useful tools for plant gene expression in the lab-
oratory. Nevertheless, the repressing as well as the activating Tet regulatory
systems have been established in different plant species and new developments,
including attempts to establish novel inducers which can be brought out in the
fields, will probably make the Tet regulation system the system of choice.
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Introduction

The potential to conditionally alter the activity of individual genes in complex
genetic systems and to observe accompanying phenotypic changes has pro-
vided new insights into numerous biological processes hitherto not amenable
to genetic dissection. The most widely applied approach makes use of a tran-
scriptional regulation system which allows stringent control of gene expres-
sion by tetracycline (Tc) or its derivative doxycycline (Dox). The various ver-
sions of the “Tet regulatory system” were successfully incorporated into a vari-
ety of cultured cells but, most interestingly, they were also shown to function
in many biological model organisms such as S. cerevisiae, Dictyostelium,
Drosophila, Arabidopsis, mice and rats. Thus they have developed into an effi-
cient tool for the study of gene function in vivo. In particular for the mouse,
which has become a widely used model for mammalian genetics thanks to
transgenesis and embryonic stem cell technology, the advent of a generally
applicable conditional gene expression system adds another level of sophisti-
cation for the dissection of gene function [1, 2]. Indeed, exploiting the Tet reg-
ulatory systems in vivo is beginning to provide fundamental insights into such
complex biological processes as development, disease and behaviour [3-10].
Moreover, as tetracyclines are non-toxic compounds extensively used in
human and animal medicine, the Tet regulatory systems may even hold prom-
ise in gene therapy.

The principle of using prokaryotic regulatory elements in a eukaryotic envi-
ronment relies on the exceptional specificity to the Tet systems. Accordingly,
their application is in general considered to be favourable compared to
“homologous” gene expression systems which are based on control elements
endogenous to the eukaryotic cell. The reasoning behind this is beyond the
scope of this review, but has been dealt with previously [11]. More interesting
in the context of this monograph are the reasons why Tc-regulated expression
systems even outperformed other heterologous gene expression systems,
which are based on DNA-binding proteins foreign to mammalian cells. As we
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will see, some unique virtues of the Tet-repressor as well as the pharmacolog-
ical properties of tetracyclines as effector substances contribute to the success
of the Tet system in its various modifications.

The principles

The initial and as of today still most widely applied version of Tc-controlled
gene expression system [12] incorporates two crucial elements:

* the Tc-controlled transactivator tTA, a fusion protein comprising the N-ter-
minally located wildtype Tet-repressor (TetR) — derived from the bacterial
Tnl0 encoded Tc resistance operon — fused to the transcriptional transacti-
vation domain of protein 16 of herpes simplex virus, VP16 (Fig. 1A, upper
construct).

* a minimal (i.e., enhancerless) cytomegalovirus IE promotor fused to hep-
tamerized tet operators (fefO), the binding sites of TetR. This promoter con-
struct was originally designated P.,,«; [12] and more recently renamed
P..-1 [13] (Fig. 1B, upper construct; the variants of tTA-responsive pro-
moters are collectively referred to as Py,).

When fused to a gene to be regulated, P-1 is transcriptionally silent, pro-
vided it is inserted into a proper chromosomal locus. By contrast, in the pres-
ence of tTA which binds to the refO sequences within Py-1, this hybrid pro-
moter is strongly activated to levels often exceeding that of the intact enhancer-
containing wildtype P, [14]. This activation is abolished by Tc or various of
its derivatives, in particular by Dox. These effector molecules bind to the TetR
moiety of tTA and prevent its interaction with zefO. The resulting regulation
factors measured are remarkable and reach up to 5 orders of magnitude.
Comparisons between this system and other available so-called heterologous
regulation systems have been discussed elsewhere [15]. Here, we would like
to focus on parameters of the Tet regulatory system that make it a highly spe-
cific tool for the study of gene function in complex systems such as the mam-
malian cell. A first important aspect is the interaction between, e.g., Dox and
TetR. The effector molecule Dox binds to the repressor protein highly effi-
ciently (Ka ~ 10'2M™) allowing interference with the repressor/operator inter-
action at very low concentrations of the antibiotic. Most remarkably, the bind-
ing of Dox reduces the affinity of TetR by 6 orders of magnitude. The conse-
quences for the Tet regulatory systems are that tTA activation of P-1 is com-
pletely abolished in cell culture at Dox concentrations as low as 10 ng/ml. A
second noteworthy feature is the uptake of tetracyclines by cells. It is not
dependent on an active transport process; instead, tetracyclines appear to enter
cells by diffusion. Consequently, their intracellular concentrations are reflect-
ed by the concentration in the medium surrounding the cell. Therefore, partial
induction of P, is feasible at the single-cell level as confirmed by FACS analy-
sis for mammalian cells [16], S. cerevisiae (J. H. Hegemann, personal com-
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Figure 1. Tetracycline-controlled fusion proteins and their target promoters. (A) Fusions between
TetR/rTetR with domains capable of either activating or silencing transcription, respectively. tTA is a
fusion protein between the Tet repressor of the Tn/0 Tc operon of E. coli consisting of 207 amino
acids and the 128 amino acids long carboxy-terminal portion of the transactivator protein VP16 from
Herpes simplex virus. In {TA2, the VP16 moiety of {TA was replaced by three acidic minimal activa-
tion domains (F), each consisting of only 13 amino acids. {TS®! is a fusion between TetR and a 61
amino acid long KRAB domain, a transcriptional repression domain derived from the human kidney
protein Kid-1. In tTSK"!, the silencing moiety is connected to TetR via the nuclear localisation signal
(nls) derived from the SV40 Tag. (B) tTA/rtTA-responsive promoters. These promoters are fusions
between heptamerized tetO sequences (indicated as grey boxes) and minimal promoters derived from
viral or cellular RNA polymerase II promoters. The original Pycyy«, is derived from the human
cytomegalovirus IE; the other two promoters (Py.—1 and P,,.-2) are derivatives of the HSVtk promot-
er [12]. For simplicity, all tTA/rtTA-responsive promoters from our laboratory have been renamed
P.-1 to x. The HSVtk derived promoter (Py-10, P,-11) show lower basal activity in transient expres-
sion experiments when compared to P,.-1. However, they cannot really be activated to the level of the
latter. In the bidirectional promoter Pbi-1 heptamerized retO sequences are flanked by two diver-
gently oriented hCMV derived minimal promoters. Positions spanning promoter regions and et oper-
ator sequences are indicated with respect to the start site of transcription (+1). These bidirectional
promoters permit coregulation of two genes.
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munication) and Dictyostelium discoideum [17]. A heterogeneous induction of
gene activity within cell populations as is sometimes observed has, thus, to be
attributed to other parameters than a putative differential uptake of Dox. Third,
many tetracyclines exhibit very favourable pharmacokinetic properties. While
this has been known for a long time, it has recently been elegantly demon-
strated, when the tTA system has been employed to measure mRNA half-life
times in cell culture. These studies [18] show that transcription activation via
tTA is terminated in less than 5 min upon addition of Dox to the culture medi-
um. Finally, the specificity of TetR for its cognate operator sequence is unusu-
ally high as the binding constants for fefO and unspecific DNA differ by
around 7 orders of magnitude. All these parameters contribute to the remark-
able specificity of the Tet regulatory system which is also supported by recent
expression-profiling experiments where neither Dox nor tTA had a detectable
effect in cultured U20S [19] and Raji cells (Weik, pers. communication).
These favourable characteristics have led to the broad application of Tet regu-
lation in a variety of systems.

Nevertheless, over the years many and in part significant modifications and
improvements of the system have emerged. Most notable is the development
of the so-called reverse Tc-controlled transactivator rtTA [20]. Compared to
tTA it contains a few amino acid exchanges, which fundamentally change its
binding characteristics towards the fetO. As rtTA requires Tc derivatives such
as Dox for binding to the tetO sequences within Py~ 1, transcription from this
promoter occurs only in the presence of Dox, as opposed to the initially
described Tet system. This change in direction has its most striking advantages
when the system is incorporated in transgenic animals as it substantially accel-
erates the induction of target genes (see below). A schematic outline of the
action of the two basic regulatory systems that function in opposite fashion is
given in Figure 2.

Only recently a new generation of rtTAs has been described [21]. They were
selected in a functional screen in yeast. While showing the same basic proper-
ties as the original rtTA, they have lost any measurable residual binding affin-
ity towards P-1 in absence of Dox. Equally important, one of the novel trans-
activators, rtTA2%-M2, senses Dox at considerably lower concentrations when
compared to rtTA.

Several further modifications of the basic Tet systems have been described
and will be discussed in the context of the paragraphs to follow.

Applying Tet regulation to cultured cells

The potential of the Tet system in stably transfected mammalian tissue culture
cells is documented in hundreds of publications of which a compilation can be
found in a commercial web site (http://www.clontech.com/tet/Refs/index.html).
Despite its impact, this voluminous work will not be further discussed here
except for some aspects related to the properties of tetracyclines in tissue cul-
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Figure 2. Schematic outline of the Tet regulatory systems. Left upper part shows the mode of action
of the Tc-controlled transactivator (tTA). tTA binds in the absence of the effector molecule Dox to the
tetO sequences within P and activates transcription of gene x. Addition of Dox prevents tTA from
binding and thus the initiation of transcription. Left lower part depicts the dose response of Dox on
the tTA dependent gene expression. Gene activity is maximal in the absence of the antibiotic where-
as increasing effector concentrations gradually decrease expression to background levels at concen-
trations >10 ng/ml. Right upper part illustrates the mechanism of action of the reverse Tc-controlled
transactivator (rtTA). rtTA is identical to tTA with the exception of 4 amino acid substitutions in the
TetR moiety of which 3 convey a reverse phenotype to the binding properties of TetR: rtTA requires
Dox for binding to tetO sequences within P, in order to activate transcription of gene y. Right lower
part outlines the dose response of Dox on the rtTA dependent transcription activation. By increasing
the effector concentration beyond 50 ng/ml Dox, rtTA dependent gene expression is gradually stimu-
lated.

tures. Toxicity is clearly a concern for substances commonly known as antibi-
otics. However, tetracyclines in general show a superb specificity for prokary-
otes, where in most cases the ribosome is the target of their antibiotic action
(see chapter by Berens) while higher concentrations are required for interfer-
ence in eukaryotic cells. For example, only concentrations exceeding 10 pg/ml
of Tc show an effect on the growth rate of HeLa cells, whereas 30 ng/ml are
sufficient to completely downregulate the expression of a P-1 controlled tar-
get gene in these cells [11]. For other tetracyclines the difference between the
minimal effector concentration required to completely downregulate transcrip-
tion and the concentration where this substance shows cyctotoxic effects is
even more favourable [22]. By contrast, full induction via rtTA requires
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1-2 pg/ml of Dox, which is only about five-fold below the concentration
which causes side-effects in HeLa cells [20]. For most applications this
“buffer” is sufficient. However, with the advent of a new generation of rtTAs
[21] the maximal Dox concentration required for induction (80 ng/ml) is now
comfortably below the critical threshold.

Establishing Tet control via viral vectors and episomes

The Tet system has been incorporated in a variety of viral vectors including
retroviruses [23-26], adenoviruses [27-29], adeno-associated viruses [30-32]
herpes simplex viruses [33] and lentiviruses [34]. In part, this work was aimed
at the fast and efficient introduction of a transcription control system into tis-
sue cultures or animals. However, a main goal of these efforts is to explore the
feasibility of using the Tet system as a conditional expression system in gene
therapy, where the stringent control of a gene’s activity is an obvious concern
(see below).

The approaches used in the development of the viral vectors can be divided
into “one-virus” and “two-virus-strategies”. Considering the problem of
cotransduction, it is certainly an advantage when both the transactivator gene
as well as the response unit are incorporated in a single vector. On the other
hand, there might be a significant interference between the transactivator driv-
ing promoter and P, potentially resulting in a less stringent regulation (see
below for discussion). However, strategies like the cointroduction of silencer
proteins (see below) or the design of properly “insulated” response units might
alleviate this problem in the future [35].

As for viral vectors, crosstalk between the regulatory elements of the Tet
system is a concern whenever the components of the system are incorporated
into a single episomal vector. The strategies to overcome such potential limi-
tations are the same as discussed for viral vectors. However, it has been shown
that, provided a proper design of the vectors is used, such systems can func-
tion efficiently even without the incorporation of insulator sequences or
silencer proteins [36, 37]. Such vectors bear considerable potential for speed-
ing up the establishment of the Tet system into cultured cells, whenever chro-
mosomal integration of the regulatory system is not required.

Modifications of the system

The Tet systems were modified in various ways either to expand their applica-
bility or to optimize their action. Some of the developments are summarized in
Figure 1. A problem sometimes encountered is the so-called “leakiness” which
refers to a basal level of expression in the uninduced state. Although this issue
caught considerable attention, it has only rarely been addressed in a correct
way. A deeper discussion of this topic can be found elsewhere [38], but in
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essence one has to discriminate between (i) promoter-dependent and (ii) inte-

gration-site dependent leakiness.

(i) Py-1 is not necessarily silent in all cellular environments, as it may have
an intrinsically elevated activity in cells which contain trans-acting factors
that are capable of binding to the promoter itself or to neighbouring
sequences of the vector. In a first well-documented example, the binding
motif of an alFN-stimulated response element was identified within the
linker region of the tetO sequences [39]. Accordingly, an oIFN-dependent
activity was observed in respective cytokine studies. Recent promoter
designs lack this as well as other potential binding motifs for transcription
factors (Baron et al., unpublished). Nevertheless, as pointed out previous-
ly [12], an adaptation of P, to particular cellular environments may some-
times be advantageous but too little effort may have been directed towards
this option in the past (for the few examples, see Fig. 1B and [40]).

(ii) The basal activity of a chromosomally integrated minimal promoter
depends strongly on its integration site. When located close to a nearby
enhancer, it will show an increased activity even in the absence of its cog-
nate activator, in our case tTA/rtTA. This problem can be circumvented by
increasing the number of clones (i.e., different integration events) to be
screened, or — more actively — by reducing the activity of the Py-1 in the
uninduced state, by shielding it via Tc-controlled transcriptional silencer
(tTS) proteins (Fig. 1A, [41-43]. Ideally, tTS and rtTA bind mutually
exclusively to the tetO sequences within P, depending on the presence and
absence of Dox. This approach was shown to substantially reduce the basal
activity of P-1 in a number of cell lines [41].

As the latter approach allows active suppression of potential unregulated
background activity of P, even when caused by elements which are neigh-
bours of the integration site of the minimal promoter, it seems to be more ver-
satile than the adaptation of P, as proposed above. However, this principle
requires one more component as compared to the originally described Tet sys-
tems and is therefore experimentally more demanding.

Another issue that has raised concern is the potential toxicity of tTA and
rtTA. Like any other transcription factor, these transactivators will induce
unwanted pleiotropic effects by “squelching” [44] that may even kill a cell.
The consequence is that — as for any endogeneous transcription factors — a
Tc-controlled transcription factor should not exceed a certain intracellular
concentration. In cell culture as well as in transgenic animals, a selection for
proper integration-site dependent expression levels of tTA/rtTA genes takes
place and simple screening for proper clones is sufficient as demonstrated by
dozens of tTA/rtTA cell lines and mouse strains.

The situation changes, however, when a tTA or rtTA gene has to be inte-
grated at a specific locus, e.g., by homologous recombination following the so-
called “knock-in” strategy. Here the result of integration is not subject to sub-
sequent physiological preselection of a proper integration site. Instead, the
expression level of the tTA/rtTA gene is locus-dependent and might be too
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high to be tolerated. In such cases, tTAs and rtTAs might be chosen which con-
tain various minimal activation domains and therefore exhibit a graded activa-
tion potential [45]. Transactivators with a reduced activation potential are tol-
erated at higher intracellular concentrations.

Another attempt to overcome the squelching process is the creation of
autoregulatory loops, where the transactivator not only controls the expression
of the gene of interest, but also its own synthesis, i.e., the transactivator gene
is under P-1 control [46]. Results obtained with this modified Tet system
should however be interpreted with caution. As the transactivator concentra-
tion will not be constant upon induction, unwanted pleiotropic effects will be
readily elicited. This concern is highlighted by a recent publication showing
the biological side-effects of tTA self-activation [47]. Nevertheless, whenever
these limitations are not important as, e.g., in processes of protein production
(48, 49] such autoregulatory systems might be useful.

A development that had considerable impact is the construction of bidirec-
tional promoters (P,-bi) [45]. Here, the heptamerized tetO sequences are
flanked on both sides by minimal promoters (Fig. 1B) which allows for the
simultaneous regulation of two genes of interest, whereby the respective tran-
scription units face in opposite directions. These constructs enjoy special pop-
ularity when one gene is an easily assayable reporter gene. Thus, the initial
identification of positively transfected clones (or transgenic animals) is facili-
tated, particularly when expression of the actual gene of interest is difficult to
detect. By using the luciferase gene as reporter, the range of regulation and the
tightness of control can be readily assessed, whereas, e.g., the lazZ or GFP
gene allows monitoring of the activity of the expression unit in sifu.

Finally, two developments should be mentioned here that also indicate the
surprisingly large sequence space of the Tet repressor. Making use of altered
specificity of TetR for operator sequences [50, 51], two tTAs were generated
that discriminate highly efficiently between two operator sequences [13]. By
introducing into one of these tTA sequences the mutations that convey a
reverse phenotype, a pair of transactivators was generated that would mutual-
ly exclusively control the activity of two genes: in the absence of Dox, tTA but
not rtTA would be active, whereas in the presence of Dox, rtTA but not tTA
would activate its respective promoter. Interestingly, with intermediate con-
centrations of Dox, both systems can be kept silent. To prevent heterodimer-
ization of the two transactivators, when coexpressed in one cell, the dimeriza-
tion surface of the TetR moiety of tTA was altered [13]. These developments
suggest that further exploitations of the sequence space of TetR may be possi-
ble and that even transactivators that efficiently discriminate between different
effector molecules may be feasible.

Two complications in using the Tet system should not go unmentioned here,
as they might have a considerable impact on the performance of the system. It
is frequently attempted to set up the Tet system in tissue cultures in a one-step
procedure, i.e., by cotransfection of the two essential components of the sys-
tem (or, in analogy, by coinjection of the respective DNAs when establishing
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transgenic mice). While such an experimental shortcut may appear attractive,
one should be aware that in general the two DNAs cointegrate at the same
chromosomal locus — possibly in multiple copies — which generally leads to
considerable crosstalk between the enhancer driving the expression of the
transactivator and the minimal promoter within P, resulting in elevated back-
ground activity of the system ([38]; see also the paragraph dealing with viral
vectors). Therefore this approach can only be recommended when efficient
screening or selection systems are available.

A rather unexpected finding was the frequent Tc-contamination of bovine
sera used in tissue culture media. The resulting complications are obvious, and
great care has to be taken to appropriately prescreen the sera for their per-
formance in combination with the Tet system [38]. As these latter issues have
been addressed in greater detail in the references given, we will not further
elaborate on them.

Tet regulation in the mouse

The prospect of possibly generating truly conditional mutants at the level of
higher organisms has sparked numerous attempts to transfer the Tet regulato-
ry systems also into the mouse via transgenesis. Obviously, using animals
where the activity of a gene of interest may be reversibly controlled in a tem-
poral, spatial and quantitative manner would open up new perspectives for the
analysis of gene function in vivo. Early studies have shown that indeed indi-
vidual genes can be tightly and cell type-specifically controlled in the mouse
and that such gene activities can be quantitatively regulated in a non-invasive
way by simply supplying the animals with Dox in the drinking water [52, 53].

Following the strategy most generally applied, two classes of mouse lines
are generated of which one controls a tTA or rtTA gene by a tissue-specific
promoter, whereas the other contains the gene of interest driven by Py-1.
Crossing individuals of respective lines leads to double-transgenic animals
where the activity of the target gene depends on the presence or absence of
Dox in the water supply of the animal. A rapidly increasing number of mouse
lines of the two classes has, in the meantime, been described, of which some
are compiled in Table 1. As these mouse lines will become generally available,
in vivo studies will be greatly facilitated and each new and well-characterized
mouse strain of either class will be a precious addition to the system.

The long experience with tetracyclines in mammals was of great advantage
for the application of the Tet system in the mouse. Thus, it was not unexpect-
ed that Tet regulation would even function in the developing embryo [3, 54,
55]. Actually, since Dox is also present in the milk of feeding mothers, genes
can be kept inactive all through the development until adulthood of the animal
before they may be turned on by Dox depletion [54]. Moreover, some tetracy-
clines cross the blood/brain barrier fairly well and thus allow regulation in the
brain [9, 10]. Nevertheless, for regulating genes in different organs, it has to be
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Table 1. Mouse lines expressing tTA or rtTA genes

Promoter Tissue specificity tTA  nTA
Reference
MHCa heart muscle + [70]
rat insulin pancreatic B-cells + [68]
MMTV salivary gland and various tissues + [71,72]
hCMVIE various tissues + + [52]
LAP hepatocytes + [52]
oCamKII brain + 91
+ [10]
muscle creatine Kinase muscle + [73]
prion brain + [5]
Tek/Tie endothelial cells + [74]
NSE brain + [75]
Ednrb melanocytes, neural crest + [3]
keratin 6 hair follicles keratinocytes + [76]
keratin 14 epidermis + [8]
Fabp small intestine colon, bladder + [77]
WAP mammary gland + [78]
B-lactoglobulin mammary gland + [79]
retinoblastoma thalamus, eye, cerebellum muscle + [78]
IgHC-SRa T-cells + [6]
tyrosinase melanocytes + [7]
CD2 T-cells + (80]
CCSp respiratory epithelial cells + [81]
SP-C respiratory epithelial cells +
MHC class 11 thymic cpithclial cells + [82]

By placing tTA and rtTA genes un der the control of specific promoters in transgenic animals, tissue-
specific regulation of P, controlled genes can be achieved. This compilation shows most of the pub-
lished tTA/itTA mouse lines that have been successfully used in various studies. In most cases, the
specificity of the promoters driving tTA or rtTA expression depends also on the site of integration
which, however, may also result in useful artificial specificities. Many more tTA and rtTA mouse lines
have been generated and are under study in various laboratories. An even larger number of target
mouse lines containing various genes under Py, control exists, of which around 30 are published.

reconciled that the tissue distribution of tetracyclines can vary as does the bio-
logical half-life time. This is particularly important if partial induction in spe-
cific tissues is attempted [52]. Moreover, it should be pointed out that the
kinetics of induction of tTA and rtTA differ dramatically, since in one case
(tTA), the system has to be depleted of, whereas in the other (rtTA), it has to
be saturated with Dox. The latter process is of course intrinsically more rapid.
Therefore, in studies where a gene should be kept silent during development,
the rtTA principle is the preferred one. Nevertheless, cycle times of 2—5 days
can be achieved, e.g., in the liver for both systems (Fig. 3; Schonig and Bujard,
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unpublished) and partial induction in various organs is also feasible by proper
adjustment of Dox in the drinking water [52]. Finally, it needs to be empha-
sized that even prolonged exposure of the animals to Dox, including breeding
of offspring, at 2 mg/ml (in the drinking water), has not yielded any detectable
adverse effects in the animals [56].

Clearly, the application of Tet regulation in transgenic mice has yielded
some spectacular results in recent years. Several tumor models were generat-
ed which permit not only the study of tumor initiation but also of tumor pro-
gression and regression [6—8] (see also Chapter by Kudlow). Numerous other
models for human diseases are at present being developed. Here, we would
just like to point out some exciting findings obtained by applying Tet regula-
tion to the central nervous system where the group of Eric Kandel has carried
out pioneering work. By controlling the expression of mutant forms of the
Ca2+/calmoduline-dependent protein kinase II [9] and calcineurin [10] they
could correlate conditionally altered synaptic plasticity with spatial memory
storage and retrieval.

Furthermore, modelling of human neuropathologies in the rodent as a pre-
requisite for developing therapeutic treatments has recently also led to most
remarkable results. Thus, the Tet systems were exploited to create mouse mod-
els for prion and Huntington’s diseases [4, 5]. In these models, the power to
turn a gene’s transcription on or off with Dox has allowed assessment of not
only the role of specific proteins thought to be involved in the etiology of the
disorder, but also the consequence of their elimination when the respective
gene is turned off after the manifestation of pathological symptoms. Thus, in
the Huntington’s disease model, a dominant negative mutant of the
Huntington’s gene was placed under Tet control and its expression led not only
to neuroanatomical abnormalities characteristic of Huntington’s disease, but
also to pathologies resulting in motor dysfunction. Strikingly, in symptomatic
adult animals the suppression of transgene expression by Dox led to full rever-
sal of pathological symptoms and to normal behaviour. This example, together
with several recently described tumor models, underline most impressively the
potential of the Tet regulatory systems in elucidating gene functions in vivo.

Tet regulation in plants

The tTA system has meanwhile been shown to function in tobacco [57], moss
[58] and most recently in Arabidopsis [59]. The latter organism is particularly
interesting as it is the most widely used model system in plant development.
The moss Physcomitrella patens might also gain special importance for the
analysis of gene function in plants as its genome can be manipulated via
homologous recombination. Whereas the application of tetracyclines seems to
be unproblematic, to our knowledge no major efforts have been made to ana-
lyze the pharmacokinetics in plants, nor has the efficacy of different tetracy-
cline derivatives in these organisms been investigated in any significant detail.
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Some applications in the plant field may, however, have to await the discovery
of novel and more suitable effector molecules.

Tet regulation in unicellular organisms

The Tet systems were rather readily adapted to control genes in the yeast
Saccharomyces cerevisiae [60, 61]. This was clearly in part due to the need for
an efficient regulatory system in which the inducer is inert to the yeast’s
metabolism, contrary to, e.g., the widely used Gal-system. Meanwhile, an
impressive effort is under way to exploit Tet regulation in yeast functional
genomics by placing essential genes under Tc control, while their endogenous
counterparts are knocked out by homologues recombination (see homepage of
the EUROSCAREF initiative (http://www.rz.uni-frankfurt.de/FB/fb16/mikro/
euroscarf/data/ess.html) at the University of Frankfurt).

Only recently could the Tet system be adapted to Dictyostelium discoideum
[17]. It is interesting to note here, that in order to establish Tc regulation in this
amoeba, both the transcription control elements driving expression of tTA, as
well as the tTA-responsive minimal promoter had to be adapted to meet the
requirements for the transcription machinery in this organism.

Tc-controlled gene expression in Drosophila

In Drosophila melanogaster a highly efficient binary expression system is
available, by which upon mating of individual transgenic flies, heterologous
gene expression can be directed to specific tissues of the fly [62]. This system
is based on the transgenic expression of yeast Gal4 transcription factor and its
binding site containing response promoters. By driving expression of Gal4 via
appropriate developmentally regulated promoters, the timing of expression can
be controlled to a certain extent. However, the precise exogenous control as
provided by the Tet system is not possible. Therefore the adaptation of the Tet
system to Drosophila [63, 64] offers new prospects for analyzing gene func-
tions in this important model organism. In two recent publications the Tet sys-

Figure 3. Turning gene expression on and off in vivo. (A) 3 transgenic mice anaesthesized and inject-
ed with luciferin placed in the open chamber of the Hamamatsu ICCD/Argus 20 device. Luciferase
expression is controlled by tTA in hepatocytes (TA“**/LC-1) or in brain (TA™X/LC-1). The LC-1
mouse in the middle is devoid of tTA and serves as a control. (B) The mice of (A) in the closed dark
chamber; photons are collected and processed; exposure time 2 min, whole body images are displayed.
(C) Time course of activation and deactivation of the luciferase gene in hepatocytes. Animals are fed
via drinking water with Dox (200 pg/ml) for 5 days. Plain water reverses the situation within 5 days.
The cycle was repeated several times. The TA“™X/LC-1 mouse serves as a control. The switching
experiment was repeated 3 months later with the same animals yielding identical results. (D)
Histological examination of TA"“¥/tgnZL2 (Z = B-galactosidase; L = luciferase) shows via B-gal
staining that the enzyme is evenly expressed throughout the liver but not in other organs [52]. This
expression is efficiently prevented by Dox.
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tem has actually been used to generate conditional male-only transgenic
Drosophila lines [65, 66]. This approach might break ground in establishing a
new and convenient method to obtain large, exclusively male populations of
other insect species to be used in sterile insect release programs.

Potential of gene regulation in gene therapy

It is generally agreed that in numerous future therapies where genes or cells
harbouring therapeutic genes are transferred to patients, a stringent control of
the respective gene activity is important and that even a total reversal of the
therapeutic manipulation may be required for some regimens. For a number of
reasons, the Tet regulatory systems hold promise in this context. First, Dox, at
present the most powerful effector molecule for both tTA and rtTA, has been
widely used as an antibiotic in human and veterinary medicine and its poten-
tial side-effects, also in long-term treatments, are well documented.
Accordingly, this compound qualifies as a drug for which a wealth of pharma-
cological knowledge has been accumulated over the years. Second, experi-
ments in transgenic mice but also in rats show that the Tet system functions
well in various organs including the brain and that gene activity can be regu-
lated over long periods of time (e.g., exceeding 1 year in transgenic mice).
Third, in experiments where the Tet systems were transferred into adult mice
in approaches which mimic in vivo or ex vivo therapeutic strategies, no
immune response towards the transactivators was detected [67] indicating, at
least in mice, a low immunogenicity of tTA and rtTA.

Here we would like to briefly discuss three therapeutic strategies in rodent
models where Tet regulation has been included. In the first example, long-term
control of erythropoietin (Epo) and accordingly of hematocrit has been
achieved in mice. To this end mouse primary myogenic cells were generated
which produce Epo under Dox control. Upon transplantation into the skeletal
muscle of mice, the transduced cells differentiate into myotubes and express
specifically muscle cell tTA which in turn activates the Epo gene under Py
control. Synthesis and secretion into the circulation of Epo could be iterative-
ly switched on and off during a 5-month period [67].

In a totally different approach of cellular therapy, Tet regulation was utilized
to generate conditionally proliferating primary [-cells of the mouse pancreas
[68]. By placing in transgenic mice the SV40 large T-antigen under Py, con-
trol while driving tTA synthesis via the rat insulin promoter, B-cells could be
harvested from the animals, which would proliferate in absence of Dox.
Addition of Dox to the culture of the primary cells causes growth arrest and
yields fully differentiated B-cells, which secrete insulin in a strictly glucose-
dependent manner. Transplantation of such cells into diabetic mice and expan-
sion of the population of B-cells until proper blood glucose levels were reached
was followed by Dox supply via drinking water. The arrested and redifferenti-
ated cells continued to control insulin secretion in dependence on blood glu-
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cose. One could envision that when using the rtTA system in an analogous
way, but with properly encapsulated human B-cells, a regimen may become
feasible that would be attractive for treating insulin-dependent diabetes melli-
tus [69].

Finally, an in vivo therapeutic approach for Parkinson’s disease was mod-
elled in rats with dopamine-depleted striatum. Direct injection into the
lesioned striatum of an adenoviral vector which expresses the tryosine hydrox-
ylase gene under Tet control resulted, after around 20 days, in expression of
the enzyme which could be suppressed by treating the animals with Dox.

These model systems suggest that Tet regulation may indeed prove useful
in gene- or cell-therapeutic approaches which, however, still require the solu-
tion of difficult problems before their broad application appears feasible.

Perspectives

Already at the present state of the technology, the application of Tet regulation
in the study of gene function will rapidly expand due to synergisms which
emerge from the work of different laboratories. Thus, an increasing number of
cell lines harbouring tTA or rtTA is becoming available, many even on a com-
mercial basis (Clontech Laboratories Inc., Palo Alto, USA). Similarly, the
number of mouse lines that express tTA or rtTA genes via cell type-specific
promoters is growing (Tab. 1) as are mouse lines that contain target genes
under Py, control. Again, some of these mouse lines are already commercially
available (The Jackson Laboratory, Bar Harbor, USA) and it can be anticipat-
ed that many more will be accessible to the scientific community in the near
future. An analogous development can be foreseen for other model organisms,
particularly for S. cerevisiae where the generation of respective strains is well
underway, and in Drosophila. Together, these developments will increasingly
permit a multitude of genetic studies without having to go through the costly
and time-consuming generation of (all) required cell lines or strains of organ-
isms.

Nevertheless, there is clearly room for further improvements of the Tet sys-
tems and particularly for their adaptation to special requirements. Among
these are the design of improved transactivators and tTA/rtTA-responsive pro-
moters. Whereas the latter has to be done in the specific context of the cellu-
lar system under study, the former can at least in part be achieved through
functional screens in eukaryotic genetic systems. The sequence space of the
Tet repressor can thus be thoroughly probed and recent results [13, 21] have
indicated an exciting potential. Thus, besides specifying transactivators to dis-
criminate between different DNA-binding sites, it may well be feasible to also
adapt the protein to distinguish between different effector molecules. The inde-
pendent regulation of two or more genes may thus become a possibility.
Moreover, as pointed out in detail elsewhere in this section, the repressor moi-
ety may be adapted to non-tetracycline compounds as inducers. Such inducers,
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when ecologically harmless and available at low cost, may even make crop
plants amenable to Tet regulation, althouh some ground-breaking work will
have to be accomplished before this ambitious goal may be achieved.
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Introduction

In order to determine the role of signaling molecules, such as oncogenes, in
cellular function, it is often necessary to express these proteins under the con-
trol of a heterologous promoter in the cells of interest and determine the down-
stream effects of this expression. While this strategy is often successful, there
are circumstances when the constitutive expression of such proteins results in
the death of the transfected cells or the entire organism if a transgenic model
is used. Furthermore, constitutive expression of oncogenes can result in long-
term secondary effects and genetic instability which may not relate in a prox-
imal way to the mode of signal transduction of the oncogene under investiga-
tion. Because of these considerations, other means for inducible expression of
oncogenes have been used. In the past, oncogenes were placed directly down-
stream of promoters such as the mouse mammary tumor virus (MMTV) LTR
or the heavy metal-inducible metallothionein promoter. These promoters are
useful in many cell culture lines because they can drive expression in a vari-
ably inducible manner. Using the MMTYV promoter, 2- to 10-fold induction
can be accomplished by provision of dexamethasone in the culture medium [1,
2]. Induction of the metallothionein promoter at similar levels can be obtained
by exposure of the transfected cells to zinc or cadmium ions [3, 4]. However,
these direct expression systems are of less use as inducible models in trans-
genic animals. The MMTV promoter drives expression to certain steroid-
responsive tissues such as the mammary gland, seminal vesicles and salivary
glands of mice [5—7], while the metallothionein promoter drives expression to
multiple tissues [8]. Furthermore, MMTV-driven expression in transgenic
mice becomes constitutive because of the endogenous steroids produced in the
animal, whereas induction through the metallothionein promoter is difficult
because of stimulatory levels of zinc in the diet, but zinc induction has been
observed [9]. The major problems are the inability to completely control tissue
expression by these direct promoter systems and the poor inducibility of
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expression. These difficulties were strong stimuli for the development of bet-
ter methods for tissue-specific and inducible expression in transgenic animals.

To obtain both a broad selection of tissue-specific expression and inducibil-
ity, what was needed was a two-gene system that mimicked the physiological-
ly inducible systems found in nature. The endocrine system of higher organ-
isms is an example of a naturally evolved two-gene system in which a hormone
and its receptor are expressed in specific tissues. In the endocrine system, hor-
mone-dependent conditional expression in a specific tissue results from the tis-
sue-specific expression of the receptor and changes in hormone concentration.
A recent example of such an artificial transgene system that mimics this
endocrine model is the ecdysone-inducible gene expression system [10, 11].
This system is literally a hormone-inducible system; however, the hormone is
derived from insects where it is the signal to induce molting. The molting
steroid hormone, muristerone, is not biologically active in mammalian cells,
which lack the appropriate receptor for this hormone. The inducible transgenic
system therefore provides this receptor to the tissue of choice. Thus one of the
transgenes encodes the ecdysone receptor which can be expressed in the tissue
of choice using an appropriate tissue-specific promoter. The second transgene
contains the gene of choice placed downstream from a promoter whose activ-
ity can be driven by the liganded ecdysone receptor. Thus, while the gene to
be expressed is present in all tissues, this gene will only be expressed at appre-
ciable levels in the tissue in which the ecdysone receptor is expressed and this
expression will depend on exposure of the cells or animals to the molting hor-
mone, muristerone. Thus, this approach fulfills the need for both temporal and
spatial control of gene expression. Evans and co-workers have reviewed
ecdysone systems [10]. In summary, the ecdysone-dependent promoter as
designed drives basal expression of the target gene in the absence of muris-
terone at very low levels, whereas induction can result in greater than 1000-
fold increases in gene expression [11]. While this system was not tested with
a highly toxic gene product to prove that unstimulated expression was suffi-
ciently low to obviate toxicity, the luciferase assay was used in these studies,
and this assay is very sensitive. This system has the advantage of rapid
inducibility and rapid decay of the induction upon withdrawal of the insect
steroid. The disadvantage is the expense of the muristerone which would be
used in relatively large quantities for the study of transgenic models.

The tetracycline-inducible system

The tetracycline-inducible system is conceptually similar to the ecdysone-
inducible system; however, considerable modification of the tet operon was
required before it could be adapted for use in eukaryotic cells. The elements of
this system are thoroughly reviewed elsewhere in this monograph. In summa-
ry, the major modification of the prokaryotic transcriptional regulator was to
convert it to a eukaryotic activator by fusing the Tet repressor (TetR) DNA-
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binding domain to a strong mammalian transcriptional activation domain. In
the first iteration, the portion of the wildtype TetR containing the DNA and
tetracycline binding domains was fused to the herpes simplex VP16 activation
domain to create a transcription factor, termed tTA, that binds to the minimal
tet operator (fetQO) sequence in the absence of tetracycline and is released from
the terO element in the presence of the antibiotic. The tTA fusion protein is
directed to the nucleus by the VP16 domain and is capable of engaging and
activating the mammalian transcriptional apparatus when the VP16 domain is
directed to the DNA via the interaction of the TetR domain with the terO.
Usually in a separate construct, the fetO element is placed immediately
upstream of a minimal mammalian promoter containing a TATA-box and tran-
scriptional initiation site, allowing transcription activation by the VP16
domain. Thus, gene activation in mammalian cells that express tTA occurs
when tetracycline is withheld, while repression of transcription is accom-
plished by provision of the antibiotic. The dynamic range for tetracycline con-
ditional expression has also been around 3 orders of magnitude. This system is
now termed the Tet-Off version. In the second iteration, a four amino acid
mutation in the TetR results in a transcription factor with reversed responses to
tetracycline. This rTetR mutant binds to DNA in a tetracycline-dependent
manner. Thus, the rTetR-VP16 fusion protein, termed rtTA, activates tran-
scription only in the presence of tetracycline. This system is appropriately
named the Tet-On system.

Similar to the hormonal system described above, the tTA and rtTA tran-
scription factors are analogous to a nuclear hormone receptor; however, the
ligand is a tetracycline derivative. The advantages of tetracycline derivatives
are that they are readily available, inexpensive and have no significant biolog-
ical effects or teratogenic properties in mammals. The principal disadvantages
are that this antibiotic can accumulate in bone and be released subsequent to
the cessation of therapy and that the drug is present in the bovine sera used for
the propagation of cells in culture. As described for the hormone-inducible
system, these TetR-based transcription factors can be expressed in a wide vari-
ety of cultured cells using general promoters and in transgenic animals using
tissue-specific promoters. The VP16 component of the tet-activators may be a
problem if the transgene is integrated into a region of the genome that results
in high-level expression of the activator. The VP16 activation domain is capa-
ble of ‘squelching’ the expression of unrelated genes, presumably by interact-
ing with general transcription factors in a DNA-independent manner [12, 13].
This point is reviewed elsewhere [14] and appears to be overcome in stable cell
transfection studies by natural selection against the toxic effects of VP16 over-
expression. This selection results in the outgrowth of only those cell lines with
moderate expression of the VP16 fusion protein. In transgenic animals, this
problem has not been reported with the tet-activators, although high-level
VP16 expression during early mouse embryogenesis results in impaired devel-
opment [15]. Presumably, promoters that turn on later in development may not
give rise to such problems. In our own experience with promoters that direct
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expression to the skin, pituitary and pancreatic B-cells, we have not seen devel-
opmental problems. Similarly, the integration site of the tetO containing pro-
moter in stable cell lines and transgenic animals can have an effect on expres-
sion. In some cell culture studies, basal expression from the fetO may be inde-
pendent of the tet-activator, presumably because of neighboring enhancer ele-
ments. This problem is generic to all inducible systems and does not appear to
be a major problem in the reported transgenic mouse systems. At least half of
our founder transgenic lines show good inducible expression (unpublished
data) and the problem has been lack of expression rather than constitutive
basal expression. In contrast, the problem of basal expression can be consid-
erable in transient transfectants where basal expression is thought to not be
suppressed by chromatin effects.

The use of the tetracycline-inducible system to express oncogenes in
transgenic mice

For inducible oncogene expression, the oncogene cDNA of choice is placed
downstream of the fetO-basal promoter. The transgenic animals with the trans-
gene containing the oncogene under the control of the tetracycline-responsive
element (TetRE), i.e., TetRE-oncogene transgene, are generally developed sep-
arately from the transgenic lines containing the tet-activator. This scheme
requires that the TetRE-oncogene mice be crossed with the tet-activator mice
to produce bitransgenic animals. This approach allows for the development of
a combinatorial system for tissue-specific, inducible oncogene expression. For
example, a series of mice can be developed with a variety of oncogenes or a
set of mutant forms of these oncogenes placed downstream from the TetRE.
This series of mice can then be crossed with another series of mice in which
the transgene consists of the tet-activator placed downstream from a variety of
tissue-specific promoters. From these two series of transgenics, bitransgenic
animals can be produced to test the effect of the various oncogenes in a vari-
ety of selected tissues. Added to the spatial control is the temporal control pro-
vided by the tetracycline inducibility. This temporal control can be applied
through all stages of development. As we and others have shown, the tetracy-
cline derivative, doxycyline, can be provided in the drinking water of a mono-
transgenic pregnant mouse carrying bitransgenic offspring. The maternal ani-
mal will not develop a phenotype because both components of the inducible
system are not present. On the other hand, the bitransgenic embryonic mice
receive doxycycline by transplacental transfer and thus the effect of oncogene
expression can be tested during embyronic development. The mono-transgenic
and non-transgenic littermates serve as controls. Similarly, doxycycline is also
transmitted to neonatal offspring through lactation, thus allowing the initiation
of gene expression at an early time point after birth.

This combinatorial power derived from the use of bitransgenic mice also
provides an additional advantage. With conventional mono-transgenic mice, it
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is usually important to develop two or more lines with the same transgene in
order to show that the phenotype is independent of the integration site in the
genome. The combinatorial approach using bitransgenic mice reduces this
requirement. If neither the mono-transgenic tet-activator nor the TetRE-onco-
gene mouse has a phenotype, while the bitransgenic mouse has a conditional
phenotype that depends on exposure to tetracycline, then integration controls
might not be necessary. Furthermore, if the phenotype can be shown to change
by keeping the oncogene constant but varying the tissue in which the tet-acti-
vator is expressed, or by varying the oncogene while keeping the tissue con-
stant, then the need for the integration control becomes even less important.
Clearly, this property of the bitransgenic mouse system is leading to the devel-
opment of a spectrum of tet-activator mice with varying tissue-specific pro-
moters. Similarly, several TetRE-oncogene mice are being developed. The
availability of these mouse lines should allow for collaborative exchange of
these ‘reagents’ between investigators to exploit the combinatorial power of
this system.

Examples that illustrate the use of the tet system in vivo
Keratin K14-erbB2 model

Our K14-erbB2 model illustrates many of the points made in the preceding
general comments. It had been determined that erbB2 was normally expressed
in the skin [16—18]; however, it was not clear what the effect of activation of
this receptor-tyrosine kinase oncogene would have on skin development or
maintenance and conversely, it has yet to be determined what would result
from inactivation of this oncogene in the skin. Using the MMTYV promoter to
drive expression of an activated oncogenic form of erbB2 in transgenic mice
[19, 20], previous investigators had shown that these animals would develop
mammary carcinoma in a stochastic fashion, but this carcinoma would not be
preceded by epithelial hyperplasia. In contrast, hyperplasia was observed in
the salivary glands, Harderian glands, lungs [21] and kidney ducts [21] of
these MMTV-erbB2 mice. This result suggested that different epithelial tissues
respond variably to activation of the ErbB2 receptor. To test the skin response
to ErbB2 activation, we expressed the oncogenic activated form of the recep-
tor in the skin of transgenic mice using the K14 promoter [22]. The K14 pro-
moter drives expression of the transgene to the basal cells of the epidermis and
to the outer root sheath of the hair follicles, sites where erbB2 is normally
expressed. The resulting K14-erbB2 transgenic mice developed a very dra-
matic phenotype, including epidermal hyperplasia, papilloma, hyperkeratosis,
dyskeratosis and dermal hyperplasia. Most of the hair follicles were replaced
by bizarre hyperproliferative intradermal invaginations resembling inverted
papilloma, while the rest of the follicles exhibited severe hyperplasia and dis-
organization. Unfortunately, the non-chimeric founder mice died within the
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perinatal period and further study of this model was precluded. One of the
mice was chimeric with a limited affected area of skin, mainly on the tail and
central back. This animal did not have the transgene in its germ line and was
unable to transmit the gene to its offspring.

Because the basal epidermis and hair follicles are exquisitely sensitive to
activated ErbB2, expression of this oncogene in the skin results in a perinatal
lethal phenotype. To allow further study of ErbB2 in the skin, we needed a
model that avoided this lethality. This requirement could be fulfilled with an
inducible system in which basal expression of the oncogene was sufficiently
low to prevent the lethal outcome while induction of erbB2 expression could
reproduce the original K14-erbB2 phenotype. The tetracycline/doxycycline-
regulated systems appeared to provide a solution. At the time that we initiated
our study with erbB2, all of the published applications had made use of the
Tet-Off system [23-27]. None of these examples was applied to a transgene
with embryonic or perinatal lethality. Furthermore, there was no evidence that
the Tet-On system was sufficiently tetracycline-dependent to prevent leakiness
of basal expression in the absence of doxycycline, such that the lethal pheno-
type might not be obviated. While our experiments were not designed prima-
rily to test the Tet-On system for such a problem, our use of the lethal
ErbB2/skin system suggests that gene expression with the Tet-On system does
exhibit sufficient dependence on the presence of doxycycline, such that neither
the lethal phenotype is expressed nor is there detectable expression of the
erbB2 transgene in the absence of doxycycline [28].

The K14-erbB2 system was set up by the development of two mouse lines
[28]. The first expressed the rtTA tet-on activator under the control of the K14
promoter. The second line had a transgene that consisted of the TetRE placed
upstream from the activated erbB2 oncogene. In both transgenes, an SV40
intron and polyadenylation signal were included. Figure 1 indicates the
schematic of this transgenic model.

Figure 2 demonstrates the gross phenotype of the K14-erbB2 mice at vari-
ous stages of development. In panel A, two neonatal littermates are shown; the
one on the left is monotransgenic for the TetRE-erbB2 transgene while the one
on the right is bitransgenic. The mother had been administered doxycycline.
The absence of phenotype in the monotransgenic mouse indicates that basal
expression from the TetRE promoter is insufficient to drive biologically rele-
vant expression of the erbB2 transgene. Panel B of this figure shows the phe-
notype of 11-day-old animals that had received doxycycline through maternal
transfer via lactation starting at postnatal day 3. Although at day 3 the litter-
mates were indistinguishable, over the ensuing 8§ days, the bitransgenic mouse
(top) developed the runted phenotype with thickened and wrinkled skin. The
TetRE-erbB2 monotransgenic littermate maintained its normal development
while exposed to doxycycline. Panel C is a closer view of the mice shown in
panel B showing the severe skin hyperplasia in the snout area and eyelids.
Panel D shows two bitransgenic mice at the age of 4 weeks. The mouse on the
left was not administered doxycycline while the one on the right was adminis-
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Figure 1. The Tet-On inducible transgenic mouse system. A schematic outline of the
K14-rtTA/TetRE-ErbB2 two-component Tet-On transgenic mouse system. The K14-rtTA transgene
directs expression of the reverse tetracycline transcriptional activator (rtTA) to the epidermis. The
binding of rtTA to the tetracycline responsive element (tetO) and the induction of the transgene ErbB2
should only occur in the presence of Doxycycline (Dox).

tered the drug for 1 week prior to the photograph. The mouse on the right died
2 days later while the bitransgenic littermate that had not received doxycycline
remained normal. These gross phenotypic features indicate that the lethal phe-
notype could be obviated by the conditional expression of erbB2 in the skin
even in bitransgenic animals.

The inducibility of oncogene expression was confirmed by Northern blot
analysis of the skin. Figure 3A is a Northern blot of skin from mono- and
bitransgenic mice probed with the SV40 element that was present in both
transgenes. Lanes 1, 3 and 4 indicate that the K14-rtTA gene was expressed
constitutively in the skin of both mono- and bitransgenic animals. In contrast,
the erbB?2 transgene was not expressed at a detectable level in the TetRE-erbB2
monotransgenic mouse (lane 2) nor was it expressed in the bitransgenic mouse
that was not treated with doxycycline. However, a biopsy sample of skin from
this same bitransgenic mouse after being treated for 4 days with doxycycline
shows very high expression of the TetRE-erbB2 transgene to a level even high-
er than seen in the salivary gland of an MMTV-erbB2 transgenic mouse.
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Figure 2. Gross skin phenotypes. (A) A newborn bitransgenic mouse with transplacental administra-
tion of Dox (right), as compared with its TetRE-ErbB2 single transgenic littermate (left). Note the
bitransgenic skin is pale and thickened, but has no wrinkles. (B) An 11-day-old bitransgenic animal
(top) under lactation from a female fed with Dox for 8 days (from day 3 to day 11), as compared with
its TetRE-ErbB2 single transgenic littermate (bottom). Note the thickness of the skin of the ears, snout
and paws, and the wrinkles in the bitransgenic skin. (C) Close-up view of the mice in B. (D) A weaned
4-week-old bitransgenic mouse after being fed with Dox-containing drinking water for 1 week (from
week 3 to week 4) (right), as compared with its mock-treated bitransgenic littermate (left).

Figure 3. Northern blot analyses of the transgene expression. 10 pg of total cellular RNA (panels A,
and C) or the poly (A) RNA (panel B) derived from 20 pg of total RNA from each skin sample was
subjected to Northern blot analysis. The filters were hybridized with [*’P]-labeled SV40 probe (A, and
C), or the ErbB2 cDNA probe (B). The filters were subsequently stripped and reprobed with the glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA as loading control (A, and C). (A)
Dox-induced ErbB2 transgene expression in the epidermis. The rtTA transcripts were detected in the
skin of all K14-rtTA bearing animals (lanes 1, and 3,4), while the expression of the 5.5 kb ErbB2
transgene was only observed in the bitransgenic mice in the presence of Dox (lane 4). The RNA in
lane 5 was derived from a salivary tumor from a MMTV-ErbB2 transgenic mouse in which the
ErbB2-SV40 poly (A) portion of the transgene is the same as in the TetRE-ErbB2 mice [22]. (B) A
skin biopsy was obtained from a 5-week-old bitransgenic mouse (3-8-110) prior to the introduction of
Dox in the drinking water (lane 1). The skin was sampled again after 4 days of Dox treatment (lane
2). The Northern blot analysis reveals that the expression of the ErbB2 transgene increased from unde-
tectable to a level at least 20-fold higher than the endogenous ErbB2 mRNA. The induction of the
ErbB2 transgene did not significantly alter the expression of the endogenous ErbB2 message (com-
pare lanes 1 and 2). (C) Time course and the reversibility of ErbB2 induction in bitransgenic mice.
Time following the initiation of Dox treatment is shown on the figure. Lane 6 shows RNA derived
from liver. The induction was completely reversed after withdrawal of Dox for 7 days following a
2-day Dox treatment (lanes 7 and 8 show RNA from two mice derived from two independent experi-
ments), and the ErbB2 transgene was re-induced 1 day after Dox was added to the drinking water after
a 7-day withdrawal (lane 9). This figure is from Xie et al. [28].
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Figure 3B confirms the inducibility of the erbB2 transgene expression in
bitransgenic mice. This blot was probed with an erbB2 cDNA and shows RNA
from the skin of the same mouse before (lane 1) and after (lane 2) 4 days of
doxycycline treatment. The transgenic erbB2 gene was not expressed at a
detectable level prior to antibiotic administration but after 4 days of antibiotic,
it was expressed at a much higher level than the endogenous erbB2 gene. The
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reversible inducibility and tissue-specificity of the erbB2 oncogene expression
is shown in Figure 3C (see figure legend for explanation).

Microscopic examination of skin biopsies from a bitransgenic mouse also
confirmed the inducibility and reversibility of the phenotype. Figure 4 shows
a DNA synthesis experiment in which BrdU incorporation into DNA was mon-
itored by immunohistochemistry. Figure 4A shows the microscopic skin mor-
phology from a bitransgenic mouse prior to receiving doxycycline. The skin
shows the normal layering and infrequent DNA synthesis confined to the basal
layer. After 2 days of doxycycline treatment, there is a marked proliferation of
the basal cells with frequent appearance of DNA synthesis in basal and
suprabasal cells of this morphologically abnormal skin. Seven days later, after
the doxycyline has been discontinued, the skin has returned to its normal mor-
phology and rate of DNA synthesis. These morphological results correspond
nicely with the observations on doxycyline-inducible transgene expression.

In addition to these proliferative effects of erbB2 expression, the differenti-
ation pattern was also altered. In bitransgenic mice without induction, the nor-
mal progression of cytokeratin expression occurred as the cells matured from
basal cells to superficial keratinocytes. However, induction of oncogene
expression resulted in a maturation arrest as evidenced by persistent expres-
sion of K14/K5 keratins through all layers of the skin [28]. K14/K5 are mark-
ers of the basal cells of the epidermis and the expression of these keratins is
normally turned off as the cells mature and are displaced to the more superfi-
cial layers of the skin.

Another observation made using the Tet-On K14-erbB2 model was that the
induction of erbB2 expression in the skin was followed within 24 h by the
induction of TGFa and EGF receptor gene expression. It had previously been
observed in cell culture experiments that EGF receptor activation results in the
increased expression of the EGF receptor gene [29-31] and the expression of
its ligand, TGFa [32, 33]. However, this autocrine induction had not been
shown in vivo. Because EGF receptor activation is thought to also involve the
co-activation of ErbB2 [34, 35], it is possible that the tetracycline induction of
ErbB2 signaling in this transgenic model activated the same pathway activat-
ed by the EGF receptor that leads to increased TGFa and EGF receptor gene
transcription. This result indicates the utility of the Tet-On in studying early
downstream signaling events that follow oncogene activation in vivo. Indeed,
with the availability of state-specific antibodies that can detect phosphoryla-
tion of intracellular signaling molecules, the Tet-On system in transgenic ani-
mals will facilitate the dissection of the early downstream events following

Figure 4. Analysis of epidermal proliferation by BrdU labeling and immunostaining. Paraffin sections
from bitransgenic animals without Dox-treatment (A), with 2 days of Dox-treatment (B), or 7 days of
drug withdrawal following 2 days of Dox-treatment (C). Note the increased BrdU labeling in the basal
cells, and the expansion of BrdU-positive nuclei into the suprabasal layer in the Dox-inducing skin
(B). By 7 days after Dox withdrawal (C), the BrdU labeling shows no difference from that of the
non-induced skin (A). Original magnification, A-D, 200x; E-K, 400x. From Xie et al. [28].
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oncogene activation in vivo. Combined with dominant negative strategies, this
system will allow the dissection of signal transduction pathways in vivo.
Tet-on and Tet-Off systems both take advantage of the pharmacological
properties that doxycycline can cross the placental barrier, allowing the study
of the effects of toxic genes during embryogenesis and that doxycycline is
secreted into milk, allowing the induction of the transgene in neonates. But the
Tet-On systemn has additional attractive attributes from the kinetics of induction
relative to the Tet-Off system. Induction by doxycycline is rapid. Transgene
expression was detected at 4 h, and reached a maximum at 24 h after exposure
to doxycycline (Fig. 3). Induction is also rapidly reversible, requiring 2-3 days
for reversal of the phenotype. The reversibility was observable in animals treat-
ed for as long as 7 days with doxycycline. In contrast, the Tet-Off system
requires 4—7 days of the continuous presence of doxycycline [25, 36] to shut
down tTA-dependent transcription and also requires the cessation of doxycy-
cline for days before gene expression is fully induced, even in animals that
have previously been fed with low doses of doxycycline to suppress gene
expression [36]. In our own unpublished studies using the Tet-Off system in
another transgenic mouse model, we had suppressed transgene expression from
the time of conception until the mice had reached 8 weeks of age. Even after
2 weeks of withdrawal of doxycycline, we were unable to observe transgene
expression. Mice from the same transgenic lines not treated with doxycycline
showed robust expression of the transgene. It is likely that the doxycycline
accumulated in the tissues such as bone in the developing mice, and despite
withdrawal of the drug, sufficient concentrations of the antibiotic were
achieved to suppress transgene expression in this Tet-Off model. Another
advantage of the Tet-On system is that it is convenient and cost-effective, espe-
cially if a transgene is embryonically or perinatally toxic. While the Tet-Off
system requires maternal supplementation of doxycycline throughout gestation
and postnatally in order to keep the transgene off, the Tet-On system does not
require this effort and expense. Our demonstration of the usefulness of the
Tet-On system for the conditional expression of a lethal transgene should
encourage the use of this system for the generation of other models.

SV40 T-antigen in pancreatic B-cells

Efrat and coworkers made use of an early observation by Hanahan [37] that
expression of the SV40 T-antigen in pancreatic -cells leads to the transfor-
mation of these cells but the maintenance of a differentiated phenotype. Using
the Tet-Off system, Efrat’s group developed transgenic mouse lines that
allowed the tetracycline-inducible expression of the SV40 T-antigen in B-cells
[23]. In the absence of tetracycline suppression, B-cell tumors developed and
cell lines were derived from the tumors. These cell lines proliferated actively
in the absence of tetracycline, but the growth was suppressed in the presence
of the antibiotic. In a subsequent study [38], it was shown that the growth-
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arrested cells could survive in culture for an extended period of time, secrete
insulin normally in response to glucose and could secrete insulin in vivo when
transplanted into syngeneic animals. This group has proposed using a similar
system for the expansion of a -cell population for subsequent transplant ther-
apy of patients with type 1 diabetes.

Myc in hemopoietic cells

Depending on the conditionally expressed oncogene, reversibility of the trans-
formed phenotype may not consistently occur. Felsher and Bishop [39] investi-
gated the myc oncogene in hematopoietic cells of transgenic mice. They want-
ed to determine if the transformation of these cells was reversible upon cessa-
tion of oncogene expression. They found that sustained induction of myc
expression resulted in the formation of malignant T cell lymphomas and acute
myeloid leukemias. With cessation of expression of the oncogene, the estab-
lished tumors regressed. Tumor regression was associated with a rapid cessa-
tion of proliferation, hematopoietic differentiation, apoptosis of tumor cells and
resumption of normal host hematopoiesis. The conditional expression of the
myc oncogene made it possible to draw the conclusion that the entire malignant
phenotype was dependent on continued expression of this single oncogene.

Bcr-Abl in hemopoietic stem cells

In another study, Era and Witte [40] investigated a similar question of the role
of a single oncogene, in this case, p210 Ber-Abl, the activated tyrosine kinase
oncogene encoded by the Philadelphia chromosome associated with human
chronic myelogenous leukemia. Using the Tet-Off system, they expressed the
Ber-Abl oncogene in stem cells in a conditional manner. They showed that
Ber-Abl expression alone was sufficient to shift differentiation of the stem
cells towards the multipotent and myeloid lineages and away from the ery-
throid progenitors. This effect on differentiation was reversible upon suppres-
sion of oncogene expression. The use of this conditional system established
the notion that Ber-Abl is the sole genetic change needed for the establishment
of the chronic myelogenous leukemia and that this genetic alteration was not
the result of a secondary effect in this form of leukemia. This result, like the
myc result, suggest that even though tumorigenesis is a multistep process,
reversal of a single genetic lesion may be sufficient to reverse malignancy.

H-Ras in a melanoma model

Dependence of a transformed line on a single oncogene was also demonstrat-
ed by Chin et al. [41] using the Tet-On system. In a mouse melanoma model
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null for the INK4a tumor suppressor, expression of oncogenic H-RasV12G
was found to be necessary for tumor maintenance. When expression of the
oncogene was extinguished upon withdrawal of the doxycycline, not only did
the tumors regress with marked apoptosis, but the host-derived endothelial
cells also underwent apoptosis. The endothelial apoptosis could not be pre-
vented by provision of exogenous vascular endothelial growth factor, indicat-
ing that activated Ras in the tumor cells was required for tumor maintenance
and vascular supply in a manner that could not be substituted by the growth
factor. The apoptosis of these tumor cells upon removal of the oncogene stim-
ulus differs from the observation of Efrat with SV40 T antigen in B-cells [23,
38]. In the B-cells, growth arrest was not associated with apoptosis.

SV40 T-antigen in submandibular gland

Reversibility of oncogene effects also appears to be tissue-dependent and time
dependent. When the SV40 T-antigen was expressed in the submandibular
gland of transgenic mice, using the Tet-Off system, ductal hyperplasia and cel-
lular transformation were observed [24]. If induction of oncogene expression
was silenced for 3 weeks with tetracycline in an animal that had expressed the
oncogene from birth until 4 months of age, the entire phenotype was reversed.
However, if induction of the oncogene was maintained for 7 months and then
silenced, the hyperplasia and ductal cell polyploidy persisted. The authors con-
cluded that a secondary event occurred in a time-dependent manner that
allowed transformation to continue even in the absence of the original inciting
oncogene. This point emphasizes the power of an inducible system over a con-
stitutive one.

Matrix metalloproteinases in mammary cancer

Matrix metalloproteinases (MMPs) are generally thought to play a late role in
cancer development. The MMPs are upregulated in the stromal compartment
of epithelial cancers and appear to promote invasion and metastasis. In a study
in which MMP3/stromelysin-1 was expressed conditionally in mammary
epithelia of transgenic mice using tetracycline regulation, it was shown that
induction of MMP expression in the epithelial cells caused the development of
invasive mesenchymal-like tumors [42]. Interestingly, once these changes
were initiated, cessation of MMP expression did not reverse the phenotype.
While MMPs are not thought of as classic oncogenes, this study suggests that
these proteases play an earlier role in carcinogenesis than had been appreciat-
ed. The conditional expression of the protease was vital for this observation.
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Conclusions

In this review, I have not included every in vivo study of inducible oncogene
expression using a tetracycline system. Rather, I have chosen to illustrate,
using the published studies, the power of this system to dissect the role of
oncogenes in cancer and physiological regulation. The major advantages of
this inducible system are as follows: 1. Combinatorial selection of the onco-
gene and tissue of choice; 2. Obviates a lethal phenotype; 3. Once a tet-acti-
vator or TetRE-oncogene transgenic line is established, the line can be used for
further studies without the need for integration site controls; 4. Inducibility
allows the determination of early consequences of oncogene activation and
avoids the long-term secondary effects or allows the systematic study of these
secondary effects. These properties are absolutely vital for the study of onco-
genes in transgenic animals or other in vivo models because the consequences
of oncogene activation depend strongly on the stage of development of the ani-
mal, the time period over which activation has occurred and the tissue in which
the oncogene is expressed.
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Introduction

The tetracyclines (Fig. 1) are secondary metabolites produced by Gram-posi-
tive bacteria from the genera Streptomyces or Nocardia. They act as antibiotics
and inhibit protein biosynthesis by interfering with binding of the aminoacyl-
tRNA-EF-Tu-GTP ternary complex to the ribosomal A-site {1]. Tetracyclines
show broad-spectrum activity against a wide range of Gram-negative and

A

Figure 1. Structure of tetracycline. (A) Structure of tetracycline. (B) Three-dimensional structure of
the tetracycline-Mg?* complex. Tetracycline is shown as a stick model with chemical groups indicat-
ed, Mg”" is represented by a gray sphere. Thin gray lines indicate direct contacts between Mg** and
the ketoenolate group O11/012 of tetracycline. The coordinates were taken from the crystal structure
of the Tet repressor-tetracycline complex 2TRT [107].
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Gram-positive bacteria, cell wall free mycoplasmas, rickettsiae, chlamydiae
and protozoan parasites.

Over the past 45 years, the tetracyclines have been the subject of numerous
reviews concerning their mode of antibiotic action [2-4], the biosynthetic
pathways [5], chemistry [6-9], structure-function relationships [10, 11] and
their uptake into cells [12, 13], as well as the emergence, spread and mecha-
nisms of action of resistance determinants [14-20].

This review, however, covers a different aspect of tetracycline biochemistry:
the interactions of tetracyclines with ribonucleic acids. About 30 years ago,
tetracycline was proposed to bind to the ribosome by chelating RNA-bound
Mg** ions [21] and the first model of a tetracycline binding site on the ribo-
some consisting solely of RNA was published [22]. Since then, only little
experimental attention was devoted to studying tetracycline-RNA interactions.
The excitement following the discovery of catalytic RNA [23, 24], the devel-
opment of SELEX, a powerful method to isolate RNA molecules as high-affin-
ity ligands for an incredible variety of molecular targets [25], as well as the
observation that inhibitors of protein biosynthesis bind RNA (for reviews, see
Cundliffe [26] and Wallis and Schroeder [27]) and can also inhibit ribozymes
[28], have sparked great interest in essentially all aspects of RNA molecular
biology (see both editions of The RNA World [29, 30]). This has also rekindled
the interest in tetracycline-RNA interactions, leading to the publication of quite
a few papers over the last 1015 years, which will be the subject of this review.

Typical minimum inhibitory concentrations of sensitive E. coli cells are in
the range of 1-2 uM tetracycline in the growth medium (see, e.g., Rasmussen
et al. [31]). pH differences between the growth medium and the bacterial cyto-
plasm can lead to up to 25-fold accumulation of tetracycline within the cells
[12, 32, 33]. So, tetracycline concentrations below 50 uM should be sufficient
for antibiotic activity. I would therefore like to emphasize that data from in
vitro experiments utilizing tetracycline concentrations higher than 100 pM
must be treated with caution, as these concentrations are close to or more than
one order of magnitude higher than the tetracycline concentrations needed in
vivo for antibiotic activity.

Interaction of tetracyclines with bulk RNA

Binding of tetracycline to total RNA from yeast [34], to poly-uridinylic acid
[35, 36], poly-adenylic acid and tRNA [36] has been demonstrated by equilib-
rium dialysis, ultracentrifugation, and filtration through Sephadex G25
columns. Equilibrium binding constants and stoichiometries were not deter-
mined, but this binding appears to be weak and nonspecific. Hydrophobic
interactions might control binding of tetracyclines to bulk RNA, since 7-chlor-
tetracycline (see Fig. 2 for the structures of tetracycline derivatives) is more
hydrophobic than 6-demethyl-7-chlortetracycline, due to the additional methyl
group, and also binds more strongly to bulk RNA [34]. However, this cannot
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Figure 2. Tetracycline derivatives. (A) Structure of tetracycline. (B) Structure of anhydrotetracycline.
(C) Substitutions in the tetracycline and anhydrotetracycline derivatives tested. Classical tetracyclines
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are designated with “c”, atypical tetracyclines by “a” [3]. Only the respective differences to tetracy-
cline or anhydrotetracycline are shown.

be generalized from the analysis of only two tetracyclines. In any case, this
binding is not physiologically important, as pretreatment of poly-adenylic acid
and tRNA with tetracycline did not interfere with protein synthesis in vitro
[37].

Recently, experiments in tissue culture or in whole organisms have shown
that the administration of tetracycline derivatives like doxycycline and
minocycline can upregulate [38] or downregulate [39—42] the expression of
specific mRNAs. Unfortunately, it is not known if the changes in the mRNA
levels observed in all these cases are caused by direct interaction of the tetra-
cycline derivative with the respective mRNA or if the tetracyclines act indi-
rectly via one or more unknown target molecules. Further experiments are
clearly needed to clarify this issue.

Binding of tetracyclines to the ribosome

A large number of studies have shown binding of tetracycline to the E. coli
ribosome [36, 43-48]. The general consensus has emerged that there is one
strong binding site on the 30S subunit with an equilibrium binding constant K
in the range of 1-20 uM and that binding to this site is necessary and sufficient
to interfere with protein synthesis. In addition, there are many low-affinity
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binding sites on both subunits with K;s in the high pM to low mM range. These
low-affinity binding sites can account for up to 30—40% of the overall tetracy-
cline bound to the ribosome.

In order to identify the tetracycline binding site on the ribosome, empty E.
coli ribosomes were UV-irradiated in the presence of [3H]-tetracycline [49].
Under the reaction conditions, radioactivity was almost exclusively incorpo-
rated into protein. The following evidence supports the notion that this label
originates from a functional binding site for tetracycline: (i) the protein pre-
dominantly labeled by [*H]-tetracycline, the S7 protein, is located in the 30S
subunit which contains the high-affinity binding site for tetracycline. (ii) Not
only inhibition of bacterial translation, but also binding to the 30S subunit and
labeling of S7 by 4-epi-tetracycline is significantly weaker than by tetracy-
cline. (iii) Labeling of S7 is competed for by nonradioactive tetracycline, indi-
cating a saturable site. This would not be expected for binding to nonspecific
sites.

Data from a single protein omission reconstitution study (SPORE) comple-
ment these results [50]. Four proteins, S3, S7, S14 and S19, that interact with
rRNA in the 3' major domain of 16S rRNA [51], are important for tetracycline
binding. SPORE particles lacking one of these proteins bound less than 30%
of the tetracycline bound by a native 30S subunit. In footprinting studies [51],
three of the four proteins (S3, S7 and S19) protected bases close to other sites
of tetracycline-RNA interaction (see below and in Fig. 3) from cleavage by
Fe’*/EDTA.

Interaction of tetracyclines with ribosomal RNA

Peptidyl transferase activity is unusually resistant to protein extraction proce-
dures [52, 53], and peptide bond formation can be catalyzed by ribozymes
selected in vitro [54], which indicates that the rRNA is the component respon-
sible for ribosomal activity. It is, therefore, a sensible working hypothesis that
tetracycline acts either by directly interacting with, or by otherwise perturbing,
the structure of rRNA.

Chemical probing of tetracycline—RNA interactions

Chemical probing determines the accessibility of every nucleotide in an RNA
towards chemicals that attack atoms in bases, ribose, or phosphate groups. It is
a powerful tool to study RNA structure or to identify ligand interaction sites.
Upon ligand binding, the modification pattern of an RNA under study can
change either due to the close proximity of the ligand to a nucleotide or by
direct ligand-residue interactions. Alternatively, a ligand-induced conforma-
tional change in the RNA might modify the accessibility to the chemical [55,
56]. 70S ribosomes from E. coli that were not charged with tRNA were probed
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Figure 3. Sites of interaction of tetracycline with the 16S rRNA. The secondary structure of the
Escherichia coli 16S rRNA [108] is shown schematically. Located within the gray boxes and shown
in more detail in the enlarged sections are bases that (i) become photocrosslinked to tetracycline [61],
(ii) display altered reactivity towards chemical probing in the presence of tetracycline [57], or (iii)
when mutated lead to resistance against tetracycline [64]. RNA-RNA crosslinks whose intensity is
altered in the presence of tetracycline [63] are numbered 1 through 3. Universally conserved bases
[109] within the enlarged sections are encircled. In addition, filled circles highlight bases protected
from chemical modification by binding of the S7 protein [110], while filled triangles indicate bases
protected from chemical probing in the presence of tRNA [111].

with DMS in the presence of 250 uM tetracycline [57]. In the 16S rRNA,
strong protection against methylation by DMS was observed at position A892
in the internal loop of helix 27, while methylation by DMS was enhanced at
positions U1052 and C1054 in helix 34 (Fig. 3). The latter sites are close to
bases footprinted by the S3 protein [51]. Analysis of the DMS probing pattern
of tetracycline derivatives revealed that protection of A892 is confined to
derivatives that directly inhibit protein synthesis and additionally contain a
pseudoaxial OH group at the C-6 position (Fig. 2C) [31]. This protection most
likely represents a close proximity or direct contact between drug and base.
The atypical analogs chelocardin and 4-epi-anhydrochlortetracycline are nei-
ther ribosomal inhibitors, nor do they alter reactivity at the three bases to
DMS. This probably relates to the amino- and dimethylamino groups at C-4
which are in the B-epimer configuration, as opposed to the o-epimer configu-
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ration present in the other derivatives (Fig. 2C). A third group of derivatives
containing both inhibitors (minocycline, doxycycline, 6-demethyl-6-deoxyte-
tracycline) and non-inhibitors (anhydrochlortetracycline, 6-thiatetracycline) of
ribosomal translation only altered reactivity to DMS at U1052 and C1054.
These analogs apparently bind to the ribosome, but not all inhibit protein syn-
thesis.

In the three-dimensional structures of the 16S rRNA, the modified bases are
too remote for a single drug molecule to be able to contact both [58, 59]. Due
to the high tetracycline concentrations used (250 uM [57] and 500 uM [31]),
nonspecific binding of tetracyclines to the ribosome cannot be ruled out, so
that more than one tetracycline molecule might participate in the protection
and stimulation observed. It is also not known if the changes in base reactivi-
ty to DMS are caused by a tetracycline molecule bound to the inhibitory site.

Crosslinking of tetracycline to the ribosome

The observation that tetracycline crosslinked efficiently to loop V of 23S
rRNA [60] led to a reinvestigation of tetracycline photoincorporation into
rRNA. Under different experimental conditions than in the previous study
[49], tetracycline photocrosslinked to ribosomal proteins and rRNA at an
approximately equal ratio [61]. In agreement with Goldman’s results [49], the
major protein labeled was S7. In addition, tetracycline crosslinked to sites in
the 16S and 23S rRNAs. The sites in the 23S rRNA are not discussed, because
they do not affect ribosomal function [61]. The positions of the three sites in
the 16S rRNA (G693, G1300, G1338) are shown in Figure 3. They overlap
with or are close to footprint sites of protein S7 or tRNA. Chimeric ribosomes
consisting of photoaffinity-labeled 30S and non-irradiated 50S subunits were
impaired in tRNA binding to the A-site, while P-site tRNA binding and pep-
tidyl transferase activity were not affected. This indicates that the crosslinks
originate from tetracycline bound to a functional site since tetracycline inter-
feres with tRNA binding to the ribosomal A-site in vitro [4].

Tetracycline affects intramolecular 16s rRNA crosslinks

Fourteen intramolecular crosslinks induced by UV irradiation have been iden-
tified in the 16S rRNA of Escherichia coli [62]. Monitoring changes in their
intensity provides an opportunity to detect conformational changes in the ribo-
some structure. Irradiation of empty 70S ribosomes in the presence of 25 pM
tetracycline affected 3 of the 14 crosslinks [63]. They are shown in Figure 3.
Formation of the C967xC1400 crosslink (“1”’) was completely inhibited. That
of U244xG894 (“2”) decreased 2-fold, while that of C1402xC1501 (“3”)
increased 2-fold. Five of the six bases crosslinked are close to footprint sites
of tetracycline and tRNA, and the proteins S3 and S19 [51]. In a three-dimen-
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sional model of the 16S rRNA [63], the sites of tetracycline interaction with
the 16S rRNA (rRNA-rRNA crosslinks, tetracycline-TRNA crosslinks, tetracy-
cline footprints) are significantly separated from each other, suggesting that
tetracycline binding affects the structure of the 30S subunit regionally or glob-
ally, rather than just locally.

A mutation in helix 34 of 16 S rRNA leads to tetracycline resistance

Treatment of acne vulgaris with tetracyclines has led to the development of
resistant Propionibacterium acnes strains. The majority of these strains con-
tained a single base change (G — C) at position 1058 (E. coli numbering) in
helix 34 of the 16S rRNA [64]. This mutation disrupts a Watson-Crick base
pair and is in close proximity to bases U1052 and C1054, which show
enhanced reactivity towards DMS in the presence of tetracycline [57]. To
check if this mutation was responsible for resistance, it was introduced into E.
coli on a plasmid (pKK3535) containing the ribosomal rrnB operon, since
propionibacteria are currently not genetically manipulatable. Transformants
containing mutant plasmids were 2-fold less sensitive to tetracycline than cells
containing the wildtype plasmid. This low level of resistance is somewhat mis-
leading, because the plasmid-encoded rRNA is expressed in the background of
expression of the seven chromosomally encoded rrn operons. 16S rRNA muta-
tions conferring resistance to streptomycin and to neomycin showed no or only
little resistance to the antibiotic when introduced into pKK3535 [65, 66]. It
was then demonstrated that high levels of resistance to these antibiotics could
be achieved when a mutation conferring resistance to spectinomycin was addi-
tionally introduced into the plasmid [65, 66]. In this case, the presence of
spectinomycin eliminates the chromosome-borne and spectinomycin-sensitive
ribosomes from the population of actively translating ribosomes [65, 66].
Thus, the bacteria become solely dependent on the plasmid-encoded rRNA for
translation. The introduction of the G1058C mutation into a spectinomycin-
resistant 16S rRNA and its subsequent expression in E. coli would allow for a
more accurate evaluation of the resistance to tetracycline mediated by this base
transversion.

Conclusions

As shown in Figure 3, tetracycline affects bases at many different positions in
the 16S rRNA. In the recently published three-dimensional structures of the 30
S subunit from Thermus thermophilus [58, 59], the distance between the S7
binding site and the decoding site is clearly much larger than the size of a sin-
gle tetracycline molecule (see Fig. 7 in Clemons et al. [58] and Figure 3 from
Tocilj et al. [59]). So, do the interactions originate from several nonspecifical-
ly bound molecules or from just one which induces conformational changes in
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the 30S subunit? While the former possibility cannot formally be excluded,
several lines of evidence suggest that tetracycline acts by inducing conforma-
tional changes in the 30S subunit. (i) Tetracycline does not directly compete
with tRNA at the decoding site and the peptidyl transferase center, but rather
weakens tRNA binding allosterically. (ii) The sites in helices 27 and 34 in the
16S rRNA that are affected by tetracycline are close to the ribosomal decod-
ing site, but about 50 A away from the S7 binding site. (iii) Enhancement of
modification to DMS, as observed at positions 1052 and 1054, is mostly due
to conformational changes which alter accessibility of the base to the modify-
ing agent. Close proximity of or direct contacts between a ligand and a base
generally lead to protection from modification. Taken together, this suggests
that tetracycline binds to the 30S subunit and induces conformational changes
that prevent tRNA from binding to the A-site of the ribosome.

The high-affinity binding site for tetracycline seems to be located at the base
of the 3' domain of 16S rRNA. Photocrosslinking of tetracycline to the 16S
rRNA at concentrations close to the Ks for binding to the high-affinity site and
for in vivo antibiotic activity yielded two interaction sites that overlap with
footprint sites of S7, the major protein crosslinked to tetracycline. This site is
also a functional site and most likely the site of antibiotic action, as chimeric
70S ribosomes containing photocrosslinked 30S subunits are impaired in
tRNA binding to the A-site, reflecting the drug’s activity in vitro. Tetracycline
is incorporated to an approximately equal extent into RNA and S7, but it does
not photocrosslink to isolated proteins from the 30S subunit [50]. Therefore,
tetracycline might bind to a mixed RNA-protein site.

Inhibition of ribozymes by tetracyclines

Except for the hairpin ribozyme [67] and RNase P RNA [68], at least one
member from each of the ribozyme families known to occur naturally has been
checked for inhibition by either tetracycline or by one of its derivatives. The
secondary structures of ribozymes that are inhibited by tetracyclines are shown
in Figures 4-7. As the experimental data set is very heterogenous, I will first
present the published data on each of the different ribozymes in the following
section and then try to identify trends.

Group I introns

Group I introns are autocatalytic genetic elements that have been found in the
nucleus and in the organelles of eucaryotes, in their viruses, in eubacteria and
bacteriophages. They mediate their own removal from transcripts containing
them via a characteristic structure which distinguishes them from other introns
(for reviews, see [69] and [70]) and a splicing pathway which utilizes an exter-
nal guanosine as nucleophile in the first step of splicing. In vitro self-splicing
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Figure 4. Group I intron secondary structure. The secondary structure from the mitochondrial LSU
intron of Pneumocystis carinii (Pc1) [112] was drawn according to Cech et al. [113] and taken from
Damberger et al. [114]. Intron sequences are in upper case, exon sequences in lower case letters.
Splice sites are indicated by closed arrows and helical stems are numbered P1 through P10. Thick lines
show the continuity of the strand with arrows indicating 5' — 3' polarity.

of the Pneumocystis carinii LSU group I intron (Fig. 4) was found to be inhib-
ited by tetracycline [71]. The inhibition was noncompetitive with respect to the
external cofactor guanosine and occurred with an observed K; of 27 uM
(Tab. 1) [71]. In contrast, a 20-fold higher tetracycline concentration was need-
ed for 50% inhibition of splicing of the sunY intron, and splicing of the td and
Tetrahymena thermophila LSU introns was not inhibited visibly in the pres-
ence of 100 puM tetracycline (Tab. 1) [72]. Both the Pneumocystis and the
Tetrahymena LSU introns belong to the IC1 subgroup [73]. The nucleotides in
their core regions are 68% identical and the peripheral extensions are very sim-
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Table 1. Inhibition of ribozymes by tetracycline and by tetracycline derivatives

Ribozyme® Tetracycline Inhibiting Reference
derivative concentration [pM]

Group I introns

T4 sunY tetracycline 500° [88]
T4 td tetracycline n. d. at 100° [72]
T.th. LSU tetracycline n. d. at 100° [72]
Pc. LSU 1 tetracycline 274 [71]
Group II introns
S.c. al5y tetracycline 50° [71]
S.c. bll tetracycline 500° (78, 79]
S.c. bll 7-chlor-tc 300° [79]
S.c. bIl 7-chlor-tc 1508 [791
Hammerhead" tetracycline 420° [83]
7-chlor-tc 300 (831
HDYV, genomic tetracycline 500° [88]
5-hydroxy-tc 500° [88]
minocycline 100° [88]
anhydrochlor-tc 100° [88]
4-epi-anhydrochlor-tc 20° [88]
chelocardin 10° (88]
HDYV, antigenomic tetracycline 500° [88]
chelocardin 50° [88]
N.c. VS tetracycline n. d. at 100° [91]

2 Tth., Tetrahymena thermophila; P.c., Pneumocystis carinii; S.c., Saccharomyces cerevisiae; HDV,
Hepatitis Delta Virus; N.c., Neurospora crassa
® concentration at which approximately 50% of the ribozyme reaction is inhibited
:no inhibition detected at 100 pM
K|
¢ indicates the minimum concentration that completely inhibits splicing
T under “standard” splicing conditions (40 mM Hepes pH 7.5; 60 mM MgCl,; 1 M NH,Cl)
& under “sensitive” splicing conditions (40 mM Hepes pH 7.5; 10 mM MgCly; 0.5 M NH,CI)
" from Uhlenbeck [106]; derived from the ABSV(-) strand

ilar, except that the Pneumocystis intron lacks P9.1 and P9.2 extensions. In the
Tetrahymena intron, the L9.1a loop forms a tertiary interaction with L2.1,
termed P13. Disruption of this interaction reduces intron splicing activity [74].
Chemical probing [75] and Fe>*/EDTA cleavage [76] show that deletion of the
P9.1 and P9.2 extensions from the Tetrahymena intron destabilize it. It is
attractive to speculate that the Pneumocystis intron is more sensitive towards
tetracycline than the Tetrahymena intron because it is less stable, an assump-
tion that can easily be tested experimentally. However, it cannot be ruled out
that the remaining sequence differences between the two introns are responsi-
ble for the altered sensitivity to tetracycline.
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Group 11 introns

Group II introns, which are not related to group I introns, have been found in
organellar genomes of eucaryotes (mostly plants and fungi) and in eubacteria.
Their splicing pathway involves formation of a lariat. Based on this and other
mechanistic similarities, an evolutionary relationship with spliceosomal
introns has been proposed (for a review see Michel & Ferat [77]). Splicing of
the al5y intron (Fig. 5) of the coxI gene from yeast mitochondrial DNA was
completely inhibited in the presence of 50 uM tetracycline [71], while 300 uM
chlortetracycline and more than 500 pM tetracycline were needed to achieve
50% splicing inhibition of the bll intron from the yeast mitochondrial cob
gene under “standard” splicing conditions (60 mM MgCl,) [78, 79]. Under
“sensitive” splicing conditions (10 mM MgCl,), 150 uM chlortetracycline
were sufficient for 50% inhibition of the bll intron [79], indicating competi-
tion between chlortetracycline and Mg** ions. Although both introns belong to
the b1 subgroup and seem to be very similar in structure and activity [77],
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Figure 5. Group II intron secondary structure. The group II intron displayed is al5y from the cox/ gene
of yeast mitochondria [115, 116]. Domains I through VI are indicated, as are the helical stems of
domain I. Tertiary interactions are indicated by curved arrows (EBS and IBS stand for exon- and
intron-binding sites) and Greek letters (0., €). The splice sites are highlighted by closed circles.
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they have not been characterized well enough to allow speculation on the rea-
son(s) for their different sensitivity to the drug.

Hammerhead

The hammerhead ribozyme was originally found in single-stranded plant path-
ogenic RNAs where it is most likely involved in processing the concatemeric
replication products into monomers. It folds into a wishbone-shaped confor-
mation and self-cleaves at a specific phosphodiester bond yielding 5'-hydrox-
yl and 2'3'-cyclic phosphate termini (for reviews, see Birikh et al. [80],
Symons [81] and Stage-Zimmermann and Uhlenbeck [82]). The trans-cleav-
ing ribozyme shown in Figure 6 was assayed for cleavage inhibition by tetra-
cycline and 7-chlortetracycline (Fig. 2) and the respective 50% inhibition val-
ues determined were 420 uM and 300 uM (Tab. 1) [83]. A plot of the calcu-
lated cleavage rate versus the antibiotic concentration did not fit to a simple
hyperbola, suggesting more than one interaction site of the drug. These bind-
ing sites do not overlap with the inhibitory binding site of neomycin [83]
which is proposed to be the catalytic site of the hammerhead [84]. Under cer-
tain experimental conditions, low concentrations of chlortetracycline enhanced
hammerhead activity, an effect that was not observed for any of the other
ribozymes. The authors interpreted this as denaturation induced by the drug,
analogous to the rate enhancement they observed in the presence of 2.5% (v/v)
dimethylsulfoxide [83]. But, at the low concentrations of the drug used (about
50 uM), tetracycline might also act by stabilizing an active conformation of the
ribozyme before the second site is bound at higher concentrations leading to
inhibition. Such an effect has been observed for lanthanide ion binding to the
hammerhead [85], and binding of tetracycline to the ribosome stabilizes it
against thermal denaturation [46]. In agreement with the bll intron, the
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Figure 6. Hammerhead secondary structure. Shown is a trans-cleaving hammerhead derived from the
ABSV(-) strand [106]. The substrate and ribozyme strands, the cleavage site (closed arrow) and the
three helical stems are indicated. The nucleotides G5, A9 and G10.1 (numbering according to Hertel
et al. [117]) are highlighted.



Interactions of tetracyclines with RNA 189

inhibitory activity of 7-chlortetracycline can be suppressed by increasing the
Mg?* concentration [83].

Hepatitis Delta virus

The Hepatitis Delta virus (HDV) is a satellite virus of hepatitis B. It is a sin-
gle-stranded RNA virus and resembles plant pathogenic RNAs. The HDV
RNA contains a ribozyme (Fig. 7) that folds into a nested double pseudoknot
structure [86] which is capable of autocatalytic cleavage in vitro, and which is
thought to process the replication products in vivo [87]. It is also the sole
ribozyme for which a structure-function analysis of the determinants for tetra-
cycline activity has been attempted. Rogers et al. [88] tested six tetracycline
derivatives shown in Figure 2 for their ability to inhibit cleavage of a genom-
ic HDV ribozyme (Tab. 1). Inhibition of cleavage clearly correlates with the
lipophilicity of the tetracycline derivative assayed. Of all derivatives, tetracy-
cline and 5-hydroxy-tetracycline are the least lipophilic and the least active.
Minocycline which is more lipophilic requires a five-fold lower concentration
for 50% inhibition. The atypical tetracyclines are also very lipophilic [8]. Of
these, anhydrochlortetracycline is as active as minocycline, 4-epi-anhy-
drochlortetracycline and chelocardin require 5- and 10-fold lower concentra-
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Figure 7. Hepatitis Delta Virus secondary structure. The genomic sequence of hepatitis delta virus
[118] is shown. The cleavage site is marked by a closed arrow and the helical stems [86, 119] are num-
bered P1 through P4.
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tions. In addition, having a large group in the B-epimer at position C-4 (Fig. 2),
as in the last two derivatives, seems to promote activity.

Neurospora crassa VS

Certain natural isolates of Neurospora crassa contain a single-stranded, abun-
dant RNA termed Varkud satellite (VS) in their mitochondria. VS RNA is
capable of self-cleavage and self-ligation, presumably as part of its replication
cycle [89]. Although self-cleavage of the VS RNA generates 5'-hydroxyl and
2',3'-cyclic phosphate ends like the hammerhead, hairpin, and HDV
ribozymes, activity is mediated by an RNA motif distinct in sequence and sec-
ondary structure from these ribozymes [90]. Tetracycline failed to inhibit
cleavage of the Neurospora crassa VS ribozyme G11 at a concentration of
100 uM (Tab. 1) [91]. This concentration, however, is below the range of
400-500 uM normally needed to inhibit ribozyme cleavage (Tab. 1). At high-
er concentrations, tetracycline might still inhibit the VS ribozyme. Tetracycline
analogs were not tested.

Trends

Although the data set is incomplete and very diverse, several trends do emerge:
(i) Compared to other inhibitors of ribozyme activity, like the aminoglycosides
[88, 92-94], the tuberactinomycins [95] or the pseudodisaccharides [96],
tetracycline is a rather weak inhibitor. The approximate concentration of
500 uM tetracycline needed to inhibit cleavage of most ribozymes by 50% is
only about an order of magnitude lower than the binding constants determined
for nonspecific binding of tetracycline to the ribosome [47]. It therefore can-
not be ruled out that ribozymes are inhibited nonspecifically by tetracycline.
This must not necessarily be the case for other tetracycline derivatives.
Chelocardin and 4-epi-anhydrochlortetracycline show 50% inhibition of the
genomic HDV ribozyme in the low uM range, a concentration at which sever-
al tuberactinomycins specifically inhibit group I intron splicing [95]. (ii) More
hydrophobic tetracyclines are more active in inhibiting ribozymes. Among the
classical tetracyclines, the hydrophobicity decreases in the following order:
minocycline > 7-chlor-tetracycline > tetracycline > 5-hydroxy-tetracycline
[97]. This is exactly the same order of activity observed for inhibition of the
bI1 group II intron [79], the hammerhead [83] and the HDV [88] ribozymes.
The lipophilic atypical tetracyclines are the strongest inhibitors of the HDV
ribozyme. (iii) Tetracyclines may inhibit translation and ribozymes differently.
However, this has only tentatively been shown for the HDV ribozyme. It is
inhibited most strongly by chelocardin and 4-epi-anhydrochlortetracycline
[88], two atypical tetracyclines which are poor inhibitors of protein synthesis
[31], while the strong translation inhibitors tetracycline and 5-hydroxy-tetra-
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cycline are rather ineffective in inhibiting ribozyme cleavage. This is not with-
out precedent. Neomycin inhibits group I intron and HDV activity effectively
in vitro [93], but fails to do so in vivo [98, 99]. In ribozymes, neomycin acts
by displacing metal ions from the catalytic site [84, 88, 100]. In contrast,
neomycin binds in the absence of divalent metal ions to the major groove of an
oligonucleotide representing the decoding site on the 16S rRNA and induces a
conformational change [101]. This is thought to reflect the action of the drug
on the ribosome.

Perspectives

The recently published three-dimensional structures of the ribosome [102] and
ribosomal subunits [58, 59, 103] will provide a structural framework to evalu-
ate the biochemical data on tetracycline-rRNA interactions. The structures will
help identify the tetracycline binding site with possible aid coming from SERF
(SElection of Random Fragments; [104]), a method used to identify minimal
binding regions within ribonucleo-protein complexes and the recently pub-
lished S7 mutants [105] which could be analyzed for altered tetracycline sen-
sitivity. The crystal structures will also help to suggest experiments to deter-
mine the conformational changes associated with tetracycline binding to the
inhibitory binding site. For the ribozymes, a thorough structure-function
analysis has to be performed for several different ribozymes to identify the
tetracycline functions necessary for inhibition of ribozyme activity and to elu-
cidate the mode and site-specificity of tetracycline binding.
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Note added in proof

Two crystal structures of 30S ribosomal subunits from Thermus thermophilus complexed with tetra-
cycline [1, 2] show that several tetracycline molecules can bind independently to the ribosomal RNA.
No large-scale conformational changes due to tetracycline binding were observed in the 30S subunits.
This suggests that the biochemical interaction data is caused by binding of more than one tetracycline
molecule to the ribosome, rather than by only one tetracycline binding and inducing conformational
changes. The inhibitory tetracycline is proposed to bind to helix 34 just touching the A-site tRNA, so
it could prevent tRNA binding. This is supported by a 16 A cryo-electron microscopic reconstruction
of a complex of Tet(O) with the E. coli 70S ribosome [3]. While the tip of domain IV from Tet(O) also
interacts with helix 34 and comes within 6 A of the tetracycline binding site, domain IV in EF-G is
positioned differently and does not come close to this tetracycline binding site.

In the ribozyme section, trends (ii) and (iii) are strengthened by data from a fluorescence-based
assay screening for modulators of hammerhead ribozyme cleavage [4]. Here, chelocardin was most
active in inhibiting hammerhead cleavage, followed by tetracycline, doxycycline and oxytetracycline,
thus showing a similar structure-activity profile as inhibition of HDV ribozyme cleavage.

1 Brodersen DE, Clemons WM, Carter AP, Morgan-Warren RJ, Wimberly BT, Ramakrishnan V
(2000) The structural basis for the action of the antibiotics tetracycline, pactamycin, and
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Auerbach T, Jacobi C, Hartsch T, Yonath A, Franceschi F (2001) Crystal structures of complexes
of the small ribosomal subunit with tetracycline, edeine and IF3. EMBO J 20: 1829-1839
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Nierhaus KH, Frank J (2001) Localization of the ribosomal protection protein Tet(O) on the ribo-
some and the mechanism of tetracycline resistance. Mol Cell 7: 1037-1045
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Introduction

The first literature regarding unusual properties of tetracycline (TC)
hydrochloride date back to the 1960s, with particular reference to bone growth
and mild anti-inflammatory properties, e.g., inhibition of chemotaxis.
However, it was not until the collagenase discovery paper by Golub et al. in
1983 [1] that intensive interest in the non-antimicrobial properties of TC-based
antibiotics developed.

The initial studies on TC inhibition of collagenase were done with minocy-
cline (Min), a semi-synthetic TC with widespread medical and dental applica-
tions. Min was in general use among dentists as an antibiotic, and so when
Golub et al. planned an experiment in which they planned to abolish the nor-
mal oral flora of a diabetic rat with periodontitis, they chose Min. Since Min
was readily available for human use, the results of the initial animal experi-
ments could readily be extended to patients. Thus Min was subsequently used
as a potential collagenase inhibitor for patients with adult periodontitis,
rheumatoid arthritis and epidermolysis bullosa. Even though the focus of
experimental studies turned toward doxycycline (Dox) and the chemically
modified tetracyclines (CMTs) (vide infra), Min has remained the most wide-
ly used agent in human trials where excessive collagenase was implicated.

Minocycline, however, is associated with substantial toxicities: dizziness,
vertigo, lupus-like syndromes and grayish discoloration of the skin, among
others [2]; it also turns inner organs such as the thyroid and heart valves black.
Dox was soon shown to have even better anti-MMP (matrix metalloproteinase)
potency in vitro, and this soon became the drug of choice for most experimen-
tal studies, culminating in the commercial availability of a low-dose Dox
preparation (Periostat), now marketed for adult periodontitis. The Dox litera-
ture remains the most fully developed segment of the background on non-
antibiotic properties of tetracyclines.

Long-term administration of any TC, even in low doses, raises the specter
of bacterial resistance and other potential side-effects. Golub and colleagues
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recognized that many TCs had been synthesized and discarded for lack of
antimicrobial efficacy, but that such compounds might still be anti-col-
lagenolytic. In 1987, we published the first paper describing useful medical
properties of a TC derivative which had been chemically modified so as to
delete its antibacterial action. Since then, over 75 additional papers and
abstracts have confirmed and expanded the initial observations.

Thus, in the 19 years since the initial Golub discovery, a variety of non-
antimicrobial actions have been described for these compounds. These can be
broken down into the following broad categories: enzyme inhibition (MMPs,
cytokine production, non-collagenolytic proteases, etc.); effects on cellular
systems (bone resorption, cartilage degradation, neutrophil or macrophage
functions, invasion and proliferation, collagen synthesis); animal models (rat
diabetes, rat periodontal disease, rat arthritis, rabbit corneal ulceration, dog
arthritis, rat aneurysm, rat osteoporosis, ischemia/reperfusion); and human dis-
eases (adult periodontitis, rheumatoid arthritis, cancer, osteoarthritis).

This bibliography summarizes the literature in the field dealing with non-
antimicrobial properties of Min, Dox and the series of CMTSs. It should be
noted that many papers deal with more than one TC; such papers are listed
with an explanatory note in brackets at the end of the citation. The same sub-
ject headings are used in each of the three main sections of the bibliography;
if there is no entry in a particular section, it means that there may be papers on
that subject in one of the other sections. For example, there are no citations
specifically dealing with Min inhibition of MMP-13, but there are many such
citations regarding Dox and the CMTs. Within each section, papers are listed
chronologically.

Up until approximately 1995, almost all CMT citations deal primarily with
CMT-1 (4-dedimethylaminotetracycline, see reference [3] for structures),
except as otherwise indicated. As of this writing (September, 2000), CMTs are
not approved for human use in the US except under special investigational cir-
cumstances; therefore, there are no published human use citations for these
agents (except in refractory cancer). Abstracts are included here only to the
extent that they contain data not yet published in full-length papers. The abbre-
viations CMT and COL are interchangeable; “COL” was adopted by
CollaGenex Pharmaceuticals, Inc. of Newtown, PA, which is the lead firm
developing these compounds for medical use.

A portion of the bibliography relating to the CMTs was published previ-
ously but is updated herein [4]. Not included in this review are the following:
papers dealing primarily with tetracycline hydrochloride, papers dealing
exclusively with dermatological usages of TCs (including Min), the use of Dox
for gene regulation in systems where specific inducers and suppressors have
been constructed with Dox responsiveness as a major feature, and papers deal-
ing with purely chemical phenomena such as metal ion binding properties of
TCs, even though the latter property may indeed be quite relevant to some of
the non-antimicrobial uses of these agents.
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Minocycline references

A) Enzymes/biochemical

Min inhibits general/unspecified collagenolytic activity

Golub LM, Lee HM, Lehrer G, Meniroff A, McNamara TF, Ramamurthy NS (1983) Minocycline
reduces gingival collagenolytic activity during diabetes: preliminary observations and a proposed
new mechanism of action. J Periodont Res 18: 516-521 [the anti-collagenase discovery paper]

Golub LM, Ramamurthy NS, McNamara TF, Gomes B, Wolff M, Casino A, Kapoor A, Zambon J,
Ciancio S, Schneir M et al (1984) Tetracyclines inhibit tissue collagenase activity. J Periodont Res
19: 651-655

Golub LM, Wolff M, Lee HM, McNamara TF, Ramamurthy NS, Zambon J, Ciancio S (1985) Further
evidence that tetracyclines inhibit collagenase activity in human crevicular fluid and from other
mammalian sources. J Periodont Res 20: 12-23

Zucker S, Lysik RM, Ramamurthy NS, Golub LM, Wieman J, Wilkie D (1985) Diversity of melanoma
plasma membrane proteinases: inhibition of collagenolytic and cytolytic activities by minocy-
cline. J Natl Cancer Inst 75: 517-525

Greenwald RA, Golub LM, Lavietes B, Ramamurthy NS, Gruber B, Laskin RS, McNamara TF (1987)
Minocycline inhibits rheumatoid synovial collagenase in vivo and in vitro. J Rheumatol 14: 28-32

Maehara R, Hinode D, Terai H, Sato M, Nakamura R, Matsuda N, Tanaka T, Sugihara K (1988)
Inhibition of bacterial and mammalian collagenolytic activities by tetracyclines. J Jpn Assn
Peridontol 30: 182-190

Ramamurthy NS, Vernillo A, Lee HM, Golub LM, Rifkin B (1990) The effect of tetracyclines on col-
lagenase activity in UMR 106-01 osteoblastic osteosarcoma cells. Res Commun Chem Pathol
Pharmacol 70: 323-335

Min inhibits stromelysin

Pourtaghi N, Radvar M, Mooney J, Kinane DF (1996) The effect of subgingival antimicrobial thera-
py on the levels of stromelysin and tissue inhibitor of metalloproteinases in gingival crevicular
fluid. J Periodontol 67: 866—870

Min inhibits o;-PI degradation

Whiteman M, Halliwell B (1997) Prevention of peroxynitrate-dependent tyrosine nitration and inacti-
vation of o,-antiprotease by antibiotics. Free Radical Res 26: 49-56

Min inhibits PLA,
Pruzanski W, Greenwald RA, Street IP, Laliberte F, Stefanski E, Vadas P (1992) Inhibition of enzy-

matic activity of phospholipases A, by minocycline and doxycycline. Biochem Pharmacol 44:
1165-1170

Min inhibits prostaglandins/cytokines

Elattar TM, Lin HS, Schulz R (1988) Effect of minocycline on prostaglandin formation in gingival
fibroblasts. J Periodont Res 23: 285-286

B) Cellular systems

Min inhibits angiogenesis

Tamargo R, Bok R, Brem H (1991) Angiogenesis inhibition by minocycline. Cancer Res 51: 672-675

Gilberston-Beadling S, Powers EA, Stamp-Cole M, Scott PS, Wallace TL, Copeland J, Petzold G,
Mitchell M, Ledbetter S, Poorman R et al (1995) The tetracycline analogs minocycline and doxy-
cycline inhibit angiogenesis in vitro by a non-metalloproteinase-dependent mechanism. Cancer
Chemother Pharmacol 36: 418-424
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Min inhibits cell proliferation

Somerman MJ, Foster RA (1988) Effects of minocycline on fibroblast attachment and spreading. J
Periodont Res 23: 154-157

Guerin C, Laterra J, Masnyk T, Golub LM, Brem H (1992) Selective endothelial growth inhibition by
tetracyclines that inhibit collagenase. Biochem Biophys Res Commun 188: 740-745

Teicher BA, Holden S, Liu C, Ara G, Herman T (1994) Minocycline as a modulator of chemotherapy
and hyperthermia in vitro and in vivo. Cancer Lett 82: 17-25

Teicher B, Schwartz J, Holden S, Ara G, Northey D (1994) In vivo modulation of several anticancer
agents by B-carotene. Cancer Chemother Pharmacol 34: 235-241

Min inhibits cell invasion/migration

Sotomayer EA, Teicher BA, Schwartz GN, Holden SA, Menon K, Herman TS, Frei E (1992)
Minocycline in combination with chemotherapy or radiation therapy in vitro and in vivo. Cancer
Chemother Pharmacol 30: 377-384

Teicher BA, Sotomayor E, Huang Z, Ara G, Holden S, Khandekar V, Chen Y (1993) Beta cyclodex-
trin tetradecsulfate/tetrahydrocortisol + minocycline as modulators of cancer therapies in vitro and
in vivo against primary and metastatic Lewis lung carcinoma. Cancer Chemother Pharmacol 33:
229-238

Masumori N, Tsukamoto T, Miyao N, Kumamoto Y, Saiki I, Yoneda J (1994) Inhibitory effect of
minocycline on in vitro invasion and experimental metastasis of mouse renal adenocarcinoma. J
Urol 151: 1400-1404

Min affects T-cell activation

Kloppenburg M, Verweij CL, Miltenburg M, Verhoeven AJ, Daha MR (1995) The influence of tetra-
cyclines on T cell activation. Clin Exp Immunol 102: 635-641

Min affects PMN function

Miyachi Y, Yoshioka A, Imamura S, Niwa Y (1986) Effect of antibiotics on the generation of reactive
oxygen species. J Invest Dermatol 86: 449453

Min inhibits cellular metabolism

Soory M, Tilakaratne A (2000) The effect of minocycline on the metabolism of androgens by human
oral periosteal fibroblasts and its inhibition by finasteride. Arch Oral Biol 45: 257-265

C) Animal models/diseases

Diabetic rat

Golub LM, Lee HM, Lehrer G, Nemiroff A, McNamara TF, Kaplan R, Ramamurthy NS (1983)
Minocycline reduces gingival collagenolytic activity during diabetes. J Periodont Res 18:
516-524

Arthritic rat

Weinberger A, Ben-Gal T, Roizman P, Abramovici A (1996) Intraarticular minocycline injection in
experimental synovitis. Clin Rheumatol 15: 290-294

Osteoporosis

Williams S, Wakisaka A, Zeng QQ, Barnes J, Martin G, Wechter WJ, Liang CT (1996) Minocycline
prevents the decrease in bone mineral density and trabecular bone in ovariectomized aged rats.
Bone 19: 637-644

Klapisz-Wolikow M, Saffar JL (1996) Minocycline impairment of both osteoid tissue removal and
osteoclastic resorption in a synchronized model of remodeling in the rat. J Cell Physiol 167:
359-368
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Lung injury
Yamaki K, Yoshida N, Kimura T, Ohbayashi H, Takagi K (1998) Effects of cytokines and minocycline

on subacute lung injuries induced by repeated injection of lipopolysaccharide. Kansenshogaku
Zasshi 72: 75-82

Wound healing

Soory M, Virdi H (1999) Implications of minocycline, platelet-derived growth factor, and transform-
ing growth factor beta on inflammatory repair potential in the periodontium. J Periodontol 70:
1136-1143

Ischemia/neurologic

Yrjanheikki J, Tikka T, Keinanen R, Goldstein G, Chan P, Koistinaho J (1999) A tetracycline deriva-
tive, minocycline, reduces inflammation and protects against focal cerebral ischemia with a wide
therapeutic window. Proc Natl Acad Sci USA 96: 13 496-13 500

Chen M, Ona V, Li M, Ferrante R, Fink K et al (2000) Minocycline inhibits caspase-1 and caspase-3
expression and delays mortality in a transgenic mouse model of Huntington disease. Nat Med 6:
797-801

Mejia ROS, Ona VO, Li M, Friedlander RM (2001) Minocycline reduces traumatic brain injury medi-
ated caspase-1 activation, tissue damage, and neurological dysfunction. Neurosurgery 48: 1393—
1401

Cancer

Teicher BA, Holden SA, Dupuis NP, Kakeji Y, Ikebe M, Emi Y, Goff D (1995) Potentiation of cyto-
toxic therapies by TNP-470 and minocycline in mice bearing EMT-6 mammary carcinoma. Breast
Cancer Res Treat 36: 227-236

Weingart JD, Sipos EP, Brem H (1995) The role of minocycline in the treatment of intracranial 9L
glioma. J Neurosurg 82: 635-640

Sorenmo K, Barber L, Cronin K, Sammarco C, Usborne A, Goldschmidt M, Shofer F (2000) Canine
hemangiosarcoma treated with standard chemotherapy and minocycline. J Vet Intern Med 14:
395-398

D) Human studies

Adult periodontal disease

Ciancio S (1994) Clinical experiences with tetracyclines in the treatment of periodontal disease. Ann
NY Acad Sci 7132: 132-139

Rheumatoid arthritis

Breedveld FC, Dijkmans BAC, Mattie H (1990) Minocycline treatment for rheumatoid arthritis: an
open dose finding study. J Rheumatol 17: 43-46

Langevitz P, Bank I, Zemer D, Book M, Pras M (1992) Treatment of resistant rheumatoid arthritis wit
minocycline: an open study. J Rheumatol 19: 1502-1504

Kloppenburg M, Breedveld Terwiel JPH et al (1994) Minocycline in active rheumatoid arthritis.
Arthritis Rheum 37: 629-636

Tilley BC, Alarcon GS, Heyse SP et al (for the MIRA trial group) (1995) Minocycline in rheumatoid
arthritis: a double blind placebo controlled trial. Ann Intern Med 122: 81-89

Langevitz P, Livneh A, Bank I, Pras M (1996) Minocycline in rheumatoid arthritis. Isr J Med Sci 32:
327-330

O’Dell IR, Haire CE, Palmer W et al (1997) Treatment of early rheumatoid arthritis with minocycline
or placebo. Arthritis Rheum 40: 842848

Bluhm GB, Sharp JT, Tilley B (1997) Radiographic results from the minocycline in rheumatoid arthri-
tis trial. J Rheumatol 24: 1295-1302

Lai NS, Lan JL (1998) Treatment of DMARD resistant rheumatoid arthritis with minocycline: a local
experience among the Chinese. Rheumatol Int 17: 245-247
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O’Dell JR, Paulsen J, Haire LE et al (1999) Treatment of early seropositive rheumatoid arthritis with
minocycline: four year follow-up of a double-blind placebo-controlled trial. Arthritis Rheum 42:
1691-1695

Langevitz P, Livneh A, Bank I, Pras M (2000) Benefits and risks of minocycline in rheumatoid arthri-
tis. Drug Safety 22: 405-414 [see this paper for a list of additional citations]

Miscellaneous

Lynch WS, Bergfeld WF (1978) Pyoderma gangrenosum responsive to minocycline hydrochloride.
Cutis 21: 535-537

White JE (1989) Minocycline for dystrophic epidermolysis bullosa. Lancet 1: 966

Le CH, Morales A, Trentham DE (1998) Minocycline in early diffuse scleroderma. Lancet 352:
1755-1756

Doxycycline references
A) Enzymes/biochemical

Dox inhibits general/unspecified collagenolytic activity

Burns FR, Stack S, Gray RD (1989) Inhibition of purified collagenases from alkali-burned rabbit
corneas. Invest Ophthalmol Visual Sci 30: 1569-1575

Yanagimura M, Koike F, Hara K (1989) Collagenase activity in gingival crevicular fluid and inhibi-
tion by tetracyclines. J Dent Res 68 (spec issue): 1691-1693

McCullough CAG, Birek P, Overall C et al (1990) Randomized controlled trial of doxycycline in pre-
vention of recurrent periodontitis in high-risk patients: antimicrobial activity and collagenase inhi-
bition. J Clin Periodontol 17: 616—622

Lauhio A, Nordstrom D, Sorsa T et al (1993) Long term treatment of reactive arthritis with tetracy-
cline. Prog Rheumatol 5: 84—89

Hurewitz A, Wu C, Mancuso R, Zucker S (1993) Tetracycline and doxycycline inhibit pleural fluid
metalloproteinases. Chest 103: 1113-1117 [also CMT]

Hayrinen R, Sorsa T, Pettila J et al (1994) Effect of tetracyclines on collagenase activity in patients
with recurrent aphthous ulcers. J Oral Pathol 23: 269-272

Koivunen AL, Maisi P, Konttinen Y, Prikk K, Sandholm M (1997) Collagenolytic activity and its sen-
sitivity to doxycycline inhibition in tracheal aspirates of horses with chronic obstructive pul-
monary disease. Acta Vet Scand 38: 9-16

Dox inhibits MMP-1

Konttinen YT, Kangaspunta P, Lindy O et al (1994) Collagenase in Sjogren’s syndrome. Ann Rheum
Dis 53: 836839 [Dox inhibition shows that Sjogren’s collagenase is MMP-1, not MMP-8; a use-
ful demonstration of how doxycycline inhibition curves can be used to characterize the type of col-
lagenase]

Cakir Y, Hahn K (1999) Direct action by doxycycline against canine osteosarcoma cell proliferation
and collagenase (MMP-1) activity in vitro. In Vivo 13: 327-332

Dox inhibits MMP-8

Suomalainen K, Sorsa T, Golub LM et al (1992) Specificity of the anticollagenase action of tetracy-
clines: relevance to their anti-inflammatory potential. Antimicrob Agents Chemother 36: 227-229

Sorsa T, Ingman T, Suomalainen K et al (1992) Cellular source and tetracycline inhibition of gingival
crevicular fluid collagenase of patients with labile diabetes mellitus. J Clin Periodontol 19:
146-149

Suomalainen K, Sorsa T, Ingman T, Lindy O, Golub LM (1992) Tetracycline inhibition identifies the
cellular origin of interstitial collagenases in human periodontal disease in vivo. Oral Microbiol
Immunol 7: 121-123

Sorsa T, Ding Y, Salo T et al (1994) Effects of tetracyclines on neutrophil, gingival, and salivary col-
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lagenases. Ann N Y Acad Sci 732: 112-131 [also, MMP-1, MMP-9, gingival gelatinase]

Smith GN, Brandt K, Hasty K (1994) Procollagenase is reduced to inactive fragments upon activation
in the presence of doxycycline. Ann N'Y Acad Sci 732: 436-438

Sorsa T, Ding YL, Ingman T et al (1995) Cellular source, activation and inhibition of dental plaque
collagenase. J Clin Periodontol 22: 709-717 [Dox inhibits PMN collagenase at 20 uM]

Golub LM, Sorsa T, Lee HM, Ciancio S, Sorbi D, Ramamurthy NS, Gruber B, Salo T, Konttinen YT
(1995) Doxycycline inhibits neutrophil (PMN)-type matrix metalloproteinases in human adult
periodontitis gingiva. J Clin Periodontol 22: 100-109

Smith GN, Brandt KD, Hasty KA (1996) Activation of recombinant human neutrophil procollagenase
in the presence of doxycycline results in fragmentation of the enzyme and loss of enzyme activi-
ty. Arthritis Rheum 39: 235-244

Smith GN, Brandt KD, Mickler E, Hasty KA (1997) Inhibition of recombinant human neutrophil col-
lagenase by doxycycline is pH-dependent. J Rheumatol 24: 1769-1773

Hanemaaijer R, Sorsa T, Konttinen Y, Ding Y, Sutinen M, Visser H, van Hinsbergh V, Helakoski T,
Kainulainen T, Ronka H et al (1997) Matrix metalloproteinase-8 is expressed in rheumatoid syn-
ovial fibroblasts and endothelial cells. J Biol Chem 272: 31 504-31 509

Shlopov BV, Smith GN, Cole AA, Hasty KA (1999) Differential patterns of response to doxycycline
and transforming growth factor betal in the down regulation of collagenases in osteoarthritic and
normal human chondrocytes. Arthritis Rheum 42: 719-727 [MMP-1, -8, and -13 were studied]

Dox inhibits MMP-13

Smith GN, Mickler EA, Hasty KA, Brandt KD (1996) Inhibition by doxycycline of a truncated form
of recombinant human MMP-13. Arthritis Rheum 39: 5226

Greenwald RA, Golub LM, Ramamurthy NS, Chowdhury M, Moak SA, Sorsa T (1998) In vitro sen-
sitivity of three mammalian collagenases to tetracycline inhibition: relationship to bone and carti-
lage degradation. Bone 22: 33-38 [also IL-1 cartilage degradation]

Sepper R, Prikk K, Tervahartiala T, Konttinen Y, Maisi P, Lopes-Otin C, Sorsa T (1999) Collagenase-2
and -3 are inhibited by doxycycline in the chronically inflamed lung in bronchiectasis. Ann N Y
Acad Sci 878: 683-685

Smith GN, Mickler E, Hasty K, Brandt K (1999) Specificity of inhibition of matrix metalloproteinase
activity by doxycycline. Arthritis Rheum 42: 1140-1146

Dox inhibits gelatinase(s)

Yu LP, Smith GN, Hasty K, Brandt KD (1991) Doxycycline inhibits Type XI collagenolytic activity
of extracts from human osteoarthritic cartilage and gelatinase. J Rheumatol 18: 1450-1452

Nip LH, Uitto V-J, Golub LM (1993) Inhibition of epithelial cell matrix metalloproteinases by tetra-
cyclines. J Periodont Res 28: 379—-385 [also CMT]

Hurewitz AN, Wu CL, Mancuso R et al (1993) Tetracycline and doxycycline inhibit pleural fluid met-
alloproteinases. Chest 103: 1113-1117

Burris TS, Hugh K, Orth MW, Kuettner KE, Cole AA (1995) The effects of doxycycline on gelatinase
A and B in human cartilage explant cultures of metatarsals. Trans Ortho Res Soc 20: 335

Duivenvoorden W, Hirte H, Singh G (1997) Use of tetracycline as an inhibitor of matrix metallopro-
teinase activity secreted by human bone-metastasizing cancer cells. Invas Metast 17: 312-323
[also minocycline]

Dox inhibits MMP-2

Uitto VJ, Firth JD, Nip L, Golub LM (1994) Doxycycline and chemically modified tetracyclines inhib
it Gelatinase A (MMP-2) gene expression in human skin keratinocytes. Ann N 'Y Acad Sci 732:
140-151

Dox inhibits stromelysin

Jonat C, Chung FZ, Baragi VM (1996) Transcriptional downregulation of stromelysin by tetracycline.
J Cell Bioch 60: 341-347
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Dox inhibits o;-PI degradation

Humbert P, Faivre B, Gibey R, Agache P (1991) Use of anti-collagenase properties of doxycycline in
treatment of o;-trypsin deficiency panniculitis. Acta Derm Venereol (Stockh) 71: 189-194

Sorsa T, Kontinen YT, Lindo O et al (1993) Doxycycline protects serum alpha-1 antitrypsin from
human neutrophil collagenase. Agents Actions 39: 225-229

Sorsa T, Lindy O, Kontinnen YT et al (1993) Doxycycline in the protection of serum alpha-1 antit-
rypsin from human neutrophil collagenase and gelatinase. Antimicrob Agents Chemother 37:
592-594

Lee HM, Golub LM, Chan D, Leung M, Schroeder K, Wolff M, Simon S, Crout R (1997) a,)-pro-
teinase inhibitor in gingival crevicular fluid of humans with adult periodontitis: serpinolytic inhi-
bition by doxycycline. J Periodont Res 32: 9-19

Dox inhibits plasminogen activator

Hanemaaijer R, Visser H, van den Hoogen GM, Sorsa T, van Hinsbergh VWM (1996) Inhibition of
urokinase-type and tissue-type plasminogen activator mediated plasminogen activation by doxy-
cycline. Fibrinolysis 10 (S2): 109-111

Dox inhibits cytokines

Shapira L, Soskolne WA, Houri Y, Barak V, Halabi A, Stabholz A (1996) Protection against endotox-
ic shock and lipopolysaccharide induced local inflammation by tetracycline: correlation with inhi-
bition of cytokine secretion. Infect Immunity 64: 825-828 [mostly tetracycline HCI]

Kirkwood KL, Golub LM, Bradford PG (1999) Non-antimicrobial and antimicrobial tetracyclines
inhibit IL-6 expression in murine osteoblasts. Ann N Y Acad Sci 878: 667-670

Solomon A, Roenblatt M, Li DQ, Liu ZG, Monroy D, Ji ZH, Lokeshwar BL, Pflugfelder SC (2000)
Doxycycline inhibition of interleukin-1 in the corneal epithelium. Invest Ophthalmol 41:
2544-2557

Dox inhibits cathepsin L

Rifkin BR, Vernillo A, Golub LM, Ramamurthy NS (1994) Modulation of bone resorption by tetra-
cyclines. Ann N'Y Acad Sci 732: 165-180 [also gelatinase, also CMTs, also bone resorption]

Dox inhibits protein kinase C

Webster GF, Toso SM, Hegemann L (1994) Inhibition of a model of in vitro granuloma formation by
tetracyclines and ciprofloxin: involvement of protein kinase C. Arch Dermatol 130: 748—752

Dox inhibits oxy radicals

Akamatsu H, Asada M, Komura J, Asada Y, Niwa Y (1992) Effect of doxycycline on the generation
of reactive oxygen species. Acta Derm Venereol (Stock) 72: 178-179

B) Cellular systems

Dox inhibits bone resorption

Gomes BC, Golub LM, Ramamurthy NS (1984) Tetracyclines inhibit parathyroid hormone-induced
bone resorption in organ culture. Experientia 40: 1273-1275

Grevstad HJ, Boe OE (1995) Effect of doxycycline on surgically induced osteoclast recruitment in the
rat. Eur J Oral Sci 103: 156-159

Dox inhibits cartilage degradation

te Koppele JM, Verziil N, Beekman B (1995) Chondrocytes cultured in alginate beads: a model sys-
tem to measure collagen synthesis and degradation. Arthritis Rheum 38 (9, suppl): S159
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Cole AA, Chubinskaya S, Chlebek K, Kuettner KE, Schmid TM, Greenwald RA (1994) Doxycycline
disrupts chondrocyte differentiation and inhibits cartilage matrix degradation. Arthritis Rheum 37:
1727-1734

Steinmeyer J, Daufeldt S, Taiwo Y (1998) Pharmacological effect of tetracyclines on proteoglycanas-
es from interleukin-1-treated articular cartilage. Biochem Pharmacol 55: 93-100

Dox inhibits angiogenesis
Gilberston-Beadling S, Powers EA, Stamp-Cole M et al (1995) The tetracycline analogs minocycline

and doxycycline inhibit angiogenesis in vitro by a non-metalloproteinase-dependent mechanism.
Cancer Chemother Pharmacol 36: 418—-424 [1Cs, curves for several MMPs]

Dox inhibits cell attachment/proliferation

Potts RC, Hassan HA, Brown RA, MacConnachie A, Gibbs JH, Robertson AJ, Swanson Beck J
(1983) In vitro effects of doxycycline and tetracycline on mitogen-stimulated lymphocyte growth.
Clin Exp Immunol 53: 458-464

Tsukuda N, Gabler WL (1993) The influence of doxycycline on the attachment of fibroblasts to gela-
tin-coated surfaces and its cytotoxicity. J Periodontol 64: 1219-1224

Guerin C, Laterra J, Masmyk T, Golub LM, Brem H (1992) Selective endothelial growth inhibition by
tetracyclines that inhibit collagenase. Biochem Biophys Res Commun 188: 740~745

Fife RS, Sledge GW, Roth B, Proctor C (1998) Effects of doxycycline on human prostate cancer cells
in vitro. Cancer Lett 127: 37-41 [also gelatinase]

Fife RS, Rougraff B, Proctor C, Sledge GW (1997) Inhibition of proliferation and induction of apop-
tosis by doxycycline in cultured human osteosarcoma cells. J Lab Clin Med 130: 530-534

Dox inhibits cell invasion/migration

Fife RS, Sledge GW (1995) Effects of doxycycline on in vitro growth, migration, and gelatinase activ-
ity of breast carcinoma cells. J Lab Clin Med 125: 407-411

Teicher BA, Emi Y, Kakeji Y, Northey D (1996) TNP-470/minocycline/cytotoxic therapy: a system
approach to cancer therapy. Eur J Cancer 32A: 2461-2466

Dox inhibits leukocyte function

Gabler W, Smith J, Tsukuda N (1992) Comparison of doxycycline and a chemically modified tetra-
cycline inhibition of leukocyte functions. Res Commun Chem Pathol Pharmacol 78: 151-160

Kuzin II, Snyder TG, Ugine GD, Wu D, Lee S, Bushnell T, Insel RA, Young FM, Bottaro A (2001)
Tetracyclines inhibit activated B cell function. Int Immunol 13: 921-931

Dox inhibits collagen synthesis

Davies S, Cole A, Schmid T (1996) Doxycycline inhibits Type X collagen synthesis in avian hyper-
trophic chondrocyte cultures. J Biol Chem 271: 25 966-25 970

C) Animal models

Arthritic rat

Greenwald RA, Moak SA, Ramamurthy NSD, Golub LM (1992) Tetracyclines suppress metallopro-
teinase activity in adjuvant arthritis and, in combination with flurbiprofen, ameliorate bone dam-
age. J Rheumatol 19: 927-938

Ganu V, Doughty J, Spirito S, Goldberg R (1994) Elevation of urinary pyridinoline in adjuvant arthrit-
ic rats and its inhibition by doxycycline. In: RA Greenwald, LM Golub (ed.): Inhibition of Matrix
Metalloproteinases: Therapeutic Potential. Ann NY Acad Sci 732: 416-418

Ramamurthy NS, Greenwald RA, Moak S, Sciubba J, Goren A, Turner G, Rifkin B, Golub LM (1994)
CMT/tenidap treatment inhibits temporomandibular joint destruction in adjuvant arthritic rats.
Ann N'Y Acad Sci 7132: 427-430
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Weithmann KU, Schlotte V, Jeske V, Seiffge D, Laber A, Haase B, Schleyerbach R (1997) Effects of
tiaprofenic acid on urinary pyridinium crosslinks in adjuvant arthritic rats: comparison with doxy-
cycline. Inflamm Res 46: 246-252

Rabbit cornea

Perry HD, Hodes LW, Seedor JA, Donnenfeld ED, McNamara TF, Golub LM (1993) Effect of doxy-
cycline hyclate on corneal epithelial wound healing in the rabbit alkali-burn model. Cornea 12:
379-382

Arthritic dog

Yu LP, Smith GN, Brandt K, Myers SL, O’Connor BL, Brandt DA (1993) Reduction of the severity
of canine osteoarthritis by prophylactic treatment with oral doxycycline. Arthritis Rheum 35:
1150-1159

Yu LP, Smith GN, Brandt KMyers SL, O’Connor BL, Brandt DA (1993) Therapeutic administration
of doxycycline slows the progression of cartilage destruction in canine osteoarthritis. Trans Ortho
Res Soc 18: 724

Yu LP, Burr DB, Brandt KD et al (1996) Effects of oral doxycycline administration on histomor-
phometry and dynamics of subchondral bone in a canine model of osteoarthritis. J Rheumatol 23:
137-142

Aneurysm/vascular

Petrinec D, Liao S, Holmes DR et al (1996) Doxycycline inhibition of aneurysmal degeneration in an
elastase induced rat model of abdominal aortic aneurysm: preservation of aortic elastin associat-
ed with suppressed production of 92 kD gelatinase. J Vasc Surg 23: 336-346

Boyle JR, McDermott E, Crowther M, Wills AD, Thompson MM (1998) Doxycycline inhibits elastin
degradation and reduces metalloproteinase activity in a model of aneurysmal disease. J Vasc Surg
27: 354-361

Pyo R, Lee J, Shipley M et al (2000) Targeted gene disruption of matrix metalloproteinase-9 (gelati-
nase B) suppresses development of experimental abdominal aortic aneurysms. J Clin Invest 105:
1641-1649 [doxycycline effect compared to MMP-9 knock-out]

Viellard-Baron A, Frisdal E, Eddahibi S et al (2000) Inhibition of matrix metalloproteinases by lung
TIMP-1 gene transfer or doxycycline aggravates pulmonary hypertension in rats. Circ Res 87:
418-425 [Dox used to inhibit gelatinase, effect compared to TIMP gene transfer]

Osteoporosis

Golub LM, Ramamurthy NS, Kaneko H, Sasaki T, Rifkin B, McNamara T (1990) Tetracycline admin-
istration prevents diabetes-induced osteopenia in the rat — initial observations. Res Commun Chem
Pathol Pharmacol 68: 27-40

Sasaki T, Ohyori N, Debari K, Ramamurthy NS, Golub LM (1999) Effects of chemically modified
tetracycline, CMT-8, on bone loss and osteoclast structure and function in osteoporotic states. Ann
NY Acad Sci 878: 347-360

Folwarczna J, Janiec W, Firlus K, Kaczmarczyk-Sedlak I (1999) Effects of doxycycline on the devel-
opment of bone damage caused by prednisolone in rats. Polish J Pharmacol 51: 243-251

Apoptosis
Fife RS, Sledge GW, Proctor C et al (1996) Doxycycline inhibits matrix metalloproteinase activity and
enhances apoptosis in human prostate cancer cells. J Invest Med 44: 249A

Ischemia/reperfusion

Clark WM, Calcagno FA, Gabler WL et al (1994) Reduction of central nervous system reperfusion
injury in rabbits using doxycycline treatment. Stroke 25: 1411-1416

Smith JR, Gabler WL (1994) Doxycycline suppression of ischemia-reperfusion induced hepatic
injury. Inflammation 18: 193-201

Smith JR, Gabler WL (1995) Protective effects of doxycycline in mesenteric ischemia and reperfu-
sion. Russ Commun Mol Pathol Pharmacol 88: 303-315
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Clark et al (1994) Reduction of central nervous system reperfusion injury in rabbits using doxycycline
treatment. Stroke 25: 1411-1416

Clark WM, Lessov N, Lauten JD, Hazel K (1997) Doxycycline treatment reduces ischemic brain dam-
age in transient middle cerebral artery occlusion in the rat. J Mol Neurosci 9: 103-108

Reasoner DK, Hindman BJ, Dexter F, Subieta A, Cutkomp J, Smith T (1997) Doxycycline reduces
early neurologic impairment after cerebral arterial air embolism in the rabbit. Anesthesiology 87:
569-576

Cancer

Fife RS, Sledge CW, Dunn J et al (1994) Suppression of growth of primary breast cancer in mice treat
ed with doxycycline. Clin Res 42: 394A

D) Human studies

Adult periodontal disease

Golub LM, Ciancio S, Ramamurthy NS, Leung, M, McNamara TF (1990) Low dose doxycycline ther
apy: effect on gingival and crevicular fluid collagenase activity in humans. J Periodont Res 25:
321-330

McCullough CAG, Birek P, Overall C, Aiken S, Lee W, Kulkarni R (1990) Randomized controlled
trial of doxycycline in prevention of recurrent periodontitis in high-risk patients: antimicrobial
activity and collagenase inhibition. J Clin Periodontol 17: 616-622

Bouwmsa O, Payonk G, Baron H et al (1991) Low dose doxycycline: effects on clinical parameters in
adult periodontitis. J Dent Res 71: abstract 1119

Lee W, Aiken S, Kulkarni G, Birek P, Overall CM, Sodek J, McCullough CAG (1991) Collagenase
activity in recurrent periodontitis: relationship to disease progression and doxycycline therapy. J
Periodont Res 26: 479483

Schroeder K, Ramamurthy NS, Seckepanek KA et al (1992) Low dose doxycycline prevents attach-
ment loss in adult periodontitis. J Dent Res 72: abstract 1936

Crout RJ, Lee HM, Schroeder K, Crout H, Ramamurthy NS, Wiener M, Golub LM (1996) The
“cyclic” regimen of low-dose doxycycline for adult periodontitis: a preliminary study. J
Periodontol 67: 506-514

McCullough CA (1994) Collagenolytic enzymes in gingival crevicular fluid as diagnostic indicators
of periodontitis. Ann N'Y Acad Sci 732: 152164

Golub LM, Lee HM, Greenwald RA, Ryan ME, Sorsa T, Salo T, Giannobile WV (1997) A matrix met
alloproteinase inhibitor reduces bone-type collagen degradation fragments and bone-type collage-
nase in gingival crevicular fluid during adult periodontitis. Inflamm Res 46: 310-319 [a landmark
paper — the first in the medical literature in which an anticollagenase agent was given to human
patients with a disorder characterized by excessive collagenase, and it was demonstrated that inhi-
bition of collagenase as well as decreased collagen breakdown was achieved]

Ashley RA (1999) Clinical trials of a matrix metalloproteinase inhibitor in human periodontal disease.
Ann N'Y Acad Sci 878: 335-346

Caton J, Ciancio S, Blieden TM et al (2000) Treatment with subantimicrobial dose doxycycline
improves the efficacy of scaling and root planing in patients with adult periodontitis. J Periodontol
71: 521-532

Golub LM, McNamara TF, Ryan ME, Kohut B, Bleiden T, Payonk G, Sipos T, Baron H (2001)
Adjunctive treatment with subantimicrobial doses of doxycycline: effects on gingival fluid colla-
genase activity and attachment loss in adult periodontitis. J Clin Periodontol 28: 146-156

Rheumatoid arthritis

Nordstrom D, Lindy O, Lauhio A, Sorsa T, Santavirta S, Konttinen Y (1998) Anti-collagenolytic
mechanism of action of doxycycline treatment in rheumatoid arthritis. Rheumatol Int 17: 173—180

Osteoarthritis

Yu LP, Smith GN, Brandt KD, Capello WN (1994) Preoperative oral administration of doxycycline
reduces collagenase in extracts of human osteoarthritic cartilage. Arthritis Rheum 37 (suppl 9):
S362 (abstract 1207)
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Brandt KD (1993) Modification by oral doxycycline administration of articular cartilage breakdown
in osteoarthritis. J Rheumatol (Suppl 43) 22: 149-151

Smith GN, Yu L, Brandt K, Capello W (1998) Oral administration of doxycycline reduces collagenase
and gelatinase activities in extracts of human osteoarthritic cartilage. J Rheumatol 25: 532-535

Aneurysm

Curci JA, Mao D, Bohner DG, Allen B, Rubin BG, Reilly JM, Sicard GA, Thompson RW (2000)
Preoperative treatment with doxycycline reduces aortic wall expression and activation of matrix
metalloproteinases in patients with abdominal aortic aneurysms. J Vasc Surg 31: 325-342

CMT references
A) Enzymes/biochemical

CMTs inhibit general/unspecified collagenolytic activity

Golub LMMcNamara TF, D’ Angelo G, Greenwald RA, Ramamurthy NS (1987) A non-antibacterial
chemically modified tetracycline inhibits mammalian collagenase activity. J Dent Res 66:
1310-1314 [the CMT discovery paper]

CMTs inhibit MMP-8

Sorsa T, Ramamurthy NS, Vernillo T, Zhang X, Konttinen Y, Rifkin B, Golub LM (1998) Functional
sites of chemically modified tetracyclines: inhibition of the oxidative activation of human neu-
trophil and chicken osteoclast pro-matrix metalloproteinases. J Rheumatol 25: 975-982 [also
MMP-9]

CMTs inhibit MMP-13

Ramamurthy NS, Vernillo AT, Golub LM, Rifkin BR (1990) The effect of tetracyclines on collagenase
activity in UMR 106-01 rat osteoblastic osteosarcoma cells. Res Commun Chem Pathol
Pharmacol 70: 323-335

Ramamurthy NS, Vernillo AT, Greenwald RA, Lee HM, Sorsa T, Golub LMRifkin BR (1993)
Reactive oxygen species activate and tetracyclines inhibit rat osteoblast collagenase. J Bone Miner
Res 8: 1247-1253 [activation of procollagenase by HOCI]

Greenwald RA, Golub LM, Chowdhury M, Ramamurthy NS, Moak SA, Sorsa T (1998) In vitro sen-
sitivity of the three mammalian collagenases to tetracycline inhibition: relationship to bone and
cartilage destruction. Bone 22: 33-38 [Extensive comparative review for multiple CMTs and mul-
tiple collagenases.]

CMTs inhibit gelatinase(s)

Zucker S, Wieman J, Lysik R, Imhof B, Nagase H, Ramamurthy NS, Liotta L, Golub L (1989)
Gelatin-degrading type IV collagenase isolated from human small cell lung cancer. Invas Metast
9: 167-181

Nip LH, Uitto VJ, Golub LM (1993) Inhibition of epithelial cell MMPs by tetracycline. J Periodont
Res 28: 379-385 [CMT-1 and dox inhibit gelatinase secretion by cultured epithelial cells]

Uitto VJ, Firth JD, Nip L, Golub LM (1994) Doxycycline and chemically-modified tetracyclines
inhibit gelatinase A (MMP-2) gene expression in human skin keratinocytes. Ann NY Acad Sci 732:
140-151

Paemen L, Martens E, Norga K, Masure S, Roets E, Hoogmartens J, Opdenakker G (1996) The gelati-
nase inhibitory activity of tetracyclines and chemically modified tetracycline analogues as meas-
ured by a novel microtiter assay for inhibitors. Biochem Pharmacol 52: 105-111
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Hendrix MJC, Seftor EA, Seftor REB, DeLarco JE, McNamara TF, Golub LM (1996) Chemically
modified tetracyclines inhibit both human melanoma cell invasiveness and gelatinases A and B. J
Dent Res 75: 152 (abstract #1075)

Maisi P, Kiili M, Raulo SM, Pirila E, Sorsa T (1999) MMP inhibition by chemically modified tetra-
cycline-3 (CMT-3) in equine pulmonary epithelial lining fluid. Ann N'Y Acad Sci 878: 675-671
[gelatinolytic activity]

CMTs inhibit macrophage/PMN elastase

Simon SR, Roemer EJ, Golub LM, Ramamurthy NS (1998) Serine proteinase inhibitory activity by
hydrophobic tetracycline United States Patent #5, 773, 430, issued June 30 (1998)

CMTs inhibit MT-mmps

Lee HM, Golub LM, Cao C, Sorsa T, Teronen O, Laitinen M, Salo T, Zucker S (1998) CMT-3, a non-
antimicrobial tetracycline (TC) inhibits MT1-MMP activity: relevance to cancer. J Dent Res T7:
747 (abstract #926)

CMTs inhibits PLA,

Pruzanski W, Stefanski E, Vadas P, McNamara TF, Ramamurthy NS, Golub LM (1998) Chemically
modified non-antimicrobial tetracyclines inhibit activity of phospholipase A,. J Rheumatol 25:
18071812

CMTs inhibit/enhance cytokine production

Kirkwood KL, Golub LM, Bradford PG (1999) Non-antimicrobial and antimicrobial tetracyclines
inhibit IL-6 expression in murine osteoblasts. Ann N'Y Acad Sci 878: 667-670

Lee HM, Moak SA, Greenwald RA, Sion S, Ritchlin C, Golub LM (1999) CMT-3, a non-antimicro-
bial tetracycline (TC), increases the production of IL-10 in macrophages. J Dent Res 78: 192
(abstract #693) [IL-10 is an anti-inflammatory rather than phlogistic cytokine]

Ritchlin C, Greenwald RA, Moak SA, Haas-Smith S (1998) Pattern of metalloproteinase production
in psoriatic synovial explant tissues. Arthritis Rheum 41: (suppl 9), S335 (abstract #1815)

Eklund KK, Sorsa T (1999) Tetracycline derivative CMT-3 inhibits cytokine production, degranula-
tion, and proliferation in cultured mouse and human mast cell. Ann N'Y Acad Sci 878: 689-692

Ritchlin CT, Haas-Smith SA, Schwarz EM, Greenwald RA (2000) Minocycline but not doxycycline
upregulates IL-10 production in human synoviocytes, mononuclear cells, and synovial explants.
Arthritis Rheum 43 (suppl 9): abstract 1673, S345, 2000

CMTs affect NO production

Trachtman H, Futterweit S, Greenwald RA, Moak S, Singhal P, Franki N, Amin A (1996) Chemically
modified tetracyclines inhibit inducible nitric oxide synthetase expression and nitric oxide pro-
duction in cultured rat mesangial cells. Biochem Biophys Res Commun 229: 243-248

Amin AR, Patel RN, Thakkar GD, Lowenstein CJ, Attur MG, Abramson SB (1997) Post-transcrip-
tional regulation of inducible nitric oxide synthetase mRNA in murine macrophages by doxycy-
cline and chemically modified tetracyclines. FEBS Lett 410: 259-264

Cillari E, Milano S, D’Agostini P, DiBella C, La Rosa M, Barbera C, Ferdozzo V, Cammarata G,
Guinaudo S, Tolomeo M et al (1998) Modulation of nitric oxide production by tetracyclines and
chemically modified tetracyclines. Adv Dent Res 12: 126-130 [CMTs 1, 3, and 8 but not 5 inhib-
ited NO production in LPS stimulated cell lines]

D’ Agostino P, Arcoleo F, Barbera C et al (1998) Tetracycline inhibits the nitric oxide synthetase activ-
ity induced by endotoxin in cultured murine macrophages. Eur J Pharmacol 346: 283-290

CMTs inhibit protein glycation

Ryan ME, Ramamurthy NS, Golub LM (1998) Tetracyclines inhibit protein glycation in experimen-
tal diabetes. Adv Dent Res 12: 152-158 [CMTs 1, 3, 4, 5, 7, 8 all inhibited non-enzymatic glyca-
tion of serum proteins and skin collagen without reducing hyperglycemia]
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CMTs alter collagen metabolism

Yu Z, Ramamurthy NS, Leung M, Chang KM, McNamara TF, Golub LM (1993) Chemically modi-
fied tetracycline normalizes collagen metabolism in diabetic rats: a dose response study. J
Periodont Res 28: 420-428

Sasaki T, Ramamurthy NS, Yu Z, Golub LM (1992) Tetracycline administration increases protein (pre-
sumably procollagen) synthesis and secretion in periodontal ligament fibroblasts of streptozo-
tocin-diabetic rats. J Periodont Res 27: 631-639

Grossman M, Takeuchi E, Golub LM, Rifkin B, Landesberg R (1998) Regulation of Type II collagen
in growth plate chondrocytes by chemically modified tetracyclines. J Dent Res 77: 772 (abstract
#1122)

B) Cellular systems

CMTs inhibit bone resorption/osteoclasts

Chowdhury MH, Moak SA, Greenwald RA (1993) Effect of tetracycline metalloproteinase inhibitors
on basal and heparin-stimulated bone resorption by chick osteoclasts. Agents Actions 40: 124—128
[multiple CMTs and dox]

Zaidi M, Moonga BS, Huang CLH, Alam AT, Shankar VS, Pazianos M, Eastwood JB, Datta HK,
Rifkin BR (1993) Effect of tetracyclines on quantitative measures of osteoclast morphology.
Bioscience Rep 13: 175-182 [CMT-1 and min inhibit osteoclast spreading and motility, possible
effect on Ca®* receptor]

Sasaki T, Ramamurthy NS, Golub LM (1994) Bone cells and matrix bind chemically modified non-
antimicrobial tetracycline. Bone 15: 373-375

Golub LM, Ramamurthy NS, Llavaneras A, Ryan ME, Lee HS, Liu Y, Bain S, Sorsa T (1999) A chem
ically modified non-antimicrobial tetracycline (CMT-8) inhibits gingival matrix metalloproteinas-
es, periodontal breakdown, and extra-oral bone loss in ovariectomized rats. Ann N'Y Acad Sci 878:
290-310

Bettany JT, Peet NM, Wolowacz RG, Skerry TM, Grabowski PS (2000) Tetracyclines induce apopto-
sis in osteoclasts. Bone 27: 75-80

CMTs inhibit cartilage degradation

Cole AA, Yi W, Kuettner K, Golub LM, Greenwald RA (1995) The effect of chemically modified
tetracyclines on cartilage degradation in chicken tibial explants. Trans Ortho Res Soc 20: 337

CMTs inhibit cell proliferation

Guerin C, Laterra J, Masnyk T, Golub LM, Brem H (1992) Selective endothelial growth inhibition by
tetracyclines that inhibit collagenase. Biochem Biophys Res Commun 188: 740-745 [CMT-1 but
not CMT-5 normalizes uptake of tritium by cells]

Zhu B, Block NL, Lokeshwar BL (1999) Interaction between stromal cells and tumor cells induces
chemoresistance and MMP secretion. Ann N Y Acad Sci 878: 642—-646 [CMT-3 inhibited human
and rat prostate tumor cell proliferation]

CMTs inhibit cell invasion/migration

Lokeshwar BL, Dudak SD, Selzer MG, Golub LM (1996) Chemically modified tetracyclines inhibit
invasion and metastasis of carcinoma. J Dent Res 75: 152, (abstract #1076)

Seftor RE, Seftor EA, DeLarco J, Kleiner D, Leferson J, Stetler-Stevenson W, McNamara TF, Golub
LM, Hendrix MJC (1998) Chemically modified tetracyclines inhibit human melanoma cell inva-
sion and metastasis. Clin Exp Metastasis 16: 217-225

Lukkonnen A, Sorsa T, Salo T, Tervahartiala T, Koivunen E, Golub LM, Simon S, Stenman U (2000)
Down-regulation of trypsinogen-2 expression by chemically modified tetracyclines: association
with reduced cancer cell migration. Int J Cancer 86: 577-581
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CMT's inhibit non-specific proteolysis

Schneider BS, Maimon J, Golub LM, Ramamurthy NS, Greenwald RA (1992) Tetracyclines inhibit
intracellular muscle proteolysis in vitro. Biochem Biophys Res Commun 188: 767-772

Lee HM, Grenier D, Plamondon P, Sorsa T, Teronen O, Mayrand D, Ramamurthy NS, Golub LM
(2000) Tetracycline (TC) analogs inhibit bacterial metallo- but not serine proteinases. J Dent Res
79: 403 (abstract #2075)

CMTs induce apoptosis

Bettany JT, Wolowacz RG, Pelt NM, Skerry TM, Grabowski PS (1998) Tetracyclines induce apopto-
sis in osteoclasts. ASBMR, program abstract FO71, [CMT-1 and dox induced apoptosis in rabbit
osteoclasts in culture]

CMTs affect leukocyte function

Gabler WL, Smith J, Tsukuda N (1992) Comparison of doxycycline and a chemically modified tetra-
cycline on inhibition of leukocyte function. Res Commun Chem Pathol Pharmacol 78: 151-160
[CMT-1 less effective than Dox on PMN functions such as superoxide generation, Dox accumu-
lated in cells to higher levels than CMT]

C) Animal models

Diabetic rat

Ryan ME, Ramamurthy NS, Sorsa T, Ding YL, Golub LM (1996) Inhibition of periodontitis as a com-
plication of diabetes by chemically modified tetracyclines. J Dent Res 75: 371 (abstract #2831)

Craig RG, Yu Z, Barr R, Ramamurthy NS, Boland J, Schneir M, Golub LM (1998) A chemically mod-
ified tetracycline inhibits streptozotocin-induced diabetic depression of skin collagen synthesis
and steady-state type I procollagen mRNA. Biochim Biophys Acta 1402: 250-260

Ryan ME, Ramamurthy NS, Lambrou K, Ioannou M, Golub LM (1998) Inhibition of tooth loss and
mortality by chemically modified tetracyclines in Type II diabetes. J Dent Res 77: 1001 (abstract
#2960)

Ryan ME, Ramamurthy NS, Amin A, Husuh D, Sorsa T, Golub LM (1999) Host response in diabetes-
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Tetracycline consumption in prehistory
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Debra Martin was visiting the Calcified Tissue Laboratory at Henry Ford
Hospital in Detroit, Michigan, learning to make thin sections of undecalcified'
archaeological bone. The objective of her visit was to make slides of bone thin
enough to allow the light from the microscope to be transmitted through them.
Although modern equipment speeds up the process, Martin, at the time a grad-
uate student at the University of Massachusetts, was using a manual method
for grinding the bone to the desired 100-micron thickness. The femoral cross-
section is removed from an area just below the lesser trochanter (a few inches
below its neck).

In order to ensure that the thickness of the section is uniform, it is frequently
examined with a standard light-transmitting microscope. While preparing to
examine a thin-section under the light-transmitting microscope, Martin (who
is now a professor of anthropology at Hampshire College in Amherst,
Massachusetts) found that another researcher was using it. The only available
microscope was one that transmitted ultraviolet (UV) light. The Calcified
Tissue Laboratory employed an UV microscope to detect tetracycline in bone
by the unique yellow-greenish fluorescence emitted when bone is exposed to
ultraviolet light at the 490-nanometer wavelength. A tetracycline “label” pro-
vides a way to measure bone formation. Since tetracycline chelates (binds) cal-
cium, the antibiotic will leave its mark or label in any bone that is being min-
eralized. In such a study, tetracycline is administered at 2-week intervals and,
with a biopsy, the amount of bone formed during that interval can be meas-
ured. To Dr. Martin’s surprise, the ancient bones showed marked fluorescence
indicative of tetracycline.

The bones under study which are the focus of this report were obtained from
a population that inhabited the shore of the Nile River in Sudanese Nubia from
350 CE to 550 CE. The people lived during the X-Group period and represent-
ed a localized cultural development following the fall of the Meroitic Kingdom
[1] prior to the subsequent reunification of Nubia under Christianity [2, 3].

"'The traditional method for preparing bone is to use chemicals to remove the minerals in the bone
(decalcification). Once this is accomplished a microtome can be used to cut a thin section. Since we
are interested in measuring the degree of mineralization, it was necessary to use a method that allows
us to make a thin section of mineralized bone.
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The serendipitous discovery of the tetracycline stimulated an intense
research project. The identification of tetracycline as the fluorophor (the sub-
stance that emitted the light) had to be established histologically. The telltale
light yellow-green to bright yellow-green fluorescence in the ancient bone
occurred at the diagnostic wavelength [4, 5]. The pattern of fluorescence in the
Nubian bone was found to be identical to that of tetracycline-labeled bone
found in modern clinical applications (4, 6, 7].

Evidence that tetracycline was incorporated into Nubian bone prior to death
is revealed by histological features that can only occur during life (in vivo).
Tetracycline labeling has been found in the cement lines of Nubian bone that
we have analyzed. These cement lines are reversal lines (the point where osteo-
clasts stop resorbing bone and where osteoblasts begin the process of bone dep-
osition) [8]. In addition, unlabeled young osteons formed within their fully flu-
orescing predecessors are also evidence for an in vivo process [4—10]. For
example, there is also histological evidence of osteons that show interrupted
mineralization in which only part of the osteon is labeled (when calcium-bound
tetracycline was available) while the other portion is not (calcium-bound tetra-
cycline was not available). Some of the Nubian and Egyptian bones display
what has been described as “concentrically labeled osteons” [4-10]. Megan
Cook and coworkers [9], analyzing remains from the Dakhleh Oasis, Egypt
[11] from the Roman Period (CE 400-500), found osteons with differential
labeling in which there were three rings of labeled bone within a single osteon.
This pattern of labeling has also been discovered in a Christian population (CE
550-1450) from the island of Kulubnarti in the Batn el-Hagar region, south of
Wadi Halfa [5]. Cook and colleagues also found a 19-year-old individual with
labeling of alternating layers of the lamellar bone (evidence of rapidly growing
bone) and evidence of tetracycline labeling in the tooth enamel [9].

Subsequent extraction of tetracycline from the Nubian bone and chemical
analysis supported our contention that the fluorophors were in fact tetracy-
cline. James Boothe, one of the scientists who developed the initial commer-
cial applications of tetracycline for American Cyanamid, was able to extract
the antibiotic from the Nubian bone. Most impressively, Boothe showed that
extracted tetracycline retained its antibiotic potential to kill bacteria after 14
centuries”. Recently, Mark Nelson, Paratek, has extracted the tetracycline and
is in the process of characterizing it.

Our initial reports of ancient tetracycline were met with skepticism by some
researchers. In our original publication [4], we were well aware of the possi-
bility that diagenesis (post mortem deterioration) may result in the production
of fluorophors that would appear similar to the tetracyclines. After our publi-
cation, Piepenbrink and coworkers [12, 13] argued that most of the tetracycline
labeling that we reported in the Nubian bone was in fact due to post mortem
changes that occurred when the bone was invaded by bacteria and fungus.

2 Joe Hlavaka a pioneer in tetracycline chemistry confirms the recovery of tetracycline from the
Nubian bone. He was working with James Boothe at the time and observed the experiment.
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Despite the evidence that we presented for an in vivo incorporation of the tetra-
cycline label, Piepenbrink and co-workers continued to suggest that the fluo-
rescence in Nubian bone was merely the result of taphonomic processes. They
argued that the “tetracycline-like” fluorescence was introduced by microbes
invading buried bone [12, 13]. Furthermore they claimed that soil organisms
such as Strachybotrys (a fungus) can invade and destroy bone and leave a
tetracycline-like fluorescence. Piepenbrink and his coworkers also maintained
that they were able to add fluorescent labels by directly applying tetracycline
to previously unlabelled bone, resulting in tetracycline in vitro labeling which
they suggested supports their argument for a post mortem incorporation in the
Nubian material.

Even though we believed that we had adequately dealt with the possibility
for post mortem diagenesis in our original publication [4], we reevaluated the
possibility of diagenesis in light of the persistent argument by Piepenbrink and
his colleagues. Chemical and histological analyses have confirmed our origi-
nal hypothesis. In vivo incorporation of tetracycline with subsequent deposi-
tion of a permanent, discrete fluorescent label in the bone is now firmly estab-
lished. The pattern of fluorescence was identical to tetracycline labeling that is
incorporated during life (in vivo) and very different from post mortem mold
infestation produced in the test tube (in vitro).

The taphonomic changes described by Piepenbrink result in collagen degra-
dation and bone destruction described as tunneling and cuffing. Tunneling is a
destructive process in which microorganisms bore out sharply bordered canals
that are easily recognized in thin sections [14, 15]. Cuffing occurs during the
process of tunneling when the invading microorganisms re-deposit excreted
minerals. Cuffing may fluctuate with differences in moisture that exist in the
burial environment. This redeposited mineral is frequently leached out, leav-
ing a sharply defined tunnel.

The excellent preservation of X-Group Nubian bone is clearly evident.
Compact and trabecular bone, as well as the dentition, have been examined
and reveal no macroscopic evidence of post mortem degradation. Thin sec-
tions of compact X-Group bone confirm structural integrity at the histologi-
cal level [16]. Thin sections were specifically stained with haematoxylin to
determine the state of preservation of the organic portion of bone [17] and
there is little evidence of deterioration at the cellular level [10]. We have
recently examined thin sections under polarized light. Polarization
microscopy is used to check the structural preservation of bone collagen
(Collagen I) on the submolecular level. Viewed under a light microscope to
which a polarizer has been added, the osteons from modern or well-preserved
bone show the characteristic birefringence, seen as alternating bright and dark
fields or “Maltese crosses.”® Birefringence is due to the alternating orientation
of the collagen fibers; in mature lamellar bone, the collagen fibers are highly

3 Birefringence is the term used to describe an optical property in which the axis of light passing
through a matter, in this case the collagen fibers, is rotated.
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ordered in their arrangement. Those within each lamella of a Haversian sys-
tem are parallel in their orientation, but the direction of the fibers in succes-
sive lamellae changes (some disagreement persists as to the precise arrange-
ment of the fibers). The deterioration of collagen results in a loss of birefrin-
gence. Checking the bone samples from Nubia under a polarizing microscope
has confirmed their excellent state of preservation, showing no tunneling and
no loss of birefringence.

Extraction of collagen also shows biochemical preservation comparable to
autopsy or biopsy material [18]. The percentage of carbon (16.92%) and nitro-
gen (4.14%), as well as the carbon to nitrogen ratio (C/N = 3.39) is similar to
that found in modern collagen. Post mortem infestation by fungal or bacterial
invasion is a destructive process and the Nubian material shows no evidence of
such deterioration.

Finally, we have evaluated Piepenbrink and colleagues’ claims of duplicat-
ing labeling by placing archaeological bone in contact with a solution of tetra-
cycline. However, in vitro exposure results in labeling on surfaces only [10].
Only those areas that are in direct contact with the fluorophor are labeled and
do not result in the “hot spots” as seen in the in vivo incorporation of the label
[19]. We specifically stained under-mineralized osteons with fuchsin and these
osteons were not tetracycline-labeled. Piepenbrink and colleagues [12, 13]
claim that they produced “concentrically labeled osteons” but we have found
their evidence unconvincing. Piepenbrink and co-workers have produced sur-
face labeling, i.e., merely the Haversian canal surface and contents of the canal
retained a label. This pattern is unlike the interrupted osteonal labeling found
in the Nubian material. Interrupted osteons represent periods of cessation of
growth or cessation of exposure to tetracycline and cannot occur after death.
The Nubian osteons are found with labeled cement lines and unlabeled lamel-
lae and canals. Reaffirming our position, bone which is inaccessible to an
invading microorganism (no tunnels are present) is labeled and surfaces most
accessible to a post mortem contaminant are not. Furthermore, the cement line
is hyper-mineralized bone, effectively eliminating the argument that only
under-mineralized bone is labeled — as would be the case with in vitro or post
mortem labeling. Keith and Armelagos [10] firmly rejected Piepenbrink’s sug-
gestion that the occurrence of tetracycline in prehistoric Nubians is the result
of diagenesis.

Given the evidence of the significant levels of tetracycline that Nubians con-
sumed during their lifetime, it takes a little detective work to show how it was
ingested. We know that streptomycetes, mold-like bacteria commonly found in
soils, produce tetracycline. The streptomycetes are actinomycetes [20], the
bacteria that give some newly turned soil its “musty” odor. In some soils,
60-70% of microorganisms are streptomycetes [20]. They are slow-growing
bacteria that are at a selective disadvantage in the usually wet, acidic soil in
which most bacteria flourish. In a hot (28 °C to 38 °C), dry (15% or less
humidity) and alkaline or neutral environment (optimal pH is 7.00 to 8.00)
[20], streptomycetes have a distinct reproductive advantage. They survive des-
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iccation and there are reports of 10-year-old spores found in dry soil that were
easily cultured.

Selman Waksman, who received the 1952 Nobel Prize in Medicine and
Physiology for his work with antibiotics, claims that there is little evidence of
tetracycline in the soil and therefore questions that streptomycetes produce the
antibiotic in their natural environment. While Waksman’s surprising observa-
tion has been supported by recent research, Alexander [21] notes that antibiot-
ic-resistant bacteria are frequently found in soil. However, when bacteria that
produce antibiotics are placed in soil, there is little evidence of antibiotic pro-
duction [22]. Recent studies using more sensitive probes detected evidence of
antibiotic production [23].

The question remains as to how the Nubians consumed the tetracycline.
Initially, we thought that during famine or drought, they might have been
forced to eat moldy grain. Storing grain in mud bins produces an ideal envi-
ronment for the streptomycetes. The warm, dry and alkaline environment that
made streptomycetes so successful in the soil is replicated in the mud storage
bin and their ability to grow on solid substrates would allow them to grow on
the grain. However, given the frequency and extent of tetracycline labeling, we
had to consider other possibilities. Since many of the Nubians received con-
tinuous doses of tetracycline, it had to be a food or medicine that was com-
monly consumed. Given the minimal production of tetracycline by strepto-
mycetes in the soil, the process that produces physiologically significant lev-
els in the bone must be determined.

To complete our story, we had to determine how the contaminated grain
could have been processed to yield high enough quantities to account for the
levels of tetracycline found in Nubian bone. We thought that ethnographic or
historical sources could provide insights into how grain was converted into a
food that was also producing tetracycline. In their search of ancient and his-
torical texts, Everett Bassett and Margaret Keith and other team members soon
realized that the texts (often translations of hieroglyphic inscriptions)
described the grain processing linking bread baking and beer brewing. In
Egyptian art, baking and brewing are in “constant association” [24]. Baked
bread is an essential part of the brewing process. From the time of ancient
Egyptians to contemporary villagers who still live along the Nile, the same
recipe is being used in brewing beer — the term “booza” is used to describe the
beer in much of Africa.

Our focus on ancient Egyptian sources was necessary since the written
records of the ancient Nubians remain to be deciphered. In addition, while we
have found references to Sudanese Nubian beer making [25, 26], we have also
relied on traditional Egyptian villagers and their recipes for brewing. Many of
the Egyptians are Coptic Christians and continue to brew beer. In Sudanese
Nubia, the Muslims have religious prohibitions that preclude the use of alco-
hol.

The beer produced in Nubia is unlike the recreational drink that many of us
have consumed. Barry Kemp [27] emphasizes this point:
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Ancient beer...was rather different from its modern counterpart. It was
probably an opaque liquid looking like a gruel or soup, not necessarily
very alcoholic but highly nutritious. Its prominence in Egyptian diet
reflects its food value as much as the mildly pleasurable sensation that
went with drinking it.

One of the keys to successful brewing is having a grain that provides sufficient
sugar for fermentation. Malting is the process that converts the starches in
grains to sugar. Malting converts starch to maltose sugar and diastase. In mod-
ern recipes, grain is germinated, heated and dried to halt the process. The malt
is boiled, strained and incubated with yeast in the final stage. In the tradition-
al method, the bread dough is processed and then set out in air to capture air-
borne yeast. It is also possible that airborne streptomycetes spores are poten-
tially captured at the same time. Other traditional recipes actually add booza
that was held back from previous batches for that purpose (the yeast would be
in the liquid). The bread is baked enough to form a crust, but it is removed
from the oven in time to leave the center uncooked, allowing the yeast to grow
in the “raw” dough. The streptomycetes in the bread would be producing tetra-
cycline during the process. The partially baked bread is then broken up and
added to a broth of malted grain to make the beer.

Cummings [26] describes Sudanese Nubian recipes for brewing. In an
account derived from Culwick [25], Cummings describes a 6-day process for
processing grain into beer. Sorghum is malted by soaking the grain for 24 h,
and then the water is drained from the grain and is spread out and covered with
a cloth (the Ancient Egyptians referred to this as “spreading out the bed of
Osiris.”). The sprouting grain grows under the cloth for 4 days and a thick layer
of mold covers the plants and the cloth. On the fifth day, the sprouted grain is
spread out to dry. After drying, it can be used or stored.

The malted grain can be coarsely ground for brewing or finely ground for
use as ordinary flour. Coarsely ground malted grain is used to produce beer by
putting it in water for 4 days, creating a soft dough that is allowed to grow a
green mold. The dough is then formed into a loaf, covered with suet and placed
on a baking sheet. The suet-covered dough is scorched and then put in old beer
pots for an additional 30 h in order to allow more molds to form. After this
extensive processing, it is ready for brewing.

Daniel Popowich and Brennan Posner, undergraduates at Emory University,
modified Egyptian and Sudanese Nubian recipes to brew a beer from bread
and grain. Their objective was to investigate the potential for producing tetra-
cycline at the various stages of the brewing process. Popowich and Posner
added streptomycetes during two phases of the brewing process. In the first
experiment a small colony of streptomycetes was added to the just-baked
bread. In the second experiment, they added the streptomycetes to the mix of
the grain and bread. The second experiment was the most successful and pro-
duced significant amounts of tetracyclines.
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Beer can be brewed from any grain. In Egypt, barley, wheat and emmer
have been found in baking and brewing areas of archaeological sites. Beer and
bread have had an important part in Egyptian culinary culture and religion.
James O. Mills, a former colleague at the University of Florida, has written
about the importance of beer and bread in Egypt [28]. Beer and bread were
standards for wages and rations and used as a measure for labor exchange [27].
Accounts that some ancient Egyptian officials received payments of 500
loaves of bread and 50 jugs of beer a day show that they were essentially an
earned line of credit. Given its importance in ancient Egyptian culture, it’s not
surprising that beer has superhuman powers.

It is difficult to determine the dosage of tetracycline ingested by the ancient
Nubians. Frost et al. [29, 30] note that as little as 25 mg of tetracycline per
kilogram of a person’s weight is capable of labeling bone. Even one or two
grams of tetracycline consumed by a human in a single day will produce gross
and microscopic fluorescence in bone [31]. The critical factor for labeling
bone is not the dosage of tetracycline, but the rate of mineralization and the
duration of the dosage [29, 30]. From 3% to 11% of ingested tetracycline in
clinical studies is incorporated into the inorganic phase of bone [32].

Given that tetracycline can impair bone development [33, 34] and inhibit
spermatogenesis [35], Oklund [32] analyzed the amount of tetracycline
sequestered in bone. He was concerned that tetracycline in bone (“yellow
bone”) might represent a problem when used in transplants*. He concluded
that it did not represent a problem.

While the dosage of tetracycline is impossible to determine, labeling with-
in the Nubian skeletons provides clues to the amount consumed. Initially, we
were sensitive to issues of preservation and decided to measure only the
osteons that were fully labeled. In a combined X-Group population (NAX and
24-1-3), 58,423 osteons were sampled and 4865 (8.01%) were labeled with
tetracycline (Tab. 1). Of the 78 individuals studied, 74 (94.9%) had labeled
osteons and (56.4%) exhibited levels of tetracycline labeling that we arbitrari-
ly designated as “therapeutic” — greater than 4.99% (Tab. 2)°. A comparison by
sex showed 22 males to have a mean of 9.7% of their osteons labeled, while
38 females have an average labeling of 7.1% (differences are not significant,
p = 153). Sub-adults (those under age 16) averaged 7.7% labeled osteons. The
difference in labeled osteons by sex and age is not significant (Fig. 1). It is
worth noting that in sub-adults labeled osteons decline with age. This may be

* Oklund investigated the amount of tetracycline in the bones of a young man who had consumed as
much as 500 mg of tetracycline daily for 18 years (Armelagos calculated that over the course of these
18 years, he consumed 6.8 pounds of tetracycline). The concentration of tetracycline in his bone
averaged 239 micrograms/g of wet bone weight. In a 70 kilogram human (150 lbs.), the skeleton
comprises 15% (10.5 kgs or 23 Ibs) of the body weigh, the sequestered tetracycline would only be
3 g and the release would only represent 1 mg per day. Only a small amount of this released tetra-
cycline will be re-sequestered in bone.

5 We are well aware of the problem in defining what we mean by therapeutic since we do not have a
standard for determining the physiological effects of the various levels of tetracycline labeling. We
have arbitrarily used the 5% as a therapeutic level.
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Table 1. The frequency of tetracycline label in combined X-group sample (NAX and 24-1-3)

Total N Minimum  Maximum Sum Mean S.D.
Osteon total 78 0.0 1343 58,423 749 368.9
Labeled osteons 78 0.0 246 4,865 62.4 64

% Labeled osteons 78 0.0 342 8.02

% Labeled bone 78 0.63 25.1 6.98 4.82

Table 2. Frequency of tetracycline labeled osteons and labeled bone by percent grouping in combined
X-group sample (NAX and 24-1-3)

Total

Percent grouped Labeled osteons Percent Labeled bone Percent

None 4 5.1 0 0.0
0.1-1 5 6.4 4 5.1
0.1-4.9 25 32.1 31 39.7
05-9.9 18 23.1 28 359
10-14.9 14 17.9 10 12.8
15-19.9 7 9.0 3 3.8
20-24.9 3 3.8 1 1.3
25-29.9 1 1.3 1 1.3
30-34.9 1 1.3 0 0.0

Total 78 100 78 100

an artifact of osteon formation since there is a high production of osteons in
the infants and children and these newly formed osteons are labeled.
Interestingly, Jennifer Cook [11] has shown that two infants (7 months and 8
months) had 1.9% and 14.70% of their osteons labeled (a 5-month old infant
had no labeling). All three infants had total bone labeling of 4.1%, 3.6% and
20.2%. These infants with labeled osteons and labeled bone indicate tetracy-
cline was passed in mother’s milk.

We soon realized that our approach in measuring just the intact osteon over-
looked tetracycline that was present in osteon fragments and lamellar bone.
Kristi Kohlbacher, an undergraduate from SUNY, Binghamton, examined the
prevalence of all labeled bone, including intact and fragmentary osteons and
lamellar bone, in the NAX population. Jennifer Cook did the same for the 24-1-
3 population®. Using projected images of bone on a grid, a “hit and miss”
method was used to determine the percentage of bone that was labeled. It was
determined that on the average 6.98% of all bone was labeled with tetracycline

6 Both Collins and Kohlbacher were SURE (Summer Undergraduate Research Experience) funded by
Howard Hughes Initiative.
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Figure 1. The Relationship between tetracycline labeled osteons and age. The relationships were not
statistically significant: p = 0.205 for 24-1-3 and p = 0.530 for NAX.

and 55.2% of the individuals had more than 5% of their total bone labeled
(Tab. 2). There does not appear to be a relationship between total bone labeled
and age (Fig. 2).

The use of labeled intact osteons and the total labeled bone offers related
but distinct measures of tetracycline ingestion. The intact osteons are restrict-
ed to the most recent bone formation events and the total labeled bone repre-
sents a lifetime of bone modeling and remodeling (some labeled bone has been
resorbed and has disappeared). Finally, there is an obvious relationship
between the two measures. The labeled osteons predict variation that exists in
the total labeled bone (Fig. 3).

At Kulubnarti, 63% of 110 individuals randomly drawn from the population
showed evidence of labeling. Among the individuals with tetracycline label-
ing, 2% to 20% (with an overall mean of 3.6%) of the osteons were labeled [5].
At Kulubnarti, tetracycline was found in individuals in all groups from age two
to over 50 years of age. Hummert and Van Gerven found that there was no
detectable pattern with age. The number of labeled osteons did not increase
with age, as one would expect if the tetracycline were accumulating as an indi-
vidual grows older. It would appear that as labeled osteons are resorbed, new-
labeled osteons are formed (if the tetracycline is ingested when the osteons are
mineralized). There appeared to be no significant differences in frequency
between the sexes.
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Of the 25 individuals Megan Cook and coworker [9] examined from
Dakhleh Oasis, all exhibited tetracycline labeling. These individuals displayed
concentric labeling indicating intermittent use. Cook and her colleagues com-
pared the pattern of labeling in Egyptians with a modern clinical sample.
Clinically tetracycline is prescribed in two patterns. For acne it is given con-
tinuously; for infection it is given intermittently. The Dakhleh Oasis patterns
are consistent with doses given intermittently. The distance between labeling
ranges from 13.5 to 20.67 micrometers. Frost and co-authors [29] estimate that
the normal appositional rate is 1 micrometer per day in modern populations.
This would indicate that there was a two- to 3-week interval between the doses
of tetracycline. In comparison to the intermittent dosage at Dakhleh, the
Nubian sample from the X-Group period followed a pattern more consistent
with the modern pattern of individuals receiving a continuous dosage.

Anne Grauer and George Armelagos found the only evidence of tetracycline
in bone from an archaeological site outside of Africa [36]. They discovered
traces of tetracycline labeling in osteons from bone recovered from the Early
Roman (198-63 BCE) to Early Byzantine (365—400 CE) periods at the site of
Hesbon. Thin sections were made from nine juvenile and one adult femora.
The adult specimen displayed definite fluorescence in a well-mineralized
osteon. Of the nine juvenile specimens, four of them displayed fluorescence,
two showed no sign of fluorescence and two are too poorly preserved to be
analyzed.

The dose of tetracycline in the four populations is quite different. The
X-Group Nubians received physiological doses of this antibiotic. The rate of
infection was quite low and the tetracycline was likely to be responsible for
inhibiting infection. Only 6% of the X-Group people showed evidence of a
periosteal reaction that indicates infection. In most of these cases the periosteal
reaction was localized and there was little evidence for systemic infection that
undoubtedly contributed to their low rate of infectious bone lesions.

According to Hummert and Van Gerven [5], the pattern of labeling at
Kulubnarti suggests sporadic use and low levels of ingestion. They report that
around 43% of the Kulubnarti population shows evidence of a mild periosteal
reaction, suggestive of low-grade infection. There was no significant associa-
tion between the occurrence of tetracycline labeling and periosteal infection,
suggesting that the amount of the antibiotic they were receiving had little
therapeutic effect. The Dakhleh populations not only received a lower dosage
than is evident in the Wadi Halfa population but also its use was seasonal.
Skeletal evidence shows that infection is absent in over 100 adults sampled
and high in the 11 sub-adults. They suggest the low infection rates among
adults support the hypothesis of antibiotic surveillance, but an alternative
hypothesis is that the low infection is due to an absence of the pathogen in the
dry environment.

The differences in tetracycline use at Kulubnarti and Wadi Halfa are due to
differences in ecological productivity between the two regions. The living con-
ditions at Kulubnarti were harsher than those found in Wadi Halfa and this
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could have decreased the potential for storage. Hummert and Van Gerven also
suggest that at Kulubnarti the grain tax of the Church would have further
reduced storage.

Cook and coworkers [9] suggest that the Dakhleh people had a system of
storage similar to their Nubian neighbors to the south. They argue that con-
tamination was most likely to occur when the grain was at the bottom of the
bins. This, they note, corresponds to the time when it would have been most
needed — when nutritional and disease stress would have been most likely.

Ethnohistorical evidence showing that the Egyptians believed that beer had
medicinal properties supports the contention that beer was considered more
than food. From accounts found in the work of von Dienes and Grapow [37]
cited by Darby and coworkers [24], there are 12 pages of beer remedies for
various illnesses. Egyptians used beer:

To treat the gums by rinsing the mouth

To strengthen the gums and treat the gums

As enemata

As vaginal douches

As dressings

For anal fumigation to treat disease of the anus

We have no evidence that the microbes which infected the Nubians became
resistant to tetracyclines. The skeletal evidence of infection as revealed by
periosteal reaction remains low throughout the Nubian occupation of this
region. If the microbes that attacked the Nubians became resistant, we would
have expected that the periosteal reactions would have become more intense
with time.

Tetracyclines appear to restrain the breakdown of collagen by inhibiting the
action of collagenase. There is now a concerted effort to produce chemically
modified tetracyclines (CMT) [38—42] that have the collagenase inhibitory
effects without the antibiotic qualities. They are very effective in blocking the
full effects of matrix metalloproteinases (MMPs) [43-51]. The MMPs are
involved in a number of the pathological processes that affect connective tis-
sue disease and that result in osteoarthritis [43, 45], rheumatoid arthritis [52,
53], periodontal disease [50, 54], osteoporosis [38] and even cardiovascular
disease [55]. The new thrust in research on the non-antibiotic properties of the
tetracyclines provides one of the most interesting aspects of this amazing mol-
ecule.

The final piece of our story examines the impact of tetracyclines on the
health of Nubian populations. The ancient Nubians who received the antibiot-
ic benefited from their tetracycline ingestion; it protected many of them from
age-related bone loss. To demonstrate the effect of tetracycline, we examined
its impact on the age-related changes as measured by the mineralization of the
femoral heads of the X-Group population [56]. A 1.5 cm cube of trabecular
bone was cut from the femur head 0.5 cm dorsally or ventrally from the mid-
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sagittal plane of the femur head. We determined the ash and bone density to
measure the effect of age and tetracycline use on change in bone mineraliza-
tion. We used two volume determinations (bone organ and bone tissue) in the
study. Whole bone volume refers to an entire specific bone (i.e., femur), or a
specific portion of bone (i.e., femur head) and includes both cortical and tra-
becular bone and interstitial spaces. The bone organ volume refers to the major
constituents of bone (trabecular and/or cortical tissues with interstitial space)
of a specific skeletal site (trabecular bone of the femur head or cortical and tra-
becular bone of the rib). Bone tissue, in contrast, refers to the protein and min-
eral portions of the bone excluding interstitial space.

The method for quantifying bone organ and bone tissue is described by
Armelagos and colleagues [56] who modified the methods of Amold and co-
workers [57, 58]. The bone organ volume was determined by paraffin-coating
the trabecular cube and weighing it in the air and under water. The difference
between weight in the air and under water converted to volume in cubic cen-
timeters is the volume of bone organ. The samples were then ashed in a muf-
fle furnace for 48 h at 580 °C and allowed to cool in a desiccator for 24 h and
weighed to determine the ash weight.

The ash weight data (ash weight in grams/bone organ volume in cubic cen-
timeters) for the NAX females (Tab. 4) and males (Tab. 5) by age groups shows
the expected decrease with age in both sexes. Using the 17-25 age group as
the reference point, females show a decrease of 25.4% by their 42-55th year
and males experienced a 16.5% decrease. Regression analysis (Fig. 4) shows
that the decrease in ash density of femur head trabecular bone density with age
is significant in females (R?=.1862, p =.014) and not significant in males
(R*=.0967, p = .094).

Table 3. Ash weight data summary for NAX females

Age group N Minimum Maximum Mean Std. Dev.
17-25 18 .1975 4184 .3000 0617
26-31 8 2393 .2970 2393 .0488
3241 8 2626 4173 2626 0742
42-55 8 2239 .3508 2239 0712

Table 4. Ash weight data summary for NAX males

Age group N Minimum Maximum Mean Std. Dev.
17-25 10 2569 4378 3317 0751
26-31 9 .1407 3594 2763 0769
32-41 9 2186 .3010 2764 0261

42-55 6 2367 .3601 2771 .0488
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Table 5. Percent decrease in ash weight for NAX females

Age group N Mean
17-25 18 .3000
26-31 8 -20.23
32-41 8 -12.46
42-55 8 -25.36

5

Sex of individual

Ash weight (g) /bone organ volume (cm3)

® Male
Rsq = 0.0967
¥ Female
Rsq=0.1862
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Figure 4. The relationship of ash weight of NAX femoral head trabecula with age. The relationship is
significant in females (p = 0.014) but not in males.

The relationship between the percent of tetracycline and total bone and ash
weight density shows an interesting association. There is a positive relation-
ship between ash density and the percent of tetracycline in the bone of females
(Fig. 5). This association is especially noteworthy since the decrease of ash
weight with age in females is significant.

To ensure that the interaction of age, total tetracycline label and ash weight
was not confounding these findings, we performed a multiple regression
analysis. The relationship in females between total bone tetracycline and ash
weight is significant (t = 3.335, p = .013) and the interaction of total tetracy-
cline and age is also significant (t = —2.775, p = .027). The relationship of total
tetracycline and ash weight in males is not significant (t = —.747, p = .489) and
the interaction of tetracycline and age is not significant (t = 358, p = 735). This
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analysis shows that tetracycline protects females against the loss of bone min-
eral with age.

The serendipitous discovery of tetracycline in prehistory is one of the most
interesting and unexpected discoveries in palaecopathology. The fact that tetra-
cycline can be shown to have a therapeutic effect in the reduction of infectious
lesions in Nubians is noteworthy. The fact that the tetracycline affected bone
density represents an unexpected finding and demonstrates the potential that
ancient remains have for understanding modern medical problems. The motto
of the Palaeopathology Association “Morturi Vientes Docent” (translated,
“The dead are our teachers™) is an apt axiom. The skeletal and mummified
remains have much to teach us and we are ready to learn.

Table 6. Percent decrease in ash weight for NAX males

Age group N Mean
17-25 10 3317
26-31 9 -16.70
32-41 9 -16.67
42-55 6 -16.45
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Introduction

Before the evolution of the role of tetracyclines in the management of peri-
odontal diseases can be understood, a short historical review of the history of
periodontitis as a disease and the therapeutic strategies to manage it is neces-
sary. This review will help us to understand how the tetracyclines have come
to play a major role as an adjunctive chemotherapy to the mechanical/surgical
modalities of therapy used at present to manage chronic progressive periodon-
titis. The proven efficacy of this group of drugs in the management of peri-
odontal diseases has been found to be related not only to their antibacterial
actions, but also to a number of additional properties that have recently been
identified. These include the inhibition of matrix metalloproteinases, anti-
inflammatory properties, the inhibition of bone resorption, and their ability to
promote the attachment of fibroblasts to root surfaces and increase the pro-
duction of collagen and bone. Consequently, tetracyclines have not only been
used as an adjunct to non-surgical therapy such as scaling and root planing, but
they have also been used as an adjunct to bone grafting in periodontal defects,
and as root conditioning agents to enhance attachment of regenerated peri-
odontal tissues. The potential for tetracyclines to play a prominent role in the
newly emerging discipline of periodontal medicine will also be addressed.
From the earliest times, the human race has been plagued by a variety of
dental problems and has attempted to alleviate these, often painful if left
untreated, problems. The first dental healers were physicians, with
Hippocrates describing a malady of loose teeth and bleeding gums [1]. In
Rome, Celsus (30 B.C.) recommended vinegar as a remedy for gingival disor-
ders [2], perhaps the first documented attempt at managing the disease with
chemotherapeutics. Islamic physicians also noted this condition and Abucalsis,
in the 11th century, designed a set of “scrapers” for the removal of calcific
deposits from the teeth [3]. Physicians were replaced in the Middle Ages by
the barber-surgeons of Europe who specialized in dental care [4]. The surgeons
continued to make progress as dental practitioners through the 18th century
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when the treatise “Le chirurgien dentiste”, written by Pierre Fauchard in 1728,
established dentistry as a profession based on rational and scientific principles
[5]. Fauchard in “The Surgeon Dentist” described periodontal disease as
“scurvy of the gums”. John Hunter, in 1778, gave the first comprehensive
description of periodontal disease, a condition which initiates at the gingival
border and which may involve the deeper periodontal tissues [6]. It was not
until 1840 that the first dental college in the world, the Baltimore College of
Dental Surgery, was established [7].

Beyond the direct treatment and management of dental disease, one of the
great contributions that dentistry has made to human welfare is the discovery
of anesthesia by the dentist, Dr. Horace Wells, in 1844 [8]. Dr. Wells proved
his theory that nitrous oxide gas was an anesthetic to be used during surgical
procedures by asking his colleague Dr. John Riggs to extract one of his own
molars after inhalation of nitrous oxide, thus demonstrating the use of this gas
for elimination of pain during dental surgery. Periodontal disease had been
regarded as incurable, and teeth attacked by it doomed to extraction, until Dr.
Riggs later went on to introduce his techniques for the treatment of periodon-
tal disease at the 1881 International Medical Congress in London, which led
to the term “Riggs’ Disease” [9]. Based on the work of Riggs, Dr. Younger and
later Dr. Hutchinson advocated surgical treatment of periodontal inflammation
by pocket obliteration, which was undertaken by numerous dentists in the
early part of the twentieth century. At the same time, C.M. Carr developed
scalers for the removal of subgingival deposits wherever found and for the
planing of root surfaces, by which most of modern periodontics actually got its
start. Several dentists, encouraged by initial treatment successes, began around
1910 to limit their practices to periodontal treatment or, as it was then known,
“pyorrhea” treatment. At the same time a British physician, Dr. William
Hunter, introduced the concept that chronic infection is the cause of certain
systemic diseases, with remarks on etiology directed largely to mouth infec-
tions, with special emphasis on periodontal infections [10]. Occasionally med-
ical, rather than surgical, treatment was attempted, including attempts to devel-
op suitable vaccines for “pyorrhea”. In 1914, Drs. Stillman and McCall of New
York, Spaulding of Michigan and Hayden of Ohio formed the American
Academy of Periodontology [11]. This group renamed the disease “periodon-
toclasia” and the term “periodontology” was accepted as the generic name for
the branch of dentistry dealing with diseases of the supporting tissues of the
teeth. In 1915, recognizing that bacterial deposits around the teeth were
involved in this degenerative process, Dr. Thomas Hartzell, before the First
District of New York Dental Society, urged comprehensive methods of treat-
ment that included deep scaling as well as surgery [12]. The first book in the
field of periodontology, “A Textbook of Clinical Periodontia”, written by Drs.
Paul Stillman and John Oppie McCall, was published in 1922.

A major step forward was taken in 1948 when the National Institute of
Dental Research, now the National Institute of Dental and Craniofacial
Research, was established by the United States Public Health Service, which
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was ultimately incorporated into the National Institutes of Health (NIH).
Through this act Congress recognized the importance of dental health [13].
This provided a means by which the epidemiology as well as the pathogenesis
of periodontal disease could be investigated. It was also recognized by the
1960s that systemic disorders often play an important role in the etiology of
certain periodontal diseases. For this reason it became clear that periodontal
disease in some of its phases constituted a medico-dental problem. It was rec-
ognized that the mouth was part of the body and could not be divorced from
it, although the vital connection seemed at times to be rather tenuous. It was
stated in a report presented to the World Health Organization in 1961 by Drs.
A.L. Russell of the U.S. Public Health Service and J. Kostlan of the
Czechoslovakian Institute of Dental Research that periodontitis is a “spectac-
ular disease affecting the majority of the world’s population [10].” They
emphasized the importance of periodontal disease as a world health threat in
view of its deleterious systemic effects and its world-wide distribution.

Theories about the pathogenesis of periodontitis have evolved from consid-
ering it to be purely a plaque-associated disease to the more recent hypotheses,
which place considerable emphasis on the host’s response to the bacteria [14].
The first-ever Surgeon General’s Report on “Oral Health in America”, pub-
lished in 2000, has once again recognized the importance of dental health in
the overall general health and well-being of a patient [15]. Recent research
findings pointing to possible associations between chronic oral infections,
such as periodontitis, and diabetes, heart and lung diseases, stroke, and low-
birth-weight, premature births are addressed in this report which assesses these
emerging associations and explores factors that may underlie these oral-sys-
temic disease connections. Along with these findings and the emergence of the
discipline of periodontal medicine there have been many developments in ther-
apeutic approaches to the management of periodontitis.

No class of drugs has made more of an impact on periodontal therapy than
the tetracyclines. These compounds have been used in a medical chemothera-
peutic approach as adjuncts to accepted mechanical procedures to treat peri-
odontal disease. They have been used in conjunction with scaling and root
planing, the gold standard of non-surgical therapy, as well as with surgical pro-
cedures, both resective and regenerative. The tetracyclines have been used
locally and systemically as antimicrobial agents, and, more recently, systemi-
cally as host-modulatory agents. The tetracyclines have been used not only to
address chronic adult periodontitis but also for the management of specific,
often more aggressive, types of periodontitis. Most recently, the tetracyclines
have been advocated for the management of patients with systemic diseases,
such as diabetes. The use of tetracyclines has lead not only to improvements
in the periodontal health of compromised diabetic patients, but also to
improvements in long-term markers of glycemic control, such as glycated
hemoglobin [16]. Clinically, the purpose of using tetracyclines as adjunctive
agents has been to kill the pathogens in the tissues and pockets, modulate the
host response and increase the predictability of a variety of non-surgical peri-
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odontal therapies, including scaling and root planing. This strategy may result
in the need for less extensive surgical procedures or ultimately decrease the
need for periodontal surgery. As an adjunct to mechanical therapies, the goal
has been to enhance reattachment or even to establish new attachment of the
supporting apparatus and to stimulate osseous formation. The literature is
replete with references to the use of tetracyclines in the management of peri-
odontal disease, so the objective of this review is to give an overview of the use
of these pleiotropic compounds for the treatment of periodontitis.

Antimicrobial therapy with tetracyclines

Since 1965 there have been at least 3 eras in modern periodontics [17], two of
which have been dominated by the bacteria which initiate the disease process.
The decade from 1965—1975 is often referred to as the “Non-Specific Plaque
Theory Era” anchored by the Loe et al. [18] discovery that plaque causes
inflammation of the gingival tissues known as gingivitis. During this era it was
believed that untreated gingivitis would inevitably progress very slowly to
become the more destructive and irreversible form of the disease known as
periodontitis. However, it has been shown that some patients can have chron-
ic gingivitis that never progresses to periodontitis. Furthermore periodontitis
develops most aggressively in susceptible individuals and, rather than having
a slow steady course, may be episodic in nature, and also appears to be site-
specific. During the “Non-Specific Plaque Era” the conclusion was that all
plaque was bad and that excessive accumulations led to disease. Consequently,
therapies were directed at reducing the quantity of plaque on the tooth sur-
faces. Treatment failures were perceived to be due to poor oral hygiene com-
pliance by the patient.

The decade of 1975-1985, known as the “Bacterial Specificity Era”, result-
ed from the identification of specific microbes which could be related to spe-
cific forms of periodontal disease. There was also recognition of the differ-
ences between sub-gingival and supra-gingival plaque and a realization that
the quality and not just the quantity of plaque was of critical importance. One
consequence of this was that there was a move from previously accepted clas-
sifications of periodontal disease to an understanding of new types of disease
based on the microbial pathogens identified in certain individuals. Since this
time, the importance of the ecosystem in which microbial species reside,
known as the biofilm, has also become apparent, and the predominance of cer-
tain species within the biofilm has come to the forefront of periodontal micro-
biology. The periodontal pocket can contain over 300 species of microorgan-
isms, which are not all present in every pocket [19]. Also there was a realiza-
tion that approximately 50% of the bacteria which are located in the gingival
pocket are non-cultivable and have not yet been identified, although through
DNA analyses further identification of microbes has become possible. There
is still much to be explored with regard to the periodontal microbiota. Despite
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this, the antimicrobial approach to periodontal therapy has been utilized for
many years, recognizing that the prevalence and severity of these diseases can
be reduced by mechanical plaque removal or by the use of a variety of sys-
temic or topically applied antimicrobial agents, aimed at inhibiting pathogen-
ic bacteria.

Mechanical removal of plaque and calculus, both surgical and non-surgical,
is time-consuming, operator and patient-dependent, and difficult to master
[20]. Although mechanical and surgical interventions continue to be the most
widely used methods of controlling disease progression, instrumentation
inevitably leaves behind significant numbers of microorganisms, including
putative pathogens. Recolonization of these pathogens can occur within 60
days of scaling and root planing. The need for the use of chemotherapeutic
agents as adjuncts to mechanical and surgical debridement is compelling. In
addition to innovative anti-infective treatments with the tetracyclines to be dis-
cussed here, considerable research and the introduction of host-modulatory
therapeutic uses of tetracyclines as adjuncts to block the progression of peri-
odontitis will be discussed in a later section.

It has become apparent in certain types of periodontitis, such as juvenile
periodontitis or prepubertal periodontitis, that patients have chemotactic
defects affecting neutrophil function, a defect which may be genetic in nature
[21, 22]. However, adding to the complexity of this disorder, the major
pathogen associated with these forms of periodontitis is Actinobacillus actin-
omycetemcomitans, which secretes a leukotoxin, which is known to have dele-
terious effects on neutrophil function. These bacteria, unlike most associated
with periodontal disease, are also known to invade the soft tissues, indicating
that the mechanical removal of plaque may be insufficient to arrest the disease
and that systemic use of antimicrobial agents would be judicious. These find-
ings led to the appreciation that some antibiotics may serve as adjuncts in the
treatment of certain types of periodontitis.

A few specific microorganisms have been associated with progressive forms
of periodontal disease. These include Actinobacillus actinomycetemcomitans,
Porphyromonas gingivalis, Prevotella intermedia, Bacteroides forsythus,
Eikinella corrodens, Fusobacterium nucleatum, Peptostreptococcus micros,
Selenomonas species, Campylobacter rectus, and Treponema species [23].
While most of these organisms are sensitive to commonly used antibiotics
such as the tetracyclines, including tetracycline and minocycline, many strains
of Actinobacillus actinomycetemcomitans, Porphyromonas gingivalis,
Prevotella intermedia, Eikinella corrodens and Fusobacterium nucleatum are
resistant to chlortetracycline, oxytetracycline, and doxycycline [24, 25].

Most of the subgingival microorganisms are susceptible to tetracycline at a
minimal inhibitory concentration (MIC) of >1-2 pg/ml [26, 27]. However, it
should be emphasized that most studies on microbial susceptibility are con-
ducted in vitro and do not take into account the existence of these microbes in
the biofilm in vivo. For minocycline, a MIC of 1 pg/ml was found to inhibit
85% of bacterial strains [28]. Many of the Gram-positive oral streptococci
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show marked resistance to tetracycline (MIC >64 yug/ml) and some Gram-pos-
itive actinomycetes exhibit intermediate (MIC 4-8 pg/ml) tetracycline resist-
ance [29-31]. There are some species that demonstrate resistance to tetracy-
cline (MIC >16 pg/ml), for example: Eikenella corrodens, Prevotella oralis,
Selenomonas sputigena and some strains of Campylobacter and Veillonella
[27]. Similarly, a number of black pigmented bacteroides exhibit resistance to
minocycline at MICs greater than the level attainable in the gingival crevicu-
lar fluid (GCF) after systemic dosing with the drug [28]. At concentrations of
doxycycline ranging from 5-25 pg/ml, bacterial resistance has been reported
in 2—6.6% of the species in the subgingival plaque obtained from healthy peri-
odontal sites, which increases to 18.5% when the plaque is obtained from
patients with advanced periodontal disease [32].

Systemic tetracyclines in the management of periodontitis

For the most part, systemic antimicrobial therapy has been reserved for refrac-
tory cases of periodontitis, which demonstrate progressive periodontal destruc-
tion. Systemic antibiotics may be recommended as adjuncts to conventional
mechanical therapy, but strong evidence for their use as a monotherapy has not
been developed. A consensus has developed that systemic antimicrobial thera-
py should be reserved for situations that cannot be managed with mechanical
therapy alone, such as severe or acute infections, early-onset periodontal dis-
eases and refractory cases. For these special situations, randomized double-
blinded clinical trials, as well as longitudinal assessments of patients, indicate
that systemic antimicrobials may be useful in slowing disease progression
[33].

Refractory forms of periodontal disease, demonstrating a progressive
destruction of the periodontal attachment apparatus despite conventional ther-
apy, can be managed with the following recommended dosing regimens for
antibiotics in the tetracycline family: 250 mg qid of tetracycline for 2-3
weeks, or 100 mg bid for day one followed by 100 mg qd of doxycycline for
2-3 weeks [34], with 2 weeks of therapy as the usual regimen for advanced
periodontitis not responding to standard treatment. Microbiological testing in
a non-responsive patient reporting high levels of Actinobacillus actino-
mycetemcomitans requires 3 weeks of dosing to ensure eradication of this spe-
cies of bacteria [35—-38]. In addition, there are individuals who are infected
with Actinobacillus actinomycetemcomitans who have juvenile periodontitis
where the recommendation is for tetracycline hydrochloride, 250 mg qid for
12-21 days as adjunct to either non-surgical or surgical therapy. Minocycline
is prescribed at 50 mg tid for 2—3 weeks in juvenile periodontitis, rapidly pro-
gressing periodontitis, or severe adult periodontitis. The absorption of doxy-
cycline is not affected by food as much as are other commercially available
tetracyclines and compliance with a once a day, 100 mg regimen is better than
for bid, tid or qid regimens. Treatment of refractory forms of periodontitis,
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especially those which have been treated with multiple courses of antibiotics,
often requires culture and testing to determine which microbes are present and
what is their antimicrobial susceptibility. Other periodontal diseases in which
antibiotics may be of use include AIDS-periodontitis or gingivitis, periodonti-
tis in compromised patients such as those with diabetes, Papillon-Lefevre syn-
drome, as well as periodontitis in neutropenic patients [39, 40].

Major adverse reactions to tetracycline antimicrobial therapy which need to
be considered include anaphylactic reactions, gastrointestinal disturbances,
photosensitivity, tooth pigmentation and delayed fontanelle closure in children
[41]. Tetracyclines should also be avoided during pregnancy and in children
under the age of 8. Photosensitivity in patients taking doxycycline has been
shown to be dose-dependent. The gastrointestinal side-effects of antibiotic
doses of the tetracyclines include nausea, heartburn, epigastric pain, vomiting
and diarrhea. Entero colitis rarely occurs. Candida albicans superinfection can
occur in debilitated patients. Antimicrobials have been reported to interfere
with hormonal birth control. With doxycycline usage, side-effects of the lower
bowel, particularly diarrhea, are infrequent. Minocycline can cause vestibular
disturbances characterized by vertigo, reversible dizziness, ataxis, and tinnitus
associated with weakness. With regard to antibiotic resistance induced by the
use of tetracyclines, many members of the normal oral flora are naturally
resistant to tetracycline [24, 42, 43]. After treatment with tetracycline, howev-
er, tetracycline resistance of several bacteria can be found. Tetracycline resist-
ance is uncommon with Actinobacillus actinomycetemcomitans and
Porphyromonas gingivalis. However, it is common in Prevotella intermedia
strains. Because antibiotic resistance can be induced after periodontal therapy
with antibiotics, indiscriminate or widespread use of systemic antibiotics is
contraindicated for the treatment of common forms of periodontal disease
[27]. Antibiotics should be reserved for refractory periodontitis or unique
forms of the disease such as localized juvenile periodontitis where other
modes of therapy are not effective.

Controlled local delivery of tetracyclines

In order to have a therapeutic effect on the microflora, antimicrobial agents
must reach adequate concentrations to kill or inhibit the growth of target
organisms. The drug of choice must reach the site where the organisms exist
and stay there long enough to get the job done and it must cause no harm.
Mouth rinses do not reach the depths of periodontal pockets, whereas irriga-
tion can deliver drugs to the base of the pocket. However, the duration of expo-
sure is short because the GCF in the pocket is replaced about every 90 s and
topically applied agents are rapidly washed out. Early research suggested that
doxycycline administered systemically [44, 45] was highly concentrated in the
GCF at levels 5-10 times greater than those found in serum. Furthermore,
tetracyclines show substantivity because they bind to the tooth structure and
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are slowly released as still-active agents. However, even this supposed hyper-
concentration of the drug in the GCF still resulted in a level to which many
organisms were not susceptible. More recent work has challenged earlier find-
ings of hyperconcentration of tetracyclines in the GCF. In the 2 h after the
administration of a single dose of tetracycline (250 mg), minocycline (100 mg)
or doxycycline (100 mg), the concentration of these tetracyclines was found to
be highest in the plasma, intermediate in the GCF (doxycycline achieving the
highest levels) and lowest in the saliva [46]. Further experimentation may be
required to resolve this issue as there was a great deal of variability in the aver-
age GCF concentrations (0—8 pg/ml) in this study and steady-state levels of the
drug were never achieved. To address these issues, controlled local delivery of

Table 1. Comparison of periodontal antimicrobial delivery systems

Mouthrinse Local Systemic Controlled
irrigation delivery delivery
Reach the site Poor Good Good Excellent
Adequate concentration Poor Good Fair Excellent
Adequate duration Poor Poor Fair Good

antimicrobials was developed. In Table 1, a comparison between periodontal
antimicrobial delivery systems is made.

Dental research has provided us with a better understanding of the micro-
bial etiology and the nature of periodontitis. Periodontitis, initiated by bacte-
ria, frequently either appears in localized areas in the patient’s mouth or is con-
fined to localized areas by treatment. These infected localized areas lend them-
selves well to treatment with a controlled local delivery system using an
antimicrobial agent [47]. Antimicrobial agents may be applied directly to the
pocket, thereby eliminating many of the adverse side-effects associated with
systemic delivery of antibiotics. Both non-resorbable and resorbable intrapoc-
ket delivery systems have been used. There is evidence that local delivery of
sustained-release antimicrobials may lead to improvements in periodontal
health, although a few side-effects, such as transient discomfort, erythema,
recession, transient resistance and allergy have been reported. Oral candidiasis
has been reported in a small number of cases with local tetracycline delivery.

Systems have been developed for the release of all three commercially
available tetracyclines at high doses and at a regular rate over a 10—14-day
period. The first such Food and Drug Administration (FDA)-approved system,
Actisite™, was developed by Dr. Max Goodson in 1983 [48]. Actisite™ con-
sisted of a non-resorbable polymer fiber of ethyl vinyl acetate, 25% saturated
with tetracycline hydrochloride. Use of this product results in substantially
higher doses of tetracycline in the pocket than could be achieved by systemic
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dosing, 1590 pg/ml in the GCF and 43 pg/ml in tissue versus 2—8 ug/ml for
systemic administration. 30 pg/ml will eliminate most pathogenic bacteria
associated with periodontal diseases. The area being treated is saturated with
doses of the therapeutic agent that can be sustained for prolonged periods of
time. Despite these high doses of drug that are achieved locally, serum levels
of the drug did not exceed 0.1 pg/ml. The primary endpoint of most periodon-
tal trials is a change in the levels of clinical attachment and pocket depth
(Fig. 1) from the baseline to a designated time point after therapy. The use of
a singly applied tetracycline fiber as an adjunct to scaling and root planing
(SRP) proved to be more effective than scaling and root planing alone at reduc-
ing bleeding on probing (BOP), pocket depths (PD) and achieving attachment
level (AL) gain as early as 60 days after placement, with continued significant
improvements at 6 months. At 6 months after a single application of
Actisite™, the average results for SRP and Fiber versus SRP only respective-
ly were: 1.81 mm versus 1.08 mm for PD; 1.56 mm versus 1.08 mm for AL
and 63% versus 50% for BOP reductions [49]. In recent studies it was con-
cluded that SRP combined with full mouth Actisitt™ therapy versus SRP
alone resulted in increased bone density (+2.43 CADIA versus —2.13 CADIA)
and alveolar bone height (+0.24 mm versus —0.29 mm) at 6 months after ther-
apy [50]. However Actisite™ was difficult to use, requiring considerable oper-
ator skill, and because it was not resorbed, a second visit had to be scheduled
to remove it. In attempts to improve upon ease of placement of the local
antimicrobial agent into the pocket and to obviate the need for a second visit
to remove the product, other delivery systems were explored.

The second FDA-approved, locally delivered tetracycline developed,
Atridox™, is a 10% formulation of doxycycline in a bioabsorbable, flowable

Figure 1. Clinical parameters for diagnosis of periodontal disease. The periodontal probe is the pri-
mary tool used for diagnosing periodontal disease. The periodontal probe is marked off in multiples
of 1 mm increments. It is used to assess signs of periodontal disease including: pocket depth (PD),
attachment loss (AL), and inflammation based upon bleeding on probing (BOP).
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poly DL-lactide and N-methyl-2-pyrrolidone mixture delivery system. In sub-
jects with chronic adult periodontitis, the application of this doxycycline gel
twice, at baseline and 4 months later, resulted in reductions in probing depths
(1.3 mm) and gains in clinical attachment (0.8 mm) equivalent to SRP alone at
9 months after baseline [51]. An important finding of these studies was that
smoking status did not seem to affect the outcome of clinical parameters such
as probing depth reductions and clinical AL gains for the Atridox ™ treatment
group, whereas smokers and even former smokers did not respond as well to
mechanical therapy alone [52]. Despite these results, it is unlikely that this
agent will ever be used as a monotherapy for the management of periodontal
disease. Removal of the offending plaque and calculus deposits by SRP has
proven to be effective. Additional studies to support improved outcomes by
using this therapeutic agent as an adjunct to SRP have been initiated. Despite
the fact that this vehicle is biodegradable, a periodontal adhesive dressing is
recommended to retain the system, necessitating a second visit to remove the
dressing 7—10 days after placement.

With regard to minocycline there is a non-FDA cleared ointment product of
2% (w/w) minocycline hydrochloride known as Dentamycin or Perio Cline
marketed in a number of countries. In a 4-center randomized double-blind trial
conducted in Belgium, the minocycline ointment was applied once every 2
weeks for 4 applications due to insufficient sustained-release properties.
Probing depth reductions were significantly greater in the SRP and minocy-
cline group versus SRP alone, whereas there was only a trend towards
improvements in clinical AL and bleeding indices in the minocycline treatment
group [53]. In a long-term, 15-month study, after placement of the gel subgin-
givally at baseline, 2 weeks, 1, 3, 6, 9 and 12 months, results showed a statis-
tically significant improvement for all clinical and microbiological parameters
for adjunctive minocycline ointment [54]. A new minocycline microsphere
system (Arestin™) is currently under consideration at the FDA. The data from
these studies with this product indicate that the use of minocycline micros-
pheres at baseline, 3 and 6 months results in a 0.25 mm improvement above
average probing depth reductions. If the data are stratified in accordance with
the severity of baseline probing depths, there are 20% improvements in mild
sites, 40% in moderately diseased sites and 100% in severely diseased sites
compared with SRP alone. There were no differences in the microflora
between the SRP alone group and those administered the minocycline micros-
pheres [55].

The tetracyclines are clearly effective as antibiotics against many periodon-
tal pathogens, as are many other antibiotics. However, despite the fact that
other antimicrobials, such as metronidazole, have proven to be more effective
against the putative periodontal pathogens, the tetracyclines have dominated as
chemotherapeutic adjuncts for the management of periodontitis. The efficacy
of tetracyclines administered either systemically or locally may be dictated by
far more than their antimicrobial properties, as will be discussed below.
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Non-antimicrobial, host-modulatory therapy with tetracyclines

Periodontal disease does not appear to act like a classical infection, but more
like an opportunistic infection. There is no way to eliminate bacteria from the
oral cavity, so bacteria are always present in the periodontal milieu. When cer-
tain more virulent species exist in an environment that allows for them to be
present in greater proportion, there is the opportunity for periodontal destruc-
tion to occur. However, while it is apparent that plaque is essential for the
development of the disease, the severity and pattern of the disease are not
explained solely by the amount of plaque present. In 1985 research began to
focus very closely on the bacterial-host interactions, leading to the “Host-
Bacteria Inter-Relationship Era” [17]. During this era it has been recognized
that although there are bacterial pathogens that initiate the periodontal inflam-
mation, the host response to these pathogens is equally if not more important
in mediating connective tissue breakdown, including bone loss. It has become
clear that it is the host-derived enzymes known as the matrix metallopro-
teinases (MMPs), and changes in osteoclast activity driven by cytokines and
prostanoids, that cause the majority of the tissue destruction in the periodon-
tium [56]. This shift in paradigms with a concentration on the host response
has led to the development of host-modulatory therapies to improve upon ther-
apeutic outcomes, slow the progression of the disease, allow for more pre-
dictable management of patients and possibly even work as preventive agents
against the development of periodontitis.

There are a number of environmental and acquired risk factors that increase
a patient’s susceptibility to periodontitis. The risk factors that can affect onset,
rate of progression and severity of periodontal disease as well as response to
therapy include: heredity, smoking, hormonal variations such as those seen in
pregnancy where there are increased levels of estradiol and progesterone
which may change the environment and permit the virulent organisms to
become more destructive, or in menopause where we find the reductions in
estrogen levels leads to osteoporosis. Other risk factors include systemic dis-
eases such as diabetes, immunocompromised state, stress, nutrition, medica-
tions such as calcium channel blockers, faulty dentistry and a multitude of oth-
ers including a previous history of periodontal disease [57-59]. Some of these
risk factors can be modified to reduce a patient’s susceptibility. Risk manage-
ment may include smoking cessation, improved control of diabetes, nutrition-
al supplementation and stress management. The field of “perioceutics” is
emerging to aid in the management of these susceptible patients who develop
periodontal disease. Host-modulatory therapy, which can be used to bring
down excessive levels of enzymes, cytokines and prostanoids as well as mod-
ulate osteoclast function, is the key to addressing many of these risk factors
which have adverse effects on the host response. Tetracyclines work so well as
host-modulatory agents because of their pleiotropic effects on multiple com-
ponents of the pathological host response (Fig. 2).
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Figure 2. Periodontal brackdown cascade. Simplified schematic depicting etiologic factors and cas-
cade of events contributing to periodontitis.

The role of MMPs in both physiological and pathological processes has
been thoroughly discussed in the periodontal [60] and other literature. The role
of inhibitors is particularly important because it is an imbalance between the
activated MMPs and their endogenous inhibitors that leads to pathological
breakdown of the extracellular matrix (ECM) in diseases such as periodontitis,
arthritis, cancer invasion, etc. This rationale has led to the development of a
number of synthetic matrix metalloproteinase inhibitors (MMPIs), not only as
“tools” in the study of the mechanisms involved in MMP-associated patholo-
gy, but also as potential therapeutic agents. Compensating for the deficit in the
naturally occurring inhibitors or tissue inhibitors of MMPs (TIMPs) to block
or retard the proteolytic destruction of connective tissues is of therapeutic sig-
nificance. Conceptually, this can be accomplished with the use of drugs that
can: (i) inhibit the synthesis and/or release of these enzymes; (ii) block the
activation of precursor (latent) forms of these MMPs (pro-MMPs); (iii) inhib-
it the activity of mature MMPs; (iv) stimulate the synthesis of endogenous
TIMPs; or (v) protect the host’s endogenous inhibitors from proteolytic inac-
tivation [61, 62]. The tetracyclines, which may modulate many of these
matrix-protective mechanisms, have been found to be effective inhibitors of
MMP-mediated connective tissue destruction in a variety of pathological
processes. In addition to the possible effects of tetracyclines on expression,
activation and catalytic activity of MMPs, these compounds may act on other
processes involved in the overall pathophysiology of multiple disease states,
including regulation of release of inflammatory cytokines, glycosylation of
connective tissue proteins and even the upregulation of the expression of
matrix constituents which are produced at a deficient rate during diabetes and
other diseases [63—65]. These multiple modes of action listed in Table 2, not
all of which have yet been sufficiently defined, may account for the positive
results obtained with use of tetracycline antibiotics (TCs) as therapeutic agents
in models of periodontitis (and in other collagenolytic diseases), as this disease
process involves a complex, multifactorial pathogenesis. Although a number of
MMPIs have been developed over the past decade, few have been found to be
safe and effective, particularly after oral administration. Doxycycline is cur-
rently the only FDA-approved MMPI being used clinically and, as discussed
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Table 2. Tetracyclines inhibit connective tissue breakdown: pleiotropic mechanisms

* Mediated by extracellular mechanisms

— Direct inhibition of active MMPs — dependent on Ca”* and Zn** binding properties of
tetracyclines

— Inhibition of oxidative activation of pro-MMPs — independent of cation binding properties of
tetracycliness

— Tetracyclines disrupt activation by promoting excessive proteolysis of pro-MMPs into
enzymatically-inactive fragments — dependent(?) on cation binding of tetracyclines

— Inhibition of MMPs protects a.,-proteinase inhibitor, thus indirectly reducing serine proteinase
(such as neutrophil elastase) activity

* Mediated by cellular regulation

— Tetracyclines reduce levels of cytokines associated with inflammation and accelerated bone
loss (e.g., TNF, IL-1), inducible nitric oxide synthase, phopholipase A,, prostaglandin synthase.

- Effects on protein kinase C, calmodulin

* Mediated by pro-anabolic effects
— Tetracyclines increase collagen production
— Tetracyclines stimulate osteoblast activity & new bone formation

below, it is the only proteinase inhibitor that has been clinically tested in
humans for efficacy in periodontal therapy [62, 66—69].

The initial demonstration that TCs can inhibit host-derived MMPs, and do
so by a mechanism independent of the antimicrobial properties of the drugs,
was made in germ-free rats with experimentally induced diabetes, a model of
in vivo excess collagenase activity [70]. These results were confirmed in early
studies using TCs in humans, in additional animal models, and in organ cul-
ture bone resorption experiments [71-73]. In 1987, Golub et al. [74] described
a new use for the first chemically modified tetracycline (4-dedimethylamino
tetracycline or CMT-1), which is devoid of antibacterial activity due to the
removal of the dimethylamino group from the carbon-4 position of the “A”
ring of the drug molecule, but which retains its anticollagenase activity. Many
different chemically modified TCs (known as CMTs) have since been identi-
fied, most of which were found to retain their anti-collagenase but to have lost
their antimicrobial properties [71, 75, 76]. The one CMT found to have lost its
anti-collagenase property was CMT-5, or the pyrazole analogue, in which the
carbon-11 carbonyl oxygen and carbon-12 hydroxyl groups were replaced by
nitrogen atoms, which eliminated this important Zn** or Ca** binding site on
the TC molecule.

The first mechanism proposed for the anticollagenase properties of CMTs
was their ability to inhibit already active MMPs (collagenase and gelatinase)
in the ECM, a mechanism found to be associated with the Zn** or Ca** bind-
ing properties of the TC molecule. This proposed mechanism has been sup-
ported by the following observations: (1) adding excess Ca** (uM concentra-
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tions) or excess Zn>* (UM concentrations) eliminated the ability of the TC ana-
logues to inhibit collagenase activity [70, 77]; (2) structural evaluation of col-
lagenase has revealed that the enzyme contains a secondary Zn**, outside the
active site of the enzyme (in addition to an active site Zn?*), which in addition
to a secondary Ca®*, helps maintain the conformation and catalytic activity of
the enzyme [78] and (3) TCs such as doxycycline block the MMPs in vitro
apparently by non-competitive inhibition (Stetler-Stevenson et al., 1990s per-
sonal communication and [79, 80]). These findings suggest that the TCs
(except for CMT-5) may bind to the secondary Zn** (and to a lesser extent,
Ca®™) in collagenase, thus altering the conformation of the enzyme molecule
and blocking its catalytic activity in the ECM. This is supported by a more
recent study which demonstrated that CMT-5, unlike the other CMTs and
doxycycline, did not show any shifts in absorption maxima or any increase in
its absorption peak height by addition of zinc cations as analyzed using an in
vitro spectrophotometric technique [81]. A maximum “dilution” of doxycy-
cline’s ability to inhibit collagenase activity was seen at zinc concentrations of
1-5 uM, in agreement with previous reports. Of interest is that the greater zinc
reactivity of CMTs 3 and 8, compared to doxycycline (and the lack of zinc
reactivity of CMT-5), may explain, at least in part, their greater potency as
inhibitors of MMPs. The zinc may be interfering with the ability of these tetra-
cycline analogues to bind to the zinc at the primary site (needed for enzyme
activity), or at the secondary site (needed for structural stability).

Additional inhibitory mechanisms of these drugs include their ability to pre-
vent the conversion of pro-MMPs in the ECM into active MMPs. Two differ-
ent mechanisms of doxycycline inhibition of recombinant human pro-MMP-8
have been detected [82, 83]. When doxycycline is added to an incubation mix-
ture after activation of pro-MMP-8 (activation is achieved either by limited
proteolysis with trypsin or by the use of the organomercurial agent, APMA),
30 uM of the drug is required to inhibit the collagenase activity by 50% (ICs).
In contrast, when doxycycline is added during activation, the ICs, drops to
5-12 uM. Based on Western blot analysis of the different molecular species of
MMP-8, the authors proposed that, during activation, doxycycline binds to the
pro-MMP (complexing with Ca®*) thus altering the enzyme’s conformation
and resulting in excessive degradation of the proteinase to small enzymatical-
ly inactive fragments. However, this second mechanism may only apply to
recombinant MMPs since Sorsa et al. [80] were unable to detect any fragmen-
tation of either native pro-MMP-8 or pro-MMP-9 during their activation by
APMA in the presence of doxycycline and, based on Michaelis-Menten kinet-
ics, found that the drug, as stated above, acted as a non-competitive inhibitor
of collagenase in vitro. At the National Cancer Institute (NIH), Stetler-
Stevenson et al. recently examined the interaction kinetics of gelatinase A with
either doxycycline or CMT-3 and found that the former tetracycline analogue
functioned as an uncompetitive inhibitor, whereas the latter exhibited a mixed
mechanism of inhibition and was more potent (Personal communication with
Dr. Stetler-Stevenson). In addition, structural features in the hemopexin-like
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domain of the MMPs may modify the response of the MMPs to doxycycline
and differences within the catalytic domain of the MMPs may also contribute
to their susceptibility to tetracycline inhibition (e.g., of the collagenases,
MMP-13 and MMP-8 appear to have a wider catalytic cleft and are more sen-
sitive to tetracycline inhibition than MMP-1 [84]).

Scavenging of PMN-generated reactive oxygen metabolites (e.g., HOCI) by
TCs may prevent the oxidative conversion of pro-MMPs in the ECM into
active MMPs, and this property of TCs appears not to depend on the metal-ion
binding properties of these drugs. As evidence, CMT-5, which unlike other TC
compounds lacks the important Ca** and Zn**-binding site on the TC mole-
cule, can prevent pro-MMP activation like other TC analogues [85]. The drugs
also appear to down-regulate expression of MMPs, at least by keratinocytes,
endothelial cells and osteoblasts in culture [86, 87].

TCs appear to inhibit ECM breakdown by indirect mechanisms as well. In
this regard, the serum protein o,-antitrypsin (also called o,-proteinase inhi-
bitor or o,-PI), is the host’s major defense against another family of tissue-
destructive proteinases, the serine proteinases (particularly neutrophil elas-
tase). MMPs are now known to degrade and inactivate o -antitrypsin, so that
TC-inhibition of the MMPs could protect elastase-susceptible substrates (e.g.,
elastic fibers, fibronectin, proteoglycans and TIMPs) from proteolytic attack as
well [88—90]. Another potential indirect mechanism by which the TCs may
inhibit ECM breakdown could be through inhibition of activation of pro-TNF-
« thereby leading to a decrease in the formation of the powerful cytokine,
tumor necrosis factor (TNF-a) [91, 92]. Gearing et al. [93] have demonstrated
that processing of the TNF-a precursor can be mediated by MMP enzymes.
Recently three different MMP inhibitors including BB2275 (British Biotech,
Inc.) [93], GI129471 (Glaxo, Inc.) [94] and doxycycline [92], were found to
inhibit MMP-mediated activation of pro-TNF-a, in vivo, in endotoxin-chal-
lenged rats. In addition, there is recent evidence to support inhibition of the
production and/or activation of another important cytokine, interleukin-13
(IL-1B) or osteoclast activating factor, as well [88]. In cell culture, as well as
animal model systems, the tetracyclines have been found to reduce elevated
prostanoid levels [95] as well as inhibit osteoclast activity [96]. The tetracy-
clines can clearly inhibit connective tissue breakdown by multiple non-antimi-
crobial mechanisms (Tab. 2) [88, 97]. These findings have led to the develop-
ment of a series of novel, chemically modified tetracyclines known as
Inhibitors of Multiple Proteases and Cytokines or IMPACs®.

Tetracyclines have evolved in the periodontal literature as not only antimi-
crobials but also MMPISs. In a review on future periodontal therapy, Page [98]
addressed 3 components central to periodontal treatment: 1) scaling and root
planing, with or without surgery; 2) antibiotic treatment (both 1 and 2 reduce
the bacterial load) and 3) use of drugs aimed at modulating host response
mechanisms in order to suppress or inhibit soft-tissue destruction and alveolar
bone resorption. A major advantage of tetracyclines as inhibitors of periodon-
tal breakdown is the fact that these drugs have been used safely for many years
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and, at antimicrobially effective doses, they target 2 of the 3 therapeutic strate-
gies just listed, although microbial resistance does develop after prolonged use
of commercially available formulations [34]. For this and other reasons,
including adverse events such as gastrointestinal upset and the overgrowth of
yeast, systemic antimicrobial agents have not been advocated for the routine
treatment of adult periodontitis [99]. A significant advantage of the low-dose
doxycycline regimens (Periostat® introduced by Golub et al. [75] and
approved by the U.S. FDA for human use in 1998) and the CMTs is that both
regimens lack antimicrobial efficacy and can be administered for long periods
of time (up to 27 months) without the emergence of antibiotic-resistant
microorganisms [100-102]. These and other ongoing studies on the use of this
subantimicrobial low dose of doxycycline for the treatment of periodontitis
have been designed to address the concerns of many in the field regarding the
issue of resistance. Certain CMTs have advantages over commercially avail-
able tetracyclines because they are absorbed more rapidly, can reach higher
levels in the blood, have longer serum half-lives, and are more potent
inhibitors of MMPs. A number of comprehensive reviews have recently been
written on the use of tetracyclines and their analogues in periodontal treatment
[60-62, 71, 76, 103—105].

The only MMPIs which have been tested for the treatment of periodontitis
are members of the tetracycline family of compounds. Because the CMTs are
not yet approved for human use, all of the following references to clinical tri-
als involve the use of commercially available tetracyclines and their semi-syn-
thetic analogues, minocycline and, most importantly, doxycycline. In an early
study using these different tetracyclines, Golub et al. [72] reported that the
semi-synthetic compounds were more effective than tetracycline HCl in reduc-
ing excessive collagenase activity in the GCF of adult periodontitis patients.
Because doxycycline was found to be a more effective inhibitor of collagenase
than either minocycline or tetracycline [61, 106], recent clinical trials have
focused on this compound. In an effort to eliminate the side-effects of long-
term TC therapy, especially the emergence of TC-resistant organisms, low-
dose doxycycline (LDD) capsules were prepared and tested [107]. Each cap-
sule contained 20 mg of doxycycline, compared to the commercially available
50 and 100 mg, antimicrobially effective, capsules. In multiple clinical studies
conducted using sub-antimicrobial dose doxycycline there has not been a dif-
ference in the composition or resistance level of the oral flora [101, 102] and
more recent studies demonstrate no appreciable differences in either fecal or
vaginal microflora samples [102]. In addition, these studies have also demon-
strated no overgrowth of opportunistic pathogens such as Candida in the oral
cavity, gastrointestinal or genitourinary systems.

Early studies indicated that LDD reduced the peak blood level of the drug
by 92% compared to the regular dose doxycycline regimen based on a bio-
assay [85, 108]. Subsequent studies using HPLC analysis of total doxycycline
in the serum indicate that blood levels (Cmax) range from 0.5-0.7 pg/ml rather
than 0.29 pg/ml previously reported by bioassay. The discrepancy in these
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findings may be due to the fact that much of the doxycycline measured by
HPLC in the serum is bound to serum proteins and would not be available and
active when measured by bioassay techniques.

With regard to MMP inhibition, Golub et al. [75] reported that a 2-week reg-
imen of LDD reduced collagenase in GCF and in the adjacent gingival tissues
surgically excised for therapeutic purposes. Subsequent studies using this LDD
therapy adjunctive to routine scaling and prophylaxis indicated that, after
1 month of treatment, there were continued reductions in the excessive levels of
collagenase in the GCF, but after cessation of LDD administration there was a
rapid rebound of collagenase activity to placebo levels, suggesting that a
1-month treatment regimen with this host-modulatory agent was insufficient to
produce a long-term benefit [109]. In contrast, during the same study, a
3-month regimen produced a prolonged drug effect without rebounding to base-
line levels during the no-treatment phase of the study. The mean levels of GCF
collagenase were significantly reduced (47.3% from baseline levels) in the
LDD-treated group versus the placebo group which received scaling and pro-
phylaxis alone (29.1% from baseline levels). Accompanying these reductions in
collagenase levels were gains in the relative AL in the LDD-treated group [109,
110], as seen in Figure 3. Continuous drug therapy over a period of several
months appears to be necessary for maintaining collagenase levels near normal
over prolonged periods of time. However, it is reasonable to speculate that these
MMPs will eventually reappear in the more susceptible patients, and those indi-
viduals having the most risk factors and the greatest microbial challenge will
require more frequent host-modulatory therapy than other patients.
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Figure 3. The effect of low-dose doxycycline on gingival crevicular fluid collagenase activity and rel-
ative attachment level (rALv). The patients in Group 1 received 20 mg of doxycycline twice daily and
the patients in Group 2 received a placebo.
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A series of double-blind, placebo-controlled studies of 3, 6 and 9 months’
duration all showed clinical efficacy based on the reduction of PD and inhibi-
tion of gingival attachment loss as well as biochemical efficacy, based on the
inhibition of collagenase activity, and protection of serum «;-antitrypsin from
collagenase attack, in the periodontal pocket [61, 69, 89]. Golub et al. [111]
showed that a 2-month regimen of LDD significantly decreased both the level
of bone-type collagen breakdown products (ICTP; a pyridinoline-containing
crosslinked peptide of Type I collagen) and MMP-13 enzyme levels (bone-
type collagenase) in adult periodontitis subjects, providing biochemical evi-
dence of reduction of bone resorption to support computer-assisted subtraction
radiography data [67, 112], the latter providing evidence of a reduction in the
loss of alveolar bone height after 12 months of therapy with LDD.

There is clear evidence that modulation of the host response, whether it be
by effects on MMPs, cytokines, prostanoids or osteoclast function, can play a
role in slowing periodontal disease progression. In the case of enzyme sup-
pression, LDD has been found to be useful for preventing disease progression
as can be seen in Figure 4, which shows the percentage of tooth sites which
lost 3 mm or more of attachment during the 12-month course of a Phase III
clinical trial [66, 67]. Adjunctive treatment with LDD in conjunction with den-
tal scaling and prophylaxis was shown to reduce disease progression by 85%,
73% and 36% in sites with severe, mild-to-moderate, and essentially no dis-
ease, respectively. This demonstrates that host-modulatory therapy can aid in
the maintenance of normal sites, preventing them from developing disease, as
well as in the prevention of further progression of disease in already diseased
sites. Only with the systemic administration of a drug would it be possible to
see effects on the normal sites which are usually ignored due to inadequate
diagnostics that would otherwise alert the practitioner to incipient disease
activity at these “normal” sites.
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Figure 4. Effect of low-dose doxycycline therapy on periodontal disease progression as measured by
the percentage of tooth sites losing 3 mm or more of clinical attachment over 12 months.
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Table 3. Need for intervention (SRP) during the 12-month Periostat® phase III scaling trial

Placebo Periostat® p-value
# of patients 9 9 -
# of tooth sites 52 14 -
CAL change (mm) post SRP 0.78 2.16 0.005

Upon analysis for attachment loss of 3 mm or more over the first 6 months
of this 12-month study, a subset of susceptible patients in each treatment arm
became evident. As seen in Table 3, there are far fewer sites in the group treat-
ed with the host-modulatory agent LDD (14 sites) that experienced this rapid
loss of attachment compared to the placebo group (52 sites), corresponding to
a 73% reduction in the incidence of rapid progression of periodontitis. In addi-
tion, when recovery therapy was performed (in this case SRP with anesthesia)
the average attachment gain was significantly greater in the adjunctive LDD
group (2.16 mm) than in the adjunctive placebo group (0.78 mm) as measured
6 months later, 12 months following baseline [109]. The adjunctive use of an
MMPI clearly made these most susceptible patients, with active disease sites,
more responsive to the more definitive therapy (SRP), demonstrating almost a
reversal in these rapidly progressive sites in the LDD-treated group of patients.
It is likely that patients who are susceptible to rapidly progressive periodonti-
tis have dysfunctional host responses that would benefit by host-modulatory
therapy. The same may be true of tooth sites that are refractory to traditional
therapies.

A 9-month randomized, double-blind, placebo-controlled trial conducted at
5 dental centers demonstrated clinical efficacy and safety of LDD versus
placebo adjunctive to the gold standard of periodontal therapy, SRP. Once
again, the benefits of host-modulatory therapy in addition to mechanical ther-
apy were seen with statistically significant reductions in probing depths, BOP
and gains in clinical AL, as well as the prevention of disease progression [66,
68]. A clear effect of LDD therapy can be seen with regard to the need for
recovery therapy and tooth extraction as seen in Table 4. There are reductions

Table 4. Tooth loss and need for recovery therapy during the 9 month Periostat® phase III SRP trial

Placebo Periostat®
Tooth extraction
Number of teeth 23 5
Number of patients 14 4
Recovery therapy
Number of tooth sites 59 24

Number of patients 21 11
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in the numbers of individuals and tooth sites requiring recovery therapy due to
rapid attachment loss of 2 mm or more along with less need for extraction in
the LDD-treated group. In a discontinuation study, where LDD administration
was discontinued after 9 months of continuous therapy, the incremental
improvements demonstrated in the LDD group were maintained for at least 3
months post-treatment. There was no rebound effect in either the PD reduc-
tions or clinical AL gains; in fact there appeared to be slight continued
improvements in both of these clinical parameters [66, 68]. The clinical rele-
vance of such findings confirm the utility of an MMPI in the management of
adult periodontitis.

More recent Phase IV clinical studies have revealed success using LDD in
very susceptible individuals. One such patient population is one with a spe-
cific variation in the genes that regulate IL-1 [112]. Currently there is a PST
Genetic Susceptibility Test for Periodontal Disease to determine whether or
not a patient has this susceptible genotype. PST-positive patients have an
increased inflammatory response in the presence of bacteria, producing 2—4
times more IL-1 with microbial challenge [113]. Therefore these patients are
at greater risk for developing severe periodontal disease [112, 114] and sub-
sequently at greater risk for tooth loss [115]. A 5-month preliminary investi-
gation by Ryan and co-workers [116] was designed to evaluate the impact of
treatment on IL-1 and MMP levels of PST-positive patients who presented
with elevated levels of these biochemical markers in their GCF. These patients
were initially treated with SRP, resulting in no change in the levels of these
biochemical markers after 1 month. They were then placed on a subantimi-
crobial dose of doxycycline and these biochemical markers where monitored
at 2 and 4 months. A significant decrease (50-61%) in the IL-1 and MMP-9
levels was noted after treatment with Periostat®. Correspondingly, gains in
clinical attachment and reduced probing depths were also observed. The con-
clusions of the study were that a subantimicrobial dose of doxycycline may
provide PST-positive patients with a therapeutic strategy that specifically
addresses their exaggerated host response. Another recent study was conduct-
ed in susceptible patients with severe generalized periodontitis using host
modulation as an adjunct to a mechanical therapy known as “repeat sub-gin-
gival debridement” (Novak et al. Personal communication). Greater than 80%
of the patients who participated in this 9-month double-blind, placebo-con-
trolled study were smokers. Subantimicrobial dose doxycycline (SDD) as an
adjunct to mechanical therapy versus mechanical therapy alone, respectively,
resulted in significant improvements in probing depth reductions as early as 1
month after therapy (2.52 mm versus 1.25 mm) which were maintained dur-
ing the 5.25 months of therapy (2.85 mm versus 1.48 mm) and even after 3
months of drug therapy cessation (3.02 mm versus 1.41 mm), demonstrating
that there was no rebound effect. Due to all of these beneficial effects of host-
modulatory therapy in susceptible patients, multicenter studies are anticipated
using SDD in diabetic and osteoporotic patients as well as institutionalized
patients.
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Regenerative procedures

The ultimate periodontal therapeutic would be one that not only slows down
loss of attachment but one that actually promotes regeneration of lost cemen-
tum, bone and connective tissue attachment. The tetracyclines have been used
for many years as adjuncts to regenerative procedures requiring advanced
skills and careful case selection. Tetracyclines have been incorporated into sur-
gically placed resorbable and non-resorbable membranes used to inhibit the
downward growth of the epithelium and to allow for regeneration to occur in
vertical defects. Tetracyclines have been painted on root surfaces at the time of
surgery as well as incorporated into allogeneic, freeze-dried bone as well as
other graft materials such as tricalcium phosphate and hydroxyapatite.
Tetracyclines are routinely systemically administered to patients undergoing
regenerative surgical procedures for varying periods of time. Regenerative
procedures are not as predictable as we would like them to be, however, the
use of tetracyclines may help to improve on regenerative outcomes.

Rifkin et al. [96] recently reviewed the inhibition of bone resorption by
tetracyclines and its therapeutic implications. They found, on the basis of sev-
eral cell culture and in vivo studies, that tetracycline and CMTs can inhibit
bone resorption by inhibiting osteoblast and osteoclast-derived MMPs, and
that other mechanisms may also play a role, including the alteration by tetra-
cycline of the osteoclast response to extracellular Ca®* concentrations and
reduced secretion of acid cathepsins. Tetracyclines have also been found to
enhance osteoblast activity and to increase collagen and bone formation when
these processes are suppressed during disease [64, 65] (Golub et al., Paper pre-
sented at the 8th International Conference on Periodontal Research, San
Antonio, 1990). Although the mechanisms remain speculative, an intriguing
therapeutic outcome may be bone regeneration, not just prevention of alveolar
bone loss.

Most recently, Uitto et al. [86] and Nip et al. [117] demonstrated that tetra-
cyclines and CMTs can inhibit MMPs generated by epithelial cells (including
those with characteristics similar to junctional epithelium), not only by block-
ing the extracellular activity of these enzymes but also by inhibiting the intra-
cellular (i.e., genetic) expression or synthesis. (Note that these effects were not
toxic side-effects.) It is tempting to speculate that if the same effect were seen
in vivo, it could provide another therapeutic mechanism for prevention of
pocket formation by blocking gelatinases (i.e., type IV collagenases) produced
by junctional epithelium, preventing the degradation of the basement mem-
brane and preventing epithelial migration along the root surface. The avidity
of tetracyclines for bone and tooth surfaces, and their subsequent prolonged
release, may enhance the efficacy of these drugs as inhibitors of both epithe-
lial migration along the root and alveolar bone loss.

The tetracyclines may facilitate periodontal ligament fibroblast migration
and attachment to the root surface as well as fibronectin binding. Root surface
modification has been used to improve upon reattachment of tissues and regen-
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eration. 100 mg/ml of tetracycline has been shown to eliminate the smear
layer, opening the dentinal tubules. The theory is that collagen fibers can pen-
etrate into the open dentinal tubules and favor reattachment. Tetracyclines may
also aid in the inhibition of the downward migration of the epithelium by
inhibiting MMP-13 being secreted by epithelial cells. Tetracyclines have also
been shown to upregulate osteoblast activity, collagen synthesis (protein and
mRNA) and bone formation in animal models of diabetic osteopenia [64, 65,
118]. The same tetracycline-induced increase in collagen synthesis, as well as
improvements in bone density, have been seen in ovariectomized animal mod-
els of osteoporosis [119-122] and more recently in osteoporotic women treat-
ed with SDD [123]. In LJP, the tetracyclines have been found to stimulate bone
formation. A number of reports in patients with LJP have shown that thorough
SRP and tetracycline therapy not only killed the pathogens associated with the
disease, but also resulted in increased bone formation and reattachment result-
ing in decreased probing depths. Moskow and Tannenbaum [124] noted favor-
able osseous changes and repair of “hopeless” teeth with 2—3 wall defects in
patients with adult periodontitis after administration of 1 g/day of tetracycline
after 21 days of therapy.

Conclusions

The executive summary of the Surgeon General’s Report on Oral Health
reveals that most adults show signs of periodontal or gingival disease, with
severe periodontitis affecting about 14% of adults aged 45 to 54; 23% of
54-74 year old adults have severe periodontal disease. Adding the population
of Third World countries to this statistic could increase the prevalence of dis-
ease to above 33%. At all ages men are more likely than women to have severe
periodontitis and people at the lowest socioeconomic levels have more severe
periodontal disease. About 30% of adults age 65 and older are edentulous with
higher figures for those living in poverty. It is also known that 17-28% of the
treated periodontal patients either develop refractory or recurrent periodontitis.
Clearly there is a need for improved diagnosis and cost-effective means of
managing this chronic progressive disease which has been linked to other sys-
temic diseases.

Periodontal pathogens and destructive host responses are involved in the
initiation and progression of periodontitis. Therefore, the successful long-term
management of this disease may require a treatment strategy that integrates
therapies that address both etiological components. There is much evidence for
the role of MMPs, cytokines and other mediators in the destructive processes
of periodontal disease, distinguishing them as a viable target for a chemother-
apeutic approach. The introduction of novel, adjunctive therapies to enhance
the efficacy of existing mechanical procedures would contribute favorably to
an integrated approach for the long-term, clinical management of periodonti-
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tis, particularly in susceptible patients where a prolonged and excessive host
response to the presence of bacteria promotes the activity of MMPs.

Preclinical and clinical studies have demonstrated that inhibition of these
MMPs, cytokines and other mediators through a host-modulatory approach
results in favorable changes in biochemical markers of the disease such as
ICTP, as well as clinical markers of therapeutic efficacy. Clearly these strate-
gies to reduce the bacterial load with SRP, with or without systemic or locally
applied antimicrobials, and to modulate the host response by inhibiting MMPs
and inflammatory mediators are complementary. It is clear that standard ther-
apy, such as the removal of supra and subgingival plaque and calculus deposits
by SRP is more predictable for mild-moderate periodontitis than for moderate-
severe periodontitis. The use of a host-modulatory agent, or a combination of
host-modulatory agents, capable of inhibiting MMPs, cytokines and other
mediators of the disease, can assist with the conventional treatment for peri-
odontitis. When used adjunctively, chemotherapeutics can enhance and make
clinical therapeutic responses more predictable in the more susceptible patient.
With regard to a number of the tetracycline derivatives, these agents appear to
be pleiotropic, affecting many of these pathways. This is why the tetracyclines
have been found to be so effective as host-modulatory agents.

Finally, as the era of periodontal medicine becomes apparent, the use of
local antimicrobial and systemic host-modulatory approaches needs to be con-
sidered. Host modulators used to manage periodontal disease, such as MMP,
cytokine and prostanoid inhibitors, may have additional beneficial effects on
systemic diseases which have been associated with periodontal disease, such as
cardiovascular disease, diabetes and premature births. In the case of cardiovas-
cular disease, preliminary studies have indicated that individuals with peri-
odontal disease are almost twice as likely to suffer from a fatal heart attack and
nearly three times more likely to suffer from a stroke [125]. MMPs and
cytokines have been found to play a major role in weakening the plaques
formed with cardiovascular disease leading to rupture and eventual thrombosis
and infarction [126]. In fact, Golub et al. [127] suggested that TCs could reduce
the incidence of acute myocardial infarction [128] by blocking collagenase and
stabilizing the collagen cap on the athero-scleromatous arterial plaques. In dia-
betes, the same MMPs and cytokines involved in the development of peri-
odontitis as the sixth long-term complication of diabetes [129] have also been
associated with other well-known complications of diabetes such as nephropa-
thy, angiopathy, retinopathy and wound healing problems [63]. Finally, peri-
odontal disease has been found to put pregnant women at an increased risk of
giving birth to pre-term, low-weight babies, as endotoxins drive up the levels
of prostanoids involved in contraction [130]. In addition, MMPs have been
found to play a role in the cervical effacement and dilation that precede labor
and are markers of risk for pre-term delivery [131] since they are involved in
pre-term premature rupture of the membranes playing a role in pre-term partu-
rition [132]. Clearly an inhibitor of MMPs, cytokines and prostanoids might
not only help in the management of periodontitis which has been associated
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with these and other systemic diseases by having an indirect effect on these
processes, but may also directly aid in the treatment and prevention of cardio-
vascular disease, diabetic complications and premature labors.

The Surgeon General’s Report recognizes “the mouth as a mirror of health
or disease, as a sentinel or early warning system, as an accessible model for
the study of other tissues and organs, and as a potential source of pathology
affecting other systems and organs” [15]. The findings discussed in this chap-
ter with regard to the use of tetracyclines as therapeutics to better manage
chronic periodontal disease may have applications to other chronic progressive
tissue-destructive diseases such as arthritis. The effects of tetracyclines on
periodontitis in diabetics may have implications for other long-term complica-
tions of diabetes, such as cardiovascular disease, retinopathy, nephropathy,
neuropathy and wound healing. The history of tetracyclines and periodontal
disease may prove to have an impact on general health, making a contribution
to human welfare.
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Summary

Remodelling of the extracellular matrix and destruction of connective tissue
are regarded as characteristic features of degenerative and invasive processes
such as rheumatoid arthritis, periodontitis, wound healing, tumour growth and
metastatic invasion. Matrix remodelling is a complex process in which matrix
metalloproteinases (MMPs) play a central role. MMP activity arises from a
multi-step process, which is tightly regulated. Overexpression and activation
of MMPs are correlated with a number of pathologies.

Tetracyclines and tetracycline derivatives are able to inhibit MMP activity,
independent of their anti-microbial action. The various MMPs have a different
sensitivity for inhibition by tetracyclines: it is the strongest for MMP-8 and
MMP-13, and weak or absent for MMP-1 and MMP-3. Inhibition of in vitro
activity is strongly dependent on the assay conditions used (pH, kind of sub-
strate, source of enzyme). Besides activity, the activation step of MMPs and
MMP synthesis are also tetracycline-sensitive, varying per MMP. For a num-
ber of MMPs (MMP-8, MMP-9 and MMP-13), inhibition occurs at tetracy-
cline levels which are physiologically obtainable upon therapy. In general,
MMP inhibition by tetracyclines is observed in cells activated by growth fac-
tors or inflammatory mediators, in which MMP expression is induced. No
effect of tetracyclines on the synthesis and action of TIMPs, inhibitors of
MMPs, was observed.

Use of tetracyclines in animal models and human diseases, in which MMPs
play a role, reflects the in vitro situation: inhibition of MMP synthesis and
reduction or prevention of the pathological condition.

Role of MMPs in pathology

Remodelling of the extracellular matrix is an essential phenomenon in
embryogenesis, bone homeostasis, tissue repair and ovulation and gestation [1,
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2]. Pathological remodelling of the extracellular matrix is a characteristic fea-
ture of tissue-destructive processes such as rheumatoid arthritis and periodon-
titis, but is also a prerequisite for angiogenesis [3], wound healing [4], tumor
growth [5], leukocyte and metastatic invasion [6], necrosis and apoptosis [2].
Matrix remodelling is a complex process involving a variety of proteases, of
which matrix metalloproteinases (MMPs) are generally considered the pivot.
MMPs comprise a large family of structurally related zinc metallo-endopepti-
dases, with different substrate specificities, collectively able to degrade most,
if not all protein constituents of the extra-cellular matrix (Tab. 1). The first
member of the MMP family, a collagenase, was discovered back in 1962 and
was identified as the one responsible for resorption of the tadpole tail during
metamorphosis and is now referred to as MMP-1 or fibroblast-type collage-
nase/Collagenase-1. Over the years more than 26 MMPs have been described
and probably more are awaiting identification.

MMPs are synthesised and secreted from normal and malignant cells as
latent pro-enzymes. MMP activity and overall action represent a tightly regu-
lated process which comprises transcription, pro-enzyme secretion and activa-
tion; activity is further controlled by a set of specific inhibitors (tissue
inhibitors of metalloproteinases: TIMPs) which are often co-expressed with
their respective proteases (Fig. 1).

MMP transcription is controlled by a range of cytokines, pro-inflammatory
mediators, growth factors and hormones. These factors may also influence sta-

Figure 1. Regulation steps of matrix metalloproteinases and the effect of tetracyclines on MMP regu-
lation. Various regulation steps of MMP-activity formation are given. The effects of tetracyclines are
given on the right: 1 = inhibition; ? = not known: == = no effect.
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Table 1. Matrix metalloproteinase family. Names and substrate specificities of the matrix metallopro-

teinase family

Name Substrates Other names MMP
Collagenases
Collagenase-1 collagen types I, IL, III, VII, VIII interstitial collagenase MMP-1
and X, gelatin, proteoglycans fibroblast-type collagenase
Collagenase-2 collagen types L, Il and III, gelatin,  neutrophil-type collagenase ~MMP-8
proteoglycans
Collagenase-3 aggrecan, collagen types I, IL, III, MMP-13
VII, VIII and X
Gelatinases
Gelatinase A collagen types IV, V, VI, X 72 kDa type IV collagenase MMP-2
and XII, elastin, gelatin, fibronectin
Gelatinase B collagen type IV, V, VI and X, 92 kDa type IV collagenase MMP-9
gelatin
Stromelysins
Stromelysin-1 collagen types III, IV, IX, and X, transin, proteoglycanase MMP-3
gelatin, fibronectin, laminin and
proteoglycans
Stromelysin-2 collagen types III, IV, X, and XI, transin-2 MMP-10
gelatin, fibronectin, laminin and
proteoglycans
Membrane-type MMPs
MT1-MMP proMMP-2, proMMP-13, fibrin, MMP-14
vitronectin, collagen types I, II, III,
laminin, fibronectin, tenascin
MT2-MMP gelatin, fibronectin, proMMP-2 MMP-15
MT3-MMP gelatin, fibronectin, proMMP-2 MMP-16
MT4-MMP MMP-17
MTS5-MMP proMMP-2 MMP-24
MT6-MMP proMMP-2 leukolysin MMP-25
Others
Matrilysin elastin, entactin, laminin PUMP-1 MMP-7
collagen type 1V, fibronectin
ol anti-trypsine
Stromelysin-3 MMP-11
Metalloelastase  al proteinase inhibitor, elastin, macrophage elastase MMP-12
casein
Enamelysin amelogenin MMP-20
Not defined synthetic substrates MMP-23
Endometase gelatin, ol anti-trypsine MMP-26

bility of MMP mRNA. In neutrophils the presynthesised proenzyme is stored
in intracellular pools and released and activated upon cellular activation/trig-
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gering. Observed directional secretion of MMPs in polar cells [7] (e.g.,
endothelial cells) implies a controlled secretion mechanism but up till now no
data are available.

Following secretion, pro-MMPs are activated by proteolytic splicing of the
pro-peptide sequence by membrane-bound MMPs (MT-MMPs) or other pro-
teinases, such as plasmin and cathepsin G [8-10]. Neutrophil-derived MMPs
(MMP-8, MMP-9) are efficiently activated in vitro by oxygen species, but the
physiological role of oxidative activation remains to be established [11].
Proteolytic splicing of the pro-enzyme induces a conformational change that
unmasks the active site, followed by autocleavage of the N-terminal pro-pep-
tide. During and upon activation, activity is further regulated by tissue
inhibitors of MMP (mainly at tissue level), o-macroglobulin (mainly in serum
and/or body fluids) and by autodegradation or fragmentation. TIMPs inhibit
active forms of MMP by 1:1 non-covalent binding, but TIMPs as well as other
MMP-binding molecules, such as neutrophil-gelatinase-associated lipocalin
(NGAL), can reduce/retard but not fully abolish MMP-activation by other pro-
teases [12].

Regarding their central role in a large number of pathological processes,
inhibition of MMP activity has received considerable interest. A number of
specific MMP inhibitors have recently been developed and although pre-clin-
ical studies showed promising results, clinical application is hampered by
unacceptable side-effects [13]. Alternatively, tetracycline and its antibiotic
derivatives are potent inhibitors of expression as well as activity of a number
of MMPs and recently a number of chemically modified tetracyclines (CMT)
deprived of their antibiotic action but still inhibiting MMP, have been devel-
oped (for a review see [14]). To date, doxycycline with its favourable pharma-
cokinetics [15] and excellent tolerability is the most extensively studied tetra-
cycline.

Modulation of MMP activity by tetracyclines

Tetracycline antibiotics, which have long been used as adjunct in periodontal
therapy based on their antimicrobial effectiveness against a variety of peri-
odontopathogenic micro-organisms, were shown to also inhibit excessive
MMP activity (for a review see [16]). Tetracyclines were found to directly
inhibit collagenase activity from a wide variety of human and animal sources.
However, differences were observed between effectiveness of inhibition
against various MMPs: fibroblast collagenase (Collagenase-1; MMP-1) could
only be inhibited at high concentrations of doxycycline (IC50 >200 uM),
whereas neutrophil collagenase (Collagenase-2; MMP-8) and the recently dis-
covered Collagenase-3 (MMP-13) were inhibited already at concentrations
(IC50 1-10 uM and 5-30 uM, respectively) which are therapeutically attain-
able upon doxycycline medication [14, 17, 18].
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In addition, inhibition studies with pre-activated MMP-13 revealed that
MMP-13 activity itself is hardly affected by doxycycline (IC50 > 200 uM), but
that in vitro activation of latent MMP-13 by APMA is very sensitive for doxy-
cycline [14, 19]. Obviously, besides effects of doxycycline on MMP activity
itself as observed for MMP-2, MMP-8 and MMP-9, doxycycline is also able
to affect the activation of latent MMPs. Inhibition of in vitro activation was not
limited to APMA-mediated activation, but was also observed for the activation
of MMP-8 by oxygen radicals [20] and activation of MMPs by trypsinogen-2
[21]. No effect was observed on the activation of MMP-9 by MMP-3 [22],
which corresponds to the inability of tetracyclines to inhibit MMP-3 activity
(unpublished results).

Studies on inhibition of MMP activity by tetracyclines may give contradic-
tory results, because the results greatly depend on the assay conditions of the
study:

I) Tetracyclines can affect both the activation step and MMP activity itself (see
above) and therefore it is important to be able to discriminate between
these processes.

1) Inhibition of MMP activity by tetracyclines is dependent on the substrate
used: poor inhibition of MMP-13 activity was observed when peptide-
based substrates were used, whereas usage of collagen type I, which is a
natural substrate for MMP-13, showed inhibition of activity already at low
doxycycline concentrations [23]. On the other hand, no differences were
observed for inhibition of MMP-8 using either peptide-based or natural
substrates [23], indicating that no general mechanism can be concluded to
exist.

I1I) Inhibition of MMP activity by tetracyclines is dependent on the source of
enzyme used: the catalytic domain of recombinant MMP-8 was much less
inhibited by doxycycline than the full-length natural MMP-8 [23]. From
this study it was concluded that doxycycline not only works via chelation
of the Zn**- and Ca**-ions, which are needed for enzymatic activity and are
present on the catalytic domain, but also has additional interactions with
the MMP protein which affect MMP enzyme activity, corresponding with
previous data suggesting interaction of doxycycline with Zn?* at a second-
ary site instead of the catalytic Zn** [18].

IV)Inhibition of MMP activity by tetracyclines is pH-dependent: At pH > 7.1,
inhibition by doxycycline occurs, whereas no inhibition of MMP-8 activi-
ty was observed if the assay was performed at pH < 7.1 [24].

In vivo inhibition of MMP activity by tetracyclines is suggested by studies of
Golub et al., who showed inhibition of collagen type I degradation in gingival
crevicular fluid [25]. However, from these in vivo studies it is difficult to con-
clude whether the observed effects of tetracyclines are due to inhibition of
MMP activity or inhibition of MMP synthesis (see below).
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Modulation of MMP-synthesis by tetracyclines in vitro

In studies on the inhibition of MMP-activity by tetracyclines at cellular condi-
tions, it was observed that treatment with doxycycline not only resulted in
inhibition of activity, but also resulted in a decrease in MMP antigen levels.
Human endothelial cells treated with 10-50 ug doxycycline showed decreased
levels of MMP-9 antigen, as measured by zymography (Fig. 2A). No changes
in MMP-2 levels were observed. The reduction in MMP-9 level was not
caused by increased degradation of MMP-9 enzyme, but by a decreased
MMP-9 expression, as demonstrated by reduction of MMP-9 mRNA upon
doxycycline treatment, as determined by Northern blotting using an MMP-9
specific probe (Fig. 2B). Inhibition of MMP-9 expression by doxycycline has
been observed in many cell types, such as macrophages (Fig. 3), THP-1 mono-
cytes [26] and to a lesser extent in stimulated chondrocytes [27] and human
corneal epithelial cells [22].

Collagenases -1, -2 and -3 (MMP-1, MMP-8 and MMP-13) are interstitial
collagenases that are able to digest triple-helical collagens. All three enzymes

contr doxy
B contr PMA contr PMA
MMP-9 =& 2.8 kb

Figure 2. Effect of doxycycline on MMP expression in PMA- and non-stimulated human umbilical
vein endothelial cells. (A) Human umbilical vein endothelial cells were stimulated for 24 h with
(PMA) or without (contr) 10 nM PMA, in the presence or absence of 10 or 50 uM doxycycline.
Aliquots of conditioned medium (10 pl) were analysed by gelatin zymography. The positions of
MMP-9, MMP-2 (active [lower band] and pro-form [higher band]) and MMP-1/3 are indicated by
arrows. (B) Human umbilical vein endothelial cells were stimulated as described under A). Total RNA
was isolated and analysed by Northern blotting, using an MMP-9 specific probe.
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Figure 3. Effect of doxycycline on MMP expression in LPS- and non-stimulated human macrophages.
Monocyte-derived macrophages were isolated as described [71]. Cells were stimulated for 24 h with
or without 0.1 pg/ml LPS (L) in the presence or absence of 50 pM doxycycline (D). (D+L) represents
cells incubated in the presence of both LPS and doxycycline. Total RNA was isolated after 24 h and
analysed by Northern blotting, using an MMP-9 specific probe. The blot was scanned, and data are
given as percentage of the control.

are associated with bone and cartilage degradation in osteoarthritis and
rheumatoid arthritis. Doxycycline at low concentrations (2—-20 uM) was able
to inhibit the expression of all three collagenases in vitro in osteoarthritic
chondrocytes [28]. Similar results were obtained in human synovial fibro-
blasts and endothelial cells, where a doxycycline-mediated inhibition of
expression of MMP-8 was observed, both at protein and at mRNA level [29].
No effect of doxycycline was observed on the expression of MMP-2 and the
inhibitors of MMPs, TIMP-1 and TIMP-2 [29, 30]. Chemically modified tetra-
cyclines showed similar effects on MMP expression as doxycycline, except
for CMT-5, the pyrazole analogue of tetracycline that lacks the Ca®* and the
Zn** binding site, which had lost its MMP inhibitory activity [16].

The mechanism of inhibition of MMP expression was studied in more detail
by Jonat et al., who observed tetracycline-mediated inhibition of MMP-3
expression in IL-1-induced fibroblasts and chondrocytes [27, 31]. Using
MMP-3-promoter/reporter constructs it was shown that the observed inhibi-
tion was transcriptionally regulated [27]. In general concentrations of tetracy-
cline needed for inhibition of expression were lower (<5 uM) than those need-
ed for inhibition of activity (25-100 pM), indicating that these two ways of
inhibition act independently.
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MMP-2 is the only MMP known at present that is constitutively expressed.
No clear effects of doxycycline on MMP-2 expression are known, and only
one publication reports that MMP-2 expression is inhibited in keratinocytes in
vitro by doxycycline, CMT-1 and CMT-8 [32]. However, no clear toxicity
studies on keratinocytes were reported, and also no such results have been
repeated in other cell types.

In summary, in various cell types following cell activation by, e.g., growth
factors and cytokines, MMPs are induced (MMP-1, MMP-3, MMP-8, MMP-9
and MMP-13). Tetracycline and tetracycline analogues are able to prevent
induction of MMPs at transcriptional level. Tetracyclines seemingly do not
inhibit MMPs and TIMPs that are constitutively expressed. In addition, the
ability of tetracyclines to inhibit expression is independent of their ability to
inhibit MMP activity. The former usually occurs at clearly lower tetracycline
concentrations than concentrations needed for inhibition of MMP activity.

Modulation of MMP synthesis by tetracyclines in vivo in animal models

Inhibition of MMP-9 expression by doxycycline has not been limited to in
vitro cell culture. In a human tissue culture model of vein graft stenosis, doxy-
cycline treatment significantly reduced neointimal thickness, in conjunction
with a reduction in MMP-9 expression [33], suggesting a direct role for
MMP-9 in stenosis, and a possible therapeutic effect of doxycycline.

In vivo effects of doxycycline were most intensively studied in abdominal
aortic aneurysms. In a rat model it was observed that treatment with doxycy-
cline had inhibitory effects on elastin degradation, and in addition inhibited
MMP-9 expression [34]. A very elegant study in mice in which aortic
aneurysm was induced by transient elastase perfusion, showed suppression of
aneurysm development by doxycycline treatment. This treatment also caused
suppression of MMP-9 expression in the mononuclear cell infiltration. A sim-
ilar reduction in aneurysm formation was observed in MMP-9 KO mice, but
not in MMP-12 KO mice, suggesting a critical role for MMP-9 in the experi-
mental model of aortic aneurysm disease and a potential therapeutic effect of
doxycycline [35]. Besides a reduced MMP-9 expression, tetracycline-mediat-
ed inhibition of MMP-8 expression in an animal model has also been
described. In a rat wound healing model it was observed that treatment with
CMT-8, a modified tetracycline, resulted in a decreased expression of both
MMP-8, MMP-9 and MMP-13 [36].

Inhibition of expression by tetracyclines is not limited to MMPs only: in
vitro at low concentrations (0.1-1 uM), doxycycline inhibited expression of
trypsinogen-2, an enzyme able to activate pro-MMPs [21]. This suggests
another route of prevention of MMP activity by tetracyclines. In chondrocyte
culture, doxycycline also inhibited collagen type II and collagen type X syn-
thesis [37, 38]. iNOS expression, but not iNOS activity was inhibited by doxy-
cycline [39, 40] and CMTs [41]. Very recently minocycline-mediated inhibi-
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tion of iNOS expression, together with inhibition of caspase-1 and caspase-3,
was observed in a mouse model of Huntington disease [42], suggesting a pos-
sible therapeutic application for this disease.

Inhibition of MMPs: clinical applications

Matrix metalloproteinases play a central role in 1) migration and invasion of
cells, 2) processes related to or dependent on the invasive behaviour of cells
such as neointima formation, angiogenesis and tumor metastasis, and 3)
degenerative processes, such as degradation of cartilage and bone in rheuma-
toid arthritis and periodontal diseases. Since many of these processes are
dependent on MMP activity, it might be expected that tetracyclines may inter-
fere in these processes (depending on type of MMP involved and whether
MMP activity is a prerequisite for the progress of the process). In vivo studies
with animals underline the possible therapeutic benefit of tetracyclines (see
above).

Most studies regarding therapeutic effects of tetracyclines in humans have
been carried out in patients with periodontal disease, rheumatoid arthritis or
vascular diseases. Some preliminary data are obtained from applications in
other diseases.

Adult periodontal disease

Although doxycycline holds many promises as a versatile MMP inhibitor, so
far only its use as an adjuvant in treatment of adult periodontal disease has
been FDA-approved [43]. Periodontitis is the most common cause of adult
tooth loss in Western societies and is characterised by inflammation of the gin-
givae and destruction of periodontal supporting structures. Although bacterial
plaque and infection is essential for initiating periodontitis, persistent neu-
trophil activation in response to the initial bacterial infection appears primari-
ly responsible for increased neutrophil collagenase (MMP-8) activity in peri-
odontal disease. Increased collagenolysis in response to MMP-8 accumulation
leads to destruction of periodontal support structures followed by tooth loss
[44].

In patients with periodontitis, bone-degrading activity was reduced in
inflammatory exudates (gingival crevicular fluid samples) in low-dose doxy-
cycline-treated subjects (20 mg b.i.d.), whereas no such decrease was observed
in non-treated persons. Concomitant with the reduction in bone-degrading
activity, a decrease in MMP-8 and MMP-13 levels was observed [25], sug-
gesting that the therapeutic effect of doxycycline was due to inhibition of
MMP expression and activity. The clinical relevance of this inhibition has been
substantiated in a clinical trial showing prevention of alveolar bone loss and
improved attachment levels [43].
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Abdominal aortic aneurysms

Doxycycline has been recently proposed as an alternative strategy to preserve
the integrity of the aortic wall in abdominal aortic aneurysms (AAA). AAA is
a common pathology in the elderly and a major cause of death due to rupture
[45]. Despite major advances in medical care, mortality from ruptured AAA is
still as high as 80%. AAA is characterised by mononuclear inflammatory cell
infiltrate and massive elastolysis [46], which is primarily attributed to excess
MMP activity [47]. The pivotal role of MMP-9 in elastase-induced elastolysis
has been shown in animal models (see above). Likewise, the efficacy of doxy-
cycline has been confirmed in man: preoperative doxycycline reduced MMP-9
expression (both mRNA and protein) and activation in the aortic wall [26, 48].
No effects on MMP-2 levels were observed, which corresponds with in vivo
data. Consequently, doxycycline has been proposed as an alternative strategy,
stabilising small AAA and thus eliminating the need for invasive treatment,
although this hypothesis awaits confirmation in a large clinical trial.

Osteoarthritis and rheumatoid arthritis

Osteoarthritis and rheumatoid arthritis are common and debilitating disorders
characterised by loss of collagen and proteoglycans from the cartilage, leading
to loss of its physical properties, which results in joint dysfunction.
Tetracyclines have been shown to reduce the severity of the arthritis in an ani-
mal model of osteoarthritis [49].

Preliminary results in man suggest that doxycycline may have favourable
effects in rheumatoid arthritis. It was observed that long-term doxycycline
treatment resulted in decreased levels of MMP-8 in serum and saliva samples
[50] and a suppression of salivary collagenase activity of both the fibroblast
(non-glycosylated) and neutrophil-type (glycosylated) MMP-8 [29, 51}.
Doxycycline-mediated reduction of salivary MMP-8 was shown to be
reversible; after the cessation of medication, salivary MMP-8 activity returned
to levels before medication [52]. Recently, positive effects of minocycline have
been reported in a controlled study on minocycline in early rheumatoid arthri-
tis [53].

Neoplasms

A large number of MMPs have been identified in tumor cells and surrounding
stromal cells and are associated with (tumor) angiogenesis, tumor growth and
migration of tumor cells [5, 54]. Observations in animal models suggested that
inhibition of MMP activity reduced tumor growth and metastases [55-57].
Inhibition of MMP activity has thus been proposed as a promising adjuvant
cancer treatment. Over the last few years, a number of specific MMP inhibitors
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have been developed and 3 of them have entered phase III evaluation. Only one
has been formally reported so far. This study suggested that marimastat, a syn-
thetic MMP inhibitor, had no survival advantage when compared to chemother-
apy in advanced pancreatic carcinoma [58], whereas other trials with marima-
stat had to be abrogated due to profound musculoskeletal toxicity.

Although doxycycline has been shown to diminish growth rates and to
reduce metastases in a number of animal models [59-61], no human studies
are available so far.

Cardio-vascular disease

Cardio-vascular disease is the leading cause of morbidity and mortality in
Western societies; many forms of cardiac disease as well as many cases of
localised cerebral ischemia are secondary to atherosclerosis. Atherosclerosis is
a progressive disease, characterised by the formation of a fibrous plaque con-
sisting of smooth muscle cells, collagen, elastin, macrophages and T lympho-
cytes. Progressive disruption of the plaque promotes thrombosis, embolus for-
mation and vascular spasm, which subsequently cause clinical symptoms.
Progression, morphogenesis and stability of the atherosclerotic plaque is high-
ly dependent on extracellular matrix remodelling in which MMPs are consid-
ered to be key elements [62—64]. Consequently, modulation of MMP activity
holds many promises. Animal studies suggest that inhibition of MMP activity,
either by overexpression of TIMP [65, 66] or by MMP inhibitors [67, 68], may
alleviate progression of the disease.

Other diseases

In animal models, minocycline was able to delay the disease process in an in
vivo mouse model of Huntington disease [42] and to prevent lung damage in
an ARDS model in the rat [69]. In rats CMT (Metastat) reduced dental caries
progression [70].

It has not been shown yet that the observed effects on these disease process-
es are due to inhibition of MMP activity or expression. However, the data give
clue for further study on the effect of tetracycline therapy on a number of dis-
eases in which matrix remodelling, cell migration and cell invasion play a cen-
tral role.

In conclusion, doxycycline holds many promises as a well-tolerated MMP
inhibitor with a favourable pharmacological profile. MMPs are inhibited at
various levels: synthesis, activation of the pro-enzyme and MMP activity
itself. Expression of MMP-8, MMP-9, and MMP-13 are most sensitive for
cell-specific inhibition by tetracyclines. However, possible therapeutic effects
have mainly been proven in vitro or in animal models, and therefore all prom-
ises for therapeutic application await clinical confirmation.
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Studies of inhibition of MMP activity ir vivo

The observation that doxycycline and other tetracyclines reduced the level of
matrix metalloproteinase (MMP) activity in periodontal disease, even in germ-
free rats [1, 2] prompted the testing of these compounds for treatment of
osteoarthritis (OA) [3, 4], rheumatoid arthritis (for extensive review of this topic
see [5-9]) and other diseases in which MMP-mediated destruction of connec-
tive tissues is prominent, such as abdominal aortic aneurysms [10] and wound
healing in diabetes [11]. Doxycycline and chemically modified tetracyclines
have been tested in animal models of OA, a disease in which the degradation of
joint connective tissues is thought to depend, at least partially, on MMP activi-
ty. In our laboratory, we have employed doxycycline to treat canine experi-
mental OA. We have examined the effect of treatment with oral doxycycline on
the MMP of tissues from patients with rheumatoid arthritis, see [5—-9], and
patients with OA at the time of joint replacement surgery [3]. Similar studies
have been performed using minocycline for treatment of adjuvant arthritis in
rats [12], and for chemically modified tetracycline-7 (cmt-7) in a spontaneous
model of OA in Taft-Hartley guinea pigs [13]. The guinea pig model resembles
human disease in that the development of OA is weight- and age-dependent.
Treatment with doxycycline slowed disease progression in the animal models,
while MMP activity was reduced in both animal and human tissues.

Oral administration of doxycycline dramatically slowed the progression of
articular cartilage degradation in an accelerated model of canine QA [14]. In
this model, the dogs undergo unilateral L4-S1 dorsal root ganglionectomy to
block sensory input from the hind limb. Two weeks later, the ipsilateral ante-
rior cruciate ligament is transected, following which the dogs develop rapidly
progressive OA in the operated knee. In all of the six untreated dogs, most of
the weight-bearing cartilage on the femoral condyle was destroyed, and ebur-
nation of bone was apparent 8 weeks after ligament transection. Over the same
time period, among the five dogs that were treated with doxycycline (50 mg,
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twice daily, approximately 3.5 mg/kg) beginning the day after anterior cruciate
ligament transection, two exhibited no damage at the articular surface while the
remaining three showed only cartilage pitting or partial thinning [14]. In a sim-
ilar experiment, administration of doxycycline was delayed until the fourth
week after anterior cruciate ligament transection when cartilage destruction
was already in progress. Again, dogs receiving doxycycline showed less severe
changes than the control dogs [15].

This slowing of disease progression was associated with much lower levels
of collagenase and gelatinase activity in the articular cartilage, as measured in
guanidine extracts of the articular cartilage. The levels of collagenase and
gelatinase activity of both active and total enzyme were reduced significantly.
Specifically, active collagenase (collagenolytic activity measured after
destruction of TIMP by reduction and alkylation) and total collagenase (colla-
genase measured after destruction of TIMP and activation of latent enzyme)
were, respectively, 2-fold and 5-fold higher in the cartilage from knees of
untreated dogs than that from treated dogs. Active gelatinase was 3-fold high-
er, while total gelatinase was 4-fold higher. Chondroprotection was noted also
in experiments where doxycycline administration was delayed until the
destruction of cartilage was already underway. In a system of explant culture
of chicken embryo cartilages, doxycycline blocked spontaneous resorption
[16, 17]. Reduced collagenase and gelatinase activities and decreased proteo-
glycan loss were seen in cultures while cell death was decreased.

These data indicate substantial changes in the production of MMP that go
far beyond inhibition of the active enzyme at the site of cartilage degradation.
The methods that were used to measure the collagenase and gelatinase activi-
ty involved extraction of the cartilage and extensive dialysis of the tissue
extracts over several days. Any soluble doxycycline that was in the tissue when
the cartilage was harvested would be expected to be removed by these proce-
dures so that, at the time the MMP activity in the extracts was assayed, only
irreversibly bound doxycycline would be present.

Additional evidence that differences in the amount of enzyme were meas-
ured, not simply acute inhibition of active enzyme, came from an experiment
performed to determine the appropriate dose of doxycycline for a clinical
study of OA treatment [3]. Patients that were scheduled to undergo hip
replacement surgery because of OA were given 100 mg/kg doxycycline twice
daily for 5 days prior to surgery. At surgery, articular cartilage from the hip was
isolated, extracted and the supernatants assayed for collagenase activity. In
extracts of cartilage from the head of the femur there was a significant reduc-
tion in the level of total collagenase (p = 0.02) and gelatinase (p = 0.04) in the
samples from the treated patients compared to the levels in extracts of cartilage
from OA patients who were given placebo capsules [3]. Again, only irre-
versibly bound doxycycline would still be present after the extraction of the
enzyme and destruction of TIMP.

Although enzyme levels tend to be higher in tissues with severe lesions, it
is unlikely that the differences in enzyme level reflected differences in the
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extent of cartilage pathology in the randomly assigned patients. Similar results
were obtained in a study of synovial collagenase in patients with bilateral
rheumatoid arthritis who underwent unilateral joint replacement, were treated
with minocycline for 10 days, then had the contralateral joint replaced [2].
Tissue extracts and culture media from minced synovial tissue were analyzed
for collagenase activity, and the data from the untreated samples were com-
pared with those from the treated samples from the same patient. Again, sig-
nificant reduction of collagenase activity was noted, although only irreversibly
bound minocycline would be present at assay.

In vivo experiments in other systems also indicate significant reduction for
MMP protein present rather than simply inhibition of enzyme activities. For
example, cartilage from rachitic rats treated with tetracyclines had significant-
ly reduced MMP-3 activity, even though MMP-3 enzymatic activity could not
be inhibited in vitro [18]. In the elastase-induced model of aortic aneurysm,
both 92 and 72 kDa gelatinase (MMP-9 and -2) proteins were reduced signif-
icantly when doxycycline was given prior to the induction of aortic aneurysm
[19]. These in vivo studies suggest that doxycycline and other cmts affect the
levels of MMP that exist in the tissue through a mechanism that affects the
synthesis and/or stability of MMP.

Studies of inhibition of MMP activity in vitro

Inhibition of MMP activity in vitro by tetracycline and chemically modified
tetracyclines (cmt) was first demonstrated in diabetic rat tissues [1], and the
observation was quickly extended to a variety of MMPs [20-23]. Initially, it
was proposed that the ability of tetracyclines to chelate calcium and zinc ions
was the mechanism of action. Work from a number of laboratories confirmed
the ability of various tetracyclines to inhibit collagenase and gelatinase and
that high calcium and zinc concentrations blocked the inhibitory activity [1-3,
24]. In addition, cmts which have no antibiotic activity, but which retain metal
binding capacity, are effective inhibitors of MMPs. In contrast, cmt-5, in
which the oxygen atoms involved with metal binding have been replaced with
nitrogen atoms to produce a cmt that does not bind divalent cations, is totally
inactive as an inhibitor of MMP activity. Occasional studies have reported that
excess calcium and zinc do not prevent inhibition of enzyme activity [2, 25].
Our experience has been that the calcium requirement varies with the particu-
lar MMP tested, but that inhibition can be prevented with sufficiently high con-
centrations of calcium and/or zinc.

Studies of different enzyme preparations and studies utilizing different cmts
indicate differences in the sensitivity of specific MMPs to inhibition (for
review see [24, 26]). Inhibition of the collagenases MMP-1, MMP-8 and
MMP-13, the gelatinases MMP-2 and MMP-9, and stromelysin, or MMP-3,
have been characterized using a variety of substrates, enzyme preparations and
specific cmts [25, 27-30]. In general, there is agreement on the relative sensi-
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tivity of most MMPs, although the particular preparation of enzyme employed,
the substrate and the assay conditions generate significant differences in the
IC50s and inhibition constants reported.

Two mechanisms have been suggested to explain both inhibition and the
differential sensitivity of various MMPs to inhibition by tetracycline and its
derivatives. Although there is general agreement that calcium and/or zinc bind-
ing by tetracyclines mediates MMP inhibition, it is not clear whether the drug
acts on the catalytic zinc or on structural calcium and/or zinc. It has been sug-
gested that the inhibitory action of the tetracyclines is due to binding of the cat-
alytic zinc ion at the active site of the enzyme. If this is the mechanism of inhi-
bition, then the shape of the substrate pocket of the enzyme could be the pri-
mary determinant of susceptibility to inhibition. Evidence marshalled in sup-
port of this hypothesis includes the enhanced susceptibility of those enzymes
with relatively high catalytic rates and broader substrate profiles, such as
MMP-8 and MMP-13 [31]. It is argued that the accessibility of the catalytic
zinc in these enzymes to the inhibitor would be enhanced, because these
MMPs have very large substrate pockets. The ability of zinc to reverse inhibi-
tion, and the fact that the active concentrations of inhibitor are much lower
than buffer calcium concentrations, also support a role for zinc binding in
enzyme inhibition.

The second proposed mechanism is alteration of enzyme structure by bind-
ing enzyme-associated calcium and/or zinc. Our studies with the specific col-
lagenases (MMP-1, MMP-8, and MMP-13) and with structurally modified
recombinant forms of these enzymes support this mechanism [4]. The col-
lagenolytic activity of MMP-8 and MMP-13 is inhibited by doxycycline at
concentrations which can be obtained in the tissues by oral dosing, while that
of MMP-1 is not inhibited, even at very high concentrations of the drug. The
inhibition is non-competitive and evidence from recent studies of recombinant
human MMP-8 and MMP-13 suggests that it is due to the modification of
enzyme conformation, presumably due to the binding of enzyme-associated
calcium ions. For MMP-8, an effect on enzyme conformation was suggested
by studies of the effect of doxycycline on the activation of latent enzyme [32].
The initial observation was that proenzyme activated in the presence of doxy-
cycline had much lower activity than a similar amount of enzyme which was
first activated, then mixed with doxycycline. When these mixtures were exam-
ined by Western blotting with antisera raised against MMP-8, the reason for
the difference became apparent. As expected, upon activation with either
trypsin or aminophenyl mercuric acetate, most of the reactive protein was
reduced from the latent proenzyme form with a molecular weight of ~55 kDA
to an active form of ~46 kDa. In contrast, in the presence of doxycycline and
either activator, the enzyme was reduced to smaller fragments. At high con-
centrations of trypsin in the presence of 30 uM doxycycline, the entire enzyme
preparation was reduced to fragments of 30 kDA or less; no pro-MMP-8 latent
enzyme or 46 kDa active enzyme survived activation. We interpreted these
results as an indication that the configuration of MMP-8 was altered in the
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presence of doxycycline, resulting in increased susceptibility of the MMP to
proteolysis [28, 32].

Further evidence that the effects of doxycycline on MMP in vitro are par-
tially due to calcium-induced conformation changes was obtained from kinet-
ic studies of specific and structurally modified MMPs [4]. In our initial stud-
ies, we employed a small substrate, which is cleaved at a similar rate by both
activated full-length enzyme (the catalytic domain and the hemopexin-like
domain), and a truncated, activated form (the isolated catalytic domain). In
these studies, we found that the activity of each enzyme preparation was inhib-
ited reversibly in a noncompetitive fashion. We found that MMP-1 and MMP-
13 were highly resistant to doxycycline inhibition, while the activity of
MMP-8 was strongly inhibited. In the presence of 90 uM doxycycline, the
activity of full-length MMP-1 and MMP-13 for the small substrate was
reduced by 14% and 10%, respectively, while the activity of truncated MMP-
13, which lacked the hemopexin-like domain, was increased by 8%. In con-
trast, the activity of full-length MMP-8 was reduced by 50% in the presence
of doxycycline, while that of truncated MMP-8 required slightly higher con-
centrations of doxycycline to achieve the same level of inhibition. Since cleav-
age of the small substrate does not require an intact hemopexin-like domain,
we interpreted these data as a demonstration that MMP-1 and MMP-13 were
not susceptible to doxycycline inhibition, while MMP-8 was strongly inhibit-
ed.

However, when we sought to confirm these observations in an assay against
native, type II collagen fibers — the natural substrate for collagenolytic MMPs
in the OA joint — the results were both unexpected and revealing. Because trun-
cated MMPs do not cleave the triple helix of the native collagen molecule at a
significant rate, only full-length enzyme was tested in this system. When we
tested the full-length enzymes against type Il collagen, the results with MMP-1
and MMP-8 were similar to those using the small substrate, but the col-
lagenolytic activity of MMP-13 was highly susceptible to inhibition. In the
presence of five uM doxycycline, cleavage of type Il collagen by MMP-13 was
reduced by 55%. We interpreted these data as a demonstration that doxycy-
cline affects the function of the hemopexin-like domain in MMP-13 at con-
centrations that fail to affect the function of the catalytic domain.

For MMP-8, the activity against the small substrate and the activity against
type II collagen are inhibited to a similar extent. Since activity against the
small substrate requires only the catalytic domain, while activity against native
collagen requires both the catalytic domain and the hemopexin-like domain,
doxycycline appears to affect the catalytic region of MMP-8. No effect of
doxycycline on the function of the hemopexin-like domain of this enzyme is
suggested by these data. In contrast, MMP-1 was not inhibited in either the
small substrate assay or the native collagen substrate assay, suggesting that
neither the catalytic domain nor the hemopexin-like domain of MMP-1was
affected by doxycycline. Similarly, MMP-3 has been reported to be highly
resistant to inhibition by a variety of tetracyclines.
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Studies of inhibition of MMP synthesis

Regardless of the ultimate consensus on MMP inhibition in vitro, it is appar-
ent that direct inhibition of enzyme activity is an unlikely mechanism to
explain the results observed ir vivo. The concentration of antibiotic necessary
for inhibition of most MMPs in vitro was significantly higher than the con-
centrations normally achieved in tissues. Even at concentrations an order of
magnitude greater than those that could reasonably be achieved by oral dosing,
the activity of some MMPs was not inhibited. Both fibroblast collagenase
(MMP-1) and stromelysin (MMP-3), which are highly expressed in a number
of pathological conditions, were identified as inhibition-resistant enzymes.
Nevertheless, MMP-3 production by rachitic rat growth plate chondrocytes
was significantly reduced by minocycline [18].

Amin et al reported that doxycycline and cmt-3 augmented inducible nitric
oxide synthetase (iNOS) mRNA degradation in LPS-stimulated murine
macrophages [33]. Reduced iNOS resulted in decreased nitric oxide (NO) pro-
duction by the macrophages and suggests a mechanism for regulation of the
inflammatory process. The reduction in NO was significantly less when treat-
ed after 6 h following stimulation and absent after 12 h, indicating the inter-
ference of an early event [34, 35].

Since many different factors trigger activation of macrophages and NO pro-
duction, doxycycline might be expected to affect inflammation mediated by a
variety of pathways. Indeed, tetracyclines have been shown to affect bone
metabolism via its effects on osteoclast function (for review see [36]). In mod-
els of brain ischemia and reperfusion, minocyline inhibits microglial activation
and induction of interleukin 1 beta-converting enzyme and it reduces cyclo-
oxygenase-2 expression and production of PGE, [37-40]. Decreased infiltra-
tion of inflammatory cells in lung tissues was seen with minocycline treatment
in mice injected intraperitoneally with lipopolysaccharide [41].

These studies suggest that MMP production might be decreased indirectly
through inhibiting macrophage activation and cytokine release. However, doxy-
cycline also reduces metalloproteinase activity by interfering in its induction by
inflammatory cytokines. Jonat et al previously reported that tetracycline re-
duced interleukin-1 beta transcription and translation of stromelysin-1 [42]. The
synthesis of MMP-8 by rheumatoid synovial fibroblasts and endothelial cells
that is stimulated by tumor necrosis factor alpha or phorbol myristate acetate
has been shown to be decreased at both protein and mRNA levels [43]. Under-
standing the intracellular pathways that might be relevant to metalloproteinase
synthesis is complicated by the numerous intracellular events that occur in
response to inflammatory cytokine stimulus. Increased synthesis of MMP-1 in
response to interleukin-1 beta involves phosphorylation triggered by binding of
the interleukin receptor to its ligand and initiation of downstream pathways [44,
45]. The response seen for mMMP-1 mRNA occurs relatively late, appearing at
8 h, and is due to increased transcription and stabilization of the mRNA [46].
Interference by doxycycline could have an impact at one or more of these steps.
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Table 1. Cytokine and cytokine receptor mRNA production by the osteoarthritic chondrocytes in
response to treatment with doxycycline

Cytokine Treated'/control x 100 Cytokine receptor Treated'/control x 100
IL-6 60% IL-1 RI 200% *

IL-1o 50%" IL-1 RII 190% *

IL-1B 80% TNF RI 100%

INFy 70% TNF RII 100%

TGFB1 100% IL-6R 100%

TGFB3 220 TGFB RI 200% *
IL-1Ra 140%" TGFB RII 170% *

" mRNA was measured by RNase protection assay.
Results presented as a percent of that seen in cultured, untreated osteoarthritic chondrocytes (n=9).
P <£0.05 for values labeled with an asterisk ().

Recently, we have found that treatment with doxycycline not only effective-
ly inhibits the level of MMP-1 and MMP-13 mRNA and protein production in
chondrocytes isolated from around the OA lesion [47], but also regulates
autocrine production of cytokines and cytokine receptors (Tab. 1.) [48]. OA
chondrocytes from around the lesion constitutively produce mRNA for both
proinflammatory (IL-1a., IL-1B, IL-6, TNFa) and antiinflammatory cytokines
(IL-1Ra, TGFB1 and TGFpB3). The balance between these two groups of
cytokines is very important and may determine the extent of cartilage destruc-
tion. The collective activity of doxycycline may be to decrease proinflamma-
tory cytokines in conjunction with an upregulation of the protective cytokine
TGFp3. We have shown that TGFB1 decreases MMP-1 and MMP-13 enzyme
production in OA lesional chondrocytes and presumably TGFB3 would act
similarly [49]. In our latest experiments, doxycycline also increased the level
of mRNA for TGFP RI and TGFf RII receptors. These data also explain and
support previous observations, demonstrating that tetracycline analogs increase
collagen synthesis, osteoblast activity and bone formation [50-52]. The fact
that doxycycline is capable of modulating cytokine levels provides evidence
that it may act indirectly to modulate MMPs and may partially explain its
inhibitory properties on synthesis. Thus, doxycycline regulation of collagenase
production through modulation of cytokine and cytokine receptors would also
serve to protect articular cartilage from proteolytic degradation.

Recently, we have obtained an immortalized human chondrocyte line from
Dr. Mary Goldring. These cells were isolated from an articular chondrocyte
and immortalized using the SV40 T-antigen which induces propagation at
31 °C but is inactivated at 37 °C. We have found that MMP-1 mRNA and pro-
tein are induced upon stimulation with TNFo and have initiated studies into
the inhibition of MMP synthesis by doxycycline using these cells as a proto-
typic model (Fig. 1). As we have seen with OA chondrocytes, doxycycline
effectively inhibits the amount of collagenase synthesized by immortalized
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Figure 1. Western blot analysis of the effect of treatment with 0.1, 1.0 and 10 mg/ml of doxycycline
on MMP-1 enzyme production by immortalized human chondrocytes stimulated with 1 or 10 ng/ml
of TNFa. Triplicate samples are shown for each of the conditions used.

human chondrocytes stimulated with TNFou in a dose-dependent manner.
These cells are extremely sensitive to this inhibition, showing decreased
MMP-1 production at doxycycline concentrations of 0.1 pug/ml. This cell line
will be an ideal tool to study the mechanism of doxycycline inhibition of col-
lagenase synthesis, as large numbers of cells can be prepared routinely.

Our studies of the kinetics of inhibition of different metalloenzymes by
doxycycline prompted additional studies of metalloproteinase synthesis. The
relative ineffectiveness of doxycycline on MMP-1 activity in vitro conflicted
with our data showing that oral doxycycline reduced MMP-1 levels in tissues
taken from patients at joint replacement. Recent findings by other investigators
and us suggest that MMP proteins are regulated at both transcriptional and
translational levels by the tetracycline family as well as by direct inhibition of
enzyme activity. We have identified at least four potential mechanisms by
which doxycycline could slow matrix degradation. First, direct inhibition of
MMP-13 or of an unidentified MMP remains a viable mechanism. However,
to have the effect on total MMP protein observed in human and animal stud-
ies, this mechanism would require that a cascade of events initiated by an
MMP is essential to drive matrix degradation. Alternatively, net reduction of
total enzyme protein could be achieved through enhanced degradation of
MMPs, as seen in our studies of MMP-8 in vitro or through reduced tran-
scription of MMP message, as seen in the studies on MMP expression from
this and other laboratories [43] or through inhibition of translation of enzyme
message as reported for type X collagen [53].
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Abstract

Tetracyclines (TCs) are a group of antibiotic compounds which possess anti-
inflammatory activity both in vivo and in vitro at pharmacological concentra-
tions. They inhibit the activity of pleiotropic inflammatory mediators such as
nitric oxide, prostaglandins, cytokines and MMPs. The mechanism of action
of this group of compounds, to inhibit various inflammatory mediators is dis-
tinctive. TCs and chemically modified TCs (CMTs) both inhibit nitric oxide
synthase (mRNA level), TNFo convertase (enzyme level), which subsequent-
ly downregulates nitric oxide, and TNFa production, respectively. TCs and
CMTs modulate anti-inflammatory mediators such as IL-10 (mRNA level) and
type II IL-1B decoy receptor (secretory enzyme level). Doxycycline and
minocycline augment COX-2 (mRNA level)-mediated PGE, production,
whereas CMTs preferentially inhibit COX-2 both at mRNA and protein level.
These pleiotropic properties of TCs and CMTs make them candidate drugs for
complex multifactoral inflammatory diseases.

Introduction

Doxycycline and minocycline (a semisynthetic tetracycline) are members of
the tetracycline family of broad-spectrum antibiotics. During recent years, it
has been established that TCs, which are rapidly absorbed and have a pro-
longed half-life, exert biological effects independent of their antimicrobial
activity [1-3]. Such effects include inhibition of matrix metalloproteases
[(e.g., collagenase (MMP-1), gelatinase (MMP-2) and stromelysin (MMP-3)
activities)] and prevention of pathogenic tissue destruction [1]. Furthermore,
TCs and inhibitors of metalloproteases have been reported to inhibit tumor
progression [4], bone resorption [5], angiogenesis [6] and inflammation [7].
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Regulation of nitric oxide in inflammation

Nitric oxide (NO) is a multifunctional pro-inflammatory mediator that is read-
ily detected at sites of inflammation [8]. It is now recognized that NO plays a
vital role in host defense and immunity, including the modulation of inflam-
matory responses. Upregulation of iNOS generates excessive NO production
during the course of a variety of diseases, including sepsis, ulcerative colitis,
psoriasis, multiple sclerosis, type I diabetes, giant cell arthritis, systemic lupus
erythematosus, Sjogren’s syndrome, rheumatoid arthritis (RA) and
osteoarthritis (OA) [8]. Although the inhibition of NO synthesis improves out-
come in experimental models of systemic lupus erythematosus and arthritis,
the role of this highly reactive free radical in the pathogenesis of these diseases
is unclear [9].

Regulation of NO by TCs

There is a growing body of literature that demonstrates the capacity of TCs to
inhibit NO production in experimental animal models in association with ame-
lioration of disease. For example, intraperitoneal injections of TCs protect
mice from lethal endotoxemia, downregulating iNOS in various organs and
cytokine and NO secretion in blood [10]. TCs have also been shown to exert
protective effects in animal models of inflammatory arthritides, such as type II
collagen-induced arthritis [11]. Yu et al. have shown that prophylactic admin-
istration of doxycycline markedly reduced the severity of OA in dog models,
where it is postulated that excess NO production results in inhibition of pro-
teoglycan and collagen type II synthesis [12] and upregulation of metallopro-
tease activity [12, 13]. In human OA- or RA-affected cartilage (but not normal
cartilage), there is upregulation of NOS and increased NO production in quan-
tities sufficient to cause cartilage damage [14—-16]. Minocycline has been
demonstrated to be superior to placebo in the treatment of rheumatoid arthri-
tis [17]. In view of these observations, the effects of TCs were evaluated in
human OA-affected cartilage and rodent macrophage cell lines (RAW 264.7).
Among the tetracycline group of compounds, doxycycline > minocycline
blocked and reversed both spontaneous and IL-1B-induced OA-NOS activity
in ex vivo conditions. Similarly, minocycline and doxycycline inhibited both
LPS- and [FNy-stimulated iNOS in RAW 264.7 cells in vitro, as assessed by
nitrite accumulation. Although doxycycline and minocycline (20-40 pg/ml)
could inhibit both these enzyme isoforms, their susceptibility to each of these
drugs was distinct. Unlike acetylating agents (e.g., aspirin), or competitive
inhibitors, such as L-NMMA, that directly inhibit the specific activity of NOS,
doxycycline or minocycline had no significant effect on the specific activity of
iNOS in cell-free extracts. The mechanism of action of these drugs on murine
iNOS expression was found to be, at least in part, at the level of RNA expres-
sion and protein synthesis of the enzyme, which would account for the
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decreased iNOS protein and specific activity of the enzyme. TCs had no sig-
nificant effect on the levels of mRNA for B-actin and glyceraldehyde-3-PO,
dehydrogenase (GAPDH), nor on levels of B-actin and total COX-2 protein.
These studies indicate that a novel mechanism of action of a group of antibi-
otics, i.e., TCs, is to inhibit the expression of NOS (Fig. 1).

Chemically modified TCs [CMT-3 (ICsy ~ 613 pM = ~2.5-5 pg/ml) and
CMT-8 (ICsp ~ 26 uM = 10 pg/ml), but not CMT-1, -2 or -5], which lack anti-
microbial activity, inhibited nitrite production in LPS-stimulated macrophage
and mesengial cells [18, 19]. Unlike competitive inhibitors of L-arginine,
which inhibited the specific activity of iNOS in cell-free extracts, CMTs exert-
ed no such direct effect on the enzyme. However, CMT-3 inhibits both iNOS
mRNA accumulation and protein expression in LPS-stimulated cells [18]. TCs
and CMT-3 (unlike hydrocortisone) had no significant effect on murine
macrophages transfected with iNOS promoter (tagged to a luciferase reporter
gene) and exposed to LPS. However, doxycycline and CMT-3 augmented
iNOS mRNA degradation in the presence of actinomycin D, in LPS-stimulat-
ed murine macrophages. These studies show a novel mechanism of action by
TCs and CMT-3 which harbors properties to increase iNOS mRNA degrada-
tion and decrease iNOS protein synthesis and NO production in macrophages

Figure 1. Regulation of NOS by TCs. Cells treated with doxycycline and minocycline (ICs,
20-40 pg/ml) CMT-3 and CMT-8 (IC5o 5-10 pg/ml) inhibit iNOS mRNA accumulation and have no
significant effect on the transcription of iNOS mRNA. The decrease in RNA accumulation (due to
decrease in the half-life of the mRNA) leads to decrease in protein expression and the subsequent pro-
duction of NO. TCs (unlike aspirin or competitive substrate inhibitors, NMA of NOS) do not signifi-
cantly inhibit the enzyme activity of NOS in vitro assays. The data are compiled from [18, 19].
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[18]. Recent studies by D’ Agostino et al., 1998, have suggested that the effects
of TCs on NOS (in vivo) are independent of IL-10 [20]. This property of TCs
may have beneficial effects in the treatment of various diseases where excess
NO has been implicated.

Regulation of serum NO by TCs in human arthritis

Farrell et al have reported significantly increased nitrite levels in the sera of
patients with OA and RA as compared to normal individuals [21]. We per-
formed a preliminary study to examine the effect of TCs in patients with arthri-
tis. Patients with OA (n = 5) were treated with doxycycline (200 mg) daily for
a period of 10 days and the levels of nitrite were examined before and after the
treatment. These OA patients showed an increase in nitrite levels in their serum
as compared to normal individuals, similar to that observed by Farrell et al.
[21]. Treatment with doxycycline showed significant decrease in nitrite levels
in these patients as compared to normal individuals. This preliminary study,
which requires tissue corroboration, suggests that doxycycline can affect NO
production in vivo by cartilage in patients with arthritis (Fig. 2). Were this to
be the case, these results would raise the possibility that serum nitrate/nitrite
could serve as a surrogate marker for tissue disease activity of OA; this type of
assessment of effects of drug therapy on disease markers would be of value,
comparable to the situation in RA patients treated with anti-TNF therapy, who
show a decrease in serum nitrite levels with decreased expression of iNOS in

Figure 2. Regulation of nitric oxide by TCs in human serum of arthritis-affected individuals. Five nor-
mal and OA-affected individuals were examined for accumulation of nitrite in the serum. The OA-
affected individuals were treated with 200 mg/day BID of doxycline for 10 days and then examined
again for nitrite accumulation in the serum. n = 5. The p values between different parameters were:
A/B p<0.007, B/C p<0.006, A/Cp=04
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peripheral blood cells [22]. Since the overproduction of NO has been impli-
cated in the pathogenesis of arthritis, as well as other inflammatory diseases,
these observations suggest that TCs should be evaluated as potential therapeu-
tic modulators of NO for various pathological conditions.

Regulation of prostaglandins in inflammation

Major sources of prostaglandins in acute inflammation include endothelial
cells, which produce large amounts of PGE, and PGI,, and mononuclear
phagocytes, which produce a wide spectrum of prostaglandins (including
PGE, and PGl,), thromboxanes and leukotrienes. Platelets are a major source
of thromboxane A (TXA,), whereas mast cells synthesize leukotrienes and
prostaglandins, notably PGD,. Neutrophils are a poor source of prostaglandins
and thromboxanes; they are, however, a source of leukotriene production, par-
ticularly LTB4 [23].

Cyclooxygenases (COX-1 and -2) are key enzymes in the synthesis of PGE
from arachidonic acid. COX-1 is constitutively expressed in many tissues and
cell types, but in some cases it increases during differentiation [24]. By con-
trast, the expression of COX-2 is upregulated by mitogen, cytokines and tumor
promoters and is involved in pathological conditions, notably inflammation. In
experimental acute and chronic inflammation animal models, enhanced
COX-2 expression parallels the degree of tissue inflammation. In addition,
prostanoids such as PGF,,, PGI, and PGE, generated by COX-2 may stimu-
late COX-2 expression, forming a positive loop for COX-2 induction [25].

Prostaglandins are produced at elevated levels in inflamed tissues such as
rheumatoid synovium [26, 27]. PGE, and PGE, contribute to synovial inflam-
mation by increasing local blood flow and potentiating the effects of mediators
such as bradykinin that induce vasopermeability [23]. PGE, has been shown to
induce apoptosis in chondrocytes, reverse proteoglycan degradation by IL-1,
sensitize cells to IGF-1, decrease alphal collagen synthesis, increase DNA
synthesis and growth of chondrocytes, enhance aggregan and collagen synthe-
sis and trigger osteoclastic bone resorption [28, 29], suggesting that although
this molecule may also contribute to the pathophysiology of joint erosion in
arthritis, it may also have some chondroprotective functions during the com-
plex process of cartilage homeostasis.

Regulation of COX-2 by TCs

TCs [doxycycline and minocycline (5-40 ug/ml)] augmented (1-2-fold) PGE,
production in human OA-affected cartilage (in the presence or absence of
cytokines and endotoxin) in ex vivo conditions. Similarly, bovine chondrocytes
stimulated with LPS showed an (1-5-fold) increase in PGE, accumulation in
the presence of doxycycline. This effect was observed at drug concentrations
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which did not affect NO production. In murine macrophages (RAW 264.7)
stimulated with LPS, TCs inhibited NO release and increased PGE, produc-
tion. Tetracycline(s) and L-NMMA (NOS inhibitor) showed an additive effect
on inhibition of NO and PGE, accumulation, thereby uncoupling the effects of
TCs on NO and PGE, production. The enhancement of PGE, production in
RAW 264.7 cells by TCs was accompanied by the accumulation of both
COX-2 mRNA and soluble cytosolic COX-2 protein, but not membrane
COX-2 (which represents ~85% of the enzyme in the cell).

In contrast to TCs, L-NMMA at low concentrations (100 uM) inhibited the
spontaneous release of NO in OA-affected cartilage explants and LPS-stimu-
lated macrophages, but had no significant effect on the PGE, production. At
higher concentrations, L-NMMA (500 pM) inhibited NO release but aug-
mented PGE, production. This study indicates a novel mechanism of action by
TCs to augment the expression of soluble cytosolic COX-2 and PGE, produc-
tion, an effect which is independent of the endogenous concentration of NO
(Fig. 3a).

Figure 3a. Regulation of COX-2 by generic TCs (doxycycline [DOX] and minocycline [MINO]). The
scheme shows the action of TCs on COX-2 and PGE, production. The action of TC is shown on the
right-hand side of the scheme. Cells treated with DOX and MINO increase in the accumulation of
COX-2 mRNA, and show an increase in the accumulation of cytosolic COX-2 (but not total COX-1).
There is a net increase in the accumulation of PGE, in cells treated with DOX or MINO. DOX and
MINO have no significance on the specific activity of COX-2 in vitro.
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CMTs have recently been shown to be potent inhibitors of tissue and matrix
break-down and to attain a longer half-life in serum than TCs [30]. Recent
studies have shown that CMT-3 and CMT-8 inhibit tumor metastasis and
arthritis-affected synoviocyte invasion in animal models [30, 31].

In contrast to doxycycline and minocycline, CMT-1 and -8 (1 to 10 ug/ml),
but not CMT-1, -2 and -5, inhibit both NO and PGE, production in LPS-stim-
ulated murine macrophages, bovine chondrocytes and human OA-affected car-
tilage (Fig. 3b). Furthermore, CMT-3 augments COX-2 protein expression but
inhibits net PGE, accumulation [32]. This coincides with the ability of CMT-3
and -8 to inhibit COX-2 enzyme activity in vitro. The action of CMTs is dis-
tinct from those observed with doxycycline and minocyclines because (a)
CMT-3-mediated inhibition of PGE, production coincides with modification
of COX-2 protein, which is distinct from the non-glycosylated COX-2 protein
generated in the presence of tunicamycin, as observed by western blot analy-
sis, (b) CMT-3 and -8 have no significant effect on COX-2 mRNA accumula-
tion, (c) CMT-3 and -8 do not inhibit COX-1 expression at the level of protein
and mRNA accumulation, (d) CMT-3 and -8 inhibit the specific activity of

Figure 3b. Regulation of COX-2 by CMTs. The scheme shows the action of CMTs on COX-1, COX-2
and PGE, production. Cells treated with CMT-3 have no effect on COX-1 and COX-2 mRNA accu-
mulation but there is a net decrease in PGE, production. CMT-3 accumulates the inactive form of
COX-2 protein and preferentially inhibits the activity of COX-2 (but not COX-1) in vitro enzyme
assays similar to NS293 and Celebrex. Data compiled from Amin et al. [52], Attur et al. [53].
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Table 1. Effect of CMTs and COX-2 specific inhibitors (NS398 and Celecoxib) on COX-1 and COX-2
specific activity in vitro

Treatment COX-1 specific activity p COX-2 specific activity p<
(PGE, ng/mg protein) (PGE; ng/mg protein)

Control 925+13 188.9 £ 18.9

CMT-3 (GTT] 792+1.1 20.05 920+1.6 < 0.0005

CMT-5 (5ung) 90.2+0.8 2 0.05 105.1 3.0 < 0.0008

CMT-8 (5 ng) 91.1+0.5 20.05 107.3+£23 <0.0009

NS398 (1 ug) 80.0x0.7 20.05 79.3+0.8 <0.0001

Celecoxib (1ug) 86.6+0.9 20.05 110.7+ 0.6 <0.001

Cell-free extracts were prepared from serum-starved (24 h) unstimulated and IL-18 (10 ng/ml) stim-
ulated A549 human epithelial cells for 24 h. The extracts were incubated with different modulators for
20 min at 37 °C before adding the substrate to initiate the enzyme reaction which was terminated after
30 min by heat inactivation. The data represent one of the two similar experiments, the PGE, analysis
from each sample was performed in triplicate n = 3. The p values are comparison between control and
experimentals.

COX-2 (but not COX-1) in cell-free extracts (Tab. 1). These results demon-
strate differential action of CMT-3 on COX-1 and -2 enzyme activity, which is
distinct from other generic TCs such as doxycyclines and minocyclines. The
action of TCs and CMTs on NO and PGE, are summarized in Table 2.

Regulation of TNFa and TACE

TNFa (tumor necrosis factor o), a pleiotropic cytokine, produces a broad
spectrum of injurious effects which makes it an important target for therapeu-
tic intervention. TNFa is involved in the pathophysiology of arthritis, AIDS,
cancer, autoimmune diseases (immune complex diseases), lung fibrosis, mul-
tiple sclerosis, skin delayed-type hypersensitivity reactions, bacterial and par-
asitic infections [33-36].

The synthesis of TNFa is known to be regulated at transcriptional, transla-
tional and post-translational levels [33]. Three independent groups have
demonstrated that broad-spectrum inhibitors of matrix metalloproteases can
specifically inhibit the release of membrane pro-TNFo. from various cell sur-
faces, including RA synovial cell cultures [37-40]. This inhibitor of pro-
TNFa processing could protect mice against a lethal dose of endotoxin admin-
istered to them [38].

The TNFo converting enzyme (TACE/ADAM-17) is a metalloprotease-dis-
integrin that releases soluble TNFo from cells by cleaving within the extracel-
lular domain of membrane-bound pro-TNFa [39, 40]. TACE (an 80 kDa pro-
tein) cleaves the Gln-Ala-{-Val-Arg sequence of pro-TNFo [39-41]. TACE
also contributes to the “shedding” of several other transmembrane proteins,
including the p75 TNFa receptors, transforming growth factor-o, L-selectin



303

Regulation of inflammatory mediators by tetracyclines

-, 2uop 10U,

sa0uap AN ‘[z€16661 T8 19 [918d PUB [61] 9661 “I& 10 uBwidel], ‘[81] £661 “I¢ 10 uruy woiy patjdwos are eiep ay[, "98e[1Ied pa10sye-y(O uswny pue s3)4001puoyd
au1A0q ‘safeydoroew suumwr pajearioe ur uoissaidxs SON Pue Z-XOO U0 SLIND Pue (OUIjA) aulaAd0uty ‘(X0(]) SUl[oAdAX0( JO 199459 aYy) sazuewwins ajqel Y[,

¢—————— a8ueyYo ON ———8M—> ———— ofuefooN— aN — S-‘Z-‘1-LIND
98ueyo a3ueyd a3ueyo a3ueyd w3 g1-¢
T T T T ON T ON T ON aN ON T 8-LIND
a3ueyo a8ueyd 3ueyd wysn g1-¢g
T 1T T T ON T l T ON aN ON T £LND
aSueyd [wy3r o
T T T T l ON 1 d anN aN aN aN Out/XoQg
a8ueyd [wy3n 1 -¢
—————— dBueppoN——> 1 ON 1 l aN aN aN aN OutN/xoq
Ayanoe Kianoe Aianoe
VNYw  owzug uroid  ON VNJw  swizug  ujold  Od VAW dwAzug  uwlold  YHOd

uorssaidxg SON

uoissaxdxg 7-X0D

uoissaxdxg [-X0D

uorssaidxa XOD/SON UO Saul[aK0ena) Jo Uonoe ay) Jo Arewruuns ‘g S[qe]L,



304 M.G. Attur et al.

and the amyloid precursor protein [42, 43]. In view of these observations, we
and others developed a cell line to assay for inhibitors of TACE [41, 44].

Regulation of TACE and TNFa« in pro-TNF« transfected cells

Wild-type pro-TNFo and mutant pro-TNFa cDNAs, both containing a car-
boxyl terminal FLAG Tag, were used to generate stable cell lines in the human
embryonic kidney cell line (HEK 293) and mouse T cells (BW5147). In con-
trast to the mouse BW5147 T cells (stably transfected with human pro-TNFa),
the pro-TNFo" HEK 293 cells did not show significant staining using anti-
TNFa antibodies of the cell surface pro-TNFa, but did show significantly high
amounts (~600 ng/ml) of TNFa in the culture medium when compared to the
mouse BW5147 cells transfected with pro-TNFo: (~20 pg/ml) (Fig. 4a).
Furthermore, a clone (pro-TNFo. mut® HEK 293) harboring the mutated pro-
TNFo (at the cleavage site) showed, as expected, low amounts of TNFo
(~20 pg/ml) in the medium similar to that seen with the non-transfected cells.
These experiments indicated that the pro-TNFo* in human cells is rapidly
cleaved by the endogenous TACE from the cell surface, whereas the mouse
cells TNFa convertase do not seem to recognize human pro-TNFa as a sub-
strate.

TACE inhibitors inhibit release of soluble TNF« in pro-TNFa™ HEK 293
cells and human OA-affected cartilage

The effects of various MMP and ADAM inhibitors were tested in pro-TNFor*
HEK 293 cells. Addition of cycloheximide inhibited, as expected, the sponta-

Figure 4. Regulation of TNFa in Pro-TNFa transfected cells. Role of TACE. The cDNA encoding the
pro-TNFo(wild) was isolated by PCR amplification of first strand cDNA generated from 1 pg of total
RNA from THP-1 cells. A sense primer (5' GGA ATT CAT ATG AGC ACT GAA AGC) containing a
Ndel site and antisense primer (CGG GAT CCT CAC TTG TCA TCG TCG TCC TTG TAG TCC
AGG GCA TTG A) containing FLAG +ochre termination codon and a BamHI site were used. PCR
amplification was carried according to Patel et al., 1998 [41]. The mutant pro-TNFa cDNA was con-
structed as follows. Sense and antisense primers were generated (sense 5' GCTAGC TCA TCT TCT
CGA ACC and antisense 5' AGA TGA GCT AGC CAG AGG GCT GAT) for the sequence at and near
the cleavage site Ser-Pro-Leu-Ala-Gln-Ala—|-Val-Arg-Ser-Ser. The oligos looped out 6 amino
acids (Ala-Gln-Ala-Val-Arg-Ser) from the wild type [pro-TNFa (wt)] and looped in (Ala-Ser, GCT
AGC) resulted in [pro-TNFa (mut)] clone. Two clones were separately cloned into the eukaryotic
expression vectors. (a) The pro-TNFa (wild) and pro-TNFa (mut) expressing HEK293 cell lines were
selected by Bector Dickenson cell sorter. Control represents untransfected cells. TNFo, which was
spontaneously produced in the medium, was measured using a sandwich ELISA technique. (b)
Different modulators of TACE were tested in these cells, and assayed for the levels of soluble TNFo
in the medium. Control: untreated cells were considered as the 100% value which represents
300 ng/ml TNFa accumulated by 7 x 10° cells at 72 h. n = 3. CMT-5 and CMT-3 (10 pg/ml): doxy-
cycline (DOXY) 20 pg/ml; cycloheximide (CHX) 10 pg/ml; and BB-16 (10 pg/ml). (c)
proTNF'HEK293 cells which were treated with CMT-3 (1 ug/ml) for 24 h were also stained for mem-
brane-bound pro-TNFa with anti-TNFa antibodies and FACScan.
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Figure 5. Regulation of TNFo in human OA-affected cartilage by CMT-3. Human OA-affected carti-
lage was incubated in ex vivo as described [41]. The OA-affected cartilage spontaneously released
PGE, (dark bars) and TNFa: (hutch bars) as shown in control. CMT-3 and chloroquine were added at
0 time period and the mediators (TNFa and PGE,) were analyzed at 72 h from the medium.

neous release of the TNFa in pro-TNFo* HEK 293 cells. BB-16 (an inhibitor
of TACE/MMPs), CMT-3 (but not CMT-1) and TCs significantly blocked the
release of TNFa. in pro-TNFa" HEK 293 cells in the medium (Fig. 4b).

FACScan analysis of pro-TNFa* HEK 293 cells treated with CMT-3 and
stained with TNFo antibody showed increased accumulation of surface pro-
TNFo. These experiments demonstrated that inhibitors of TACE could block
the spontaneous release of TNFa in these cells. BB-16 and CMT-3 share the
property to inhibit TNFa release by blocking TNFo convertase activity. These
studies show that the tetracycline group of compounds (which inhibits iNOS
and COX-2) [18] also inhibited TNFo production and TACE activity in this
whole-cell assay.

We also examined the effect of CMT-3 on TACE in human OA-affected car-
tilage. We took advantage of the observation that human OA-affected cartilage
spontaneously released TNFo in the medium in ex vivo conditions [41].
Chloroquine has recently been reported to inhibit processing of pro-TNFo
(26 kDa) in murine macrophage cells (RAW 264.7) [45]. Addition of chloro-
quine or CMT-3 (but not CMT-1) significantly blocked TNFa production in
OA-affected cartilage (Fig. 6). We also monitored the release of PGE, [18] in
the same experiment (Fig. 6). CMT-3 blocked, as expected, the release of both
TNFa and PGE, but chloroquine inhibited only the release of TNFo. but not
PGE,. These experiments suggest that human OA-affected cartilage has TACE
activity which is responsible for the production of functional native soluble
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Figure 6. Regulation of Type II IL-1B decoy receptor by CMT-3. HEK293 cells were transfected with
full-length IL-1RII cDNA in an expression vector as shown previously [49]. The stably transfected
cells (IL-1RIT*HEK293) spontaneously released soluble IL-1RII in the medium. CMT-3 (10 pg/ml),
CMT-5 (10 pg/ml), doxycycline (20 pg/ml), cycloheximide (10 pg/ml) and BB-16 (available from
Dupont Merck, USA: Wilmington, DE) were added to the medium. The release of soluble IL-1RII was
assayed at 72 h. * p£0.05

TNFo. In summary, CMT-3, like TCs, can also inhibit the activity of TACE
and TNFa production [46].

Upregulation of anti-inflammatory mediators by TCs

IL-10 is an anti-inflammatory cytokine which has been reported to inhibit
inflammatory mediators such as NO, PGE,, IL-1B, TNFo and IL-6 [47].
Recent studies by Ritchlin et al. [48] have shown upregulation (25 to 45%) of
IL-10 mRNA and protein in IL-1 induced synovial cells and LPS-stimulated
PBMC in the presence of CMTs and minocyclines (5 pg/ml) but not CMT-1
and doxycycline. The upregulation of a pleiotropic anti-inflammatory cytokine
such as IL-10 by TC gives TCs an added anti-inflammatory activity independ-
ent of their direct effect on NO, PGE, and TNFo. production.

The soluble type II IL-1PB decoy receptor has potent IL-1 neutralizing activ-
ity. For example, 100 pg/ml of exogenously added soluble type II IL-1p recep-
tor can block 50% of NO production (as compared to 1 mg of soluble IL-1 type
I receptor) in human OA-affected cartilage [49]. However, transfection of the
type II decoy receptor and its expression on the cell surface (in IL-
IRIT'HEK?293 cells as compared to HEK293) render the cells more resistant
to the insults of exogenous IL-1. IL-1RIT"THEK293 not only produces signifi-
cantly high amounts of sIL-1RII in the medium, but also blocks the activity of
IL-1 transcription and type I IL-1P receptor signaling within the cell [49].
CMT-3 and doxycycline (but not CMT-5) inhibit the spontaneous shedding of
type II IL-1 receptor in cells that are permanently transfected with the IL-1RII
receptor as shown in Figure 6. These experiments suggest that the functional
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activity of the type II IL-1B decoy receptor may be enhanced by CMT-3
against the insults of IL-1 by accumulating the receptor on the cell surface.

In summary, TCs and their derivatives exert significant effects on inflam-
matory mediators such as NO, PGE, and MMP activity (matrixins and
ADAMSs) in vitro and in vivo. They may also upregulate endogenous anti-
inflammatory molecules such as IL-10. Experimental data in both animals and
humans suggest that these pleiotropic anti-inflammatory properties may
account for beneficial therapeutic effects of the TCs in diverse medical condi-
tions such as acne, adult respiratory distress syndrome (ARDS) and arthritis
[50, 51]. Thus, based upon in vitro properties which have been corroborated by
a limited number of in vivo observations, TCs are potential disease-modifying
agents worthy of further study.
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Introduction

Tetracyclines (TCs) are pharmaceutical compounds derived from streptomyces
which have been widely used as broad-spectrum antibiotics since their intro-
duction in 1948.

In the last few years there has been a renewed interest in these drugs due to
the discovery of their non-antimicrobial properties. The first reports came from
the odontological literature after Golub and colleagues identified in a seminal
experiment an unexpected property of the TCs independent of their anti-micro-
bial actions. They demonstrated the ability of these drugs to inhibit metallo-
proteinases, enzymes known to play a major role in the breakdown of cartilage
and bone. This finding opened up new avenues for research directed at novel
therapeutic options for a variety of dental and medical diseases characterized
by excessive collagen breakdown, such as periodontitis, arthritis or cancer
invasion.

In the field of rheumatology, double-blind trials have confirmed the role of
certain new generations of semisynthetic tetracyclines as disease-modifying
agents in inflammatory arthritides. Studies in man of osteoarthritis and osteo-
porosis are currently awaited. By contrast, a new intriguing property of these
drugs is their capacity to trigger autoimmune syndromes, in particular the
development of lupus erythematosus. Much attention has been paid in recent
years to minocycline, both for its potential as a disease-modifying anti-rheu-
matic agent and for its link with autoimmunity. Increasing awareness of the
unwanted side-effects, which on occasions have proven fatal, has resulted in a
large number of reports in the medical literature.

Tetracyclines in arthritis

Rheumatoid arthritis (RA), the commonest inflammatory arthritis, is a disease
of unknown aetiology characterized by persistent joint swelling and tender-
ness, leading to joint destruction, functional disability and increased mortality.
With a prevalence of 1%, it is estimated that it affects about 2 million people
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Table 1. Non-antibiotic properties of the tetracyclines

Connective tissue breakdown inhibition
Inhibition of phospholipase A2
Inhibition of bone resorption

Inhibition of prostaglandin synthesis
Modification of chemotaxis
Scavenging of superoxide radicals

in the USA; no curative therapy exists at present. The available therapeutic
drugs, commonly referred to as disease-modifying anti-rheumatic drugs
(DMARD:s), aim to suppress inflammation and attenuate the progression of
the disease process.

With the description of their anti-inflammatory properties, TCs became an
obvious choice to consider in the treatment of arthritis for several reasons. First
is their ability, especially doxycycline and minocycline, to directly inhibit
MMPs, responsible for cartilage and bone breakdown, in synovial tissue, syn-
ovial fluid [1-4], chondrocytes and osteoblasts [5, 6]. TCs can also retard
excessive connective tissue breakdown and bone resorption, and therefore pre-
vent articular damage, which is the main cause of functional disability in RA
and osteoarthritis sufferers. Tetracycline derivatives have been shown to down-
regulate different inflammatory pathways. They can, for example, inhibit
phospholipase A2, a pro-inflammatory enzyme able to induce synovitis in
diarthrodial joints [7-9] and have also been shown to be scavengers of oxygen
radicals, important mediators of inflammation [10, 11] (Tab. 1).

However, most of these actions have been demonstrated in vitro. Some of
the work done in adjuvant arthritis suggests that the mode of action of the
tetracyclines might be based on their immunomodulatory T cell effect, with
alteration of T cell calcium flux and of the expression of T cell-derived colla-
gen-binding protein [12]. Since RA is a T-cell -mediated disease, these results
could explain part of the anti-inflammatory effect of tetracyclines in RA.
Kloppenburg et al. published in 1995 results on human T cell clones derived
from the synovium of a patient with RA and showed that minocycline could
produce a dose-dependent inhibition of T cell proliferation and reduction in
production of IL-2, interferon gamma and tumour necrosis alpha when T cells
were activated via the T cell receptor/CD3 complex. Besides an inhibition in
IL-2 production, minocycline could exert its effect on T cell proliferation by
induction of a decreased IL-2 responsiveness [13] (Tab. 2).

Evidence-based use of tetracyclines in inflammatory arthritides

Sporadic use of tetracyclines in arthritis dates back almost forty years. The ini-
tial rationale for the use of these drugs was the finding of mycoplasmas in the



Tetracyclines and autoimmunity 313

Table 2. Mechanisms of action of tetracyclines in RA

Immunomodulatory activity:

— Reduced leukotaxis

— Alteration of phagocytic function of human neutrophils

— Alteration of proliferative response of human lymphocytes

— Delayed erythroid and lymphoid cell proliferation and differentiation
— Decreased synovial T-cell proliferation and cytokine production

Anti-inflammatory activity:

— Inhibition of metalloproteinases

— Decrease production of phospholipase A2

- Reduction in production of leukotrienes and prostaglandins
— Scavengers of oxygen radicals

synovial fluid of patients with different inflammatory arthritis [14]. A number
of small open label studies followed in patients with rheumatoid and reactive
arthritis using different tetracycline compounds. In reactive arthritis, prelimi-
nary uncontrolled trials using doxycycline [15] and minocycline [16] were
also inconclusive. The first controlled study of short-term tetracycline therapy
in Reiter’s disease, a form of reactive arthritis, failed to show any benefit [17].
The largest group of patients (21) was reported by Lauhio et al. [18] in a dou-
ble-blind, placebo-controlled, 3-month treatment study. No significant differ-
ence was found in time for remission between groups, although this took
longer than 3 months in both groups. Only the patients with documented
chlamydia infection remitted in a significantly shorter period of time (15
weeks versus 39.5 weeks for controls). There was, however, no information
given about use of any other anti-inflammatory agents, in particular corticos-
teroids.

In RA, the first open label studies were performed in the early nineties in
small numbers of patients and were statistically underpowered [19-21]. No
clear information is given about use of concomitant anti-inflammatory thera-
pies such as non-steroidal anti-inflammatory drugs (NSAIDs) or corticos-
teroids, making conclusions difficult. Two independent double-blind random-
ized controlled trials in established RA followed [22, 23]. In both studies
patients were treated with 100 mg oral minocycline or placebo and were fol-
lowed up for 26 weeks [22] and 48 weeks respectively [23]. The first study
included 80 patients with a mean disease duration of 13 years who remained
on other DMARDs whilst on the study. The second trial had 219 patients with
a mean disease duration of 8 years and who had stopped other DMARDs at
least 4 weeks before starting the study period. In both studies, the intergroup
differences were statistically significant for standard clinical parameters.
During treatment with minocycline, a marked decrease in serum levels of
C-reactive protein (CRP) occurred, which correlated with a decrease in serum
IL-6 and suppression of serum Ig M rheumatoid factor levels, independent of
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albumin levels, thus suggesting modulation of local synovial inflammation by
minocycline [24]. One of the main measures of outcome in therapeutic studies
for RA is the evaluation of radiographic evidence of bone erosions, as in the
long term these correlate with poor physical function and mean irreversible
disease progression. When the radiographic data from the MIRA study were
analyzed, no difference in the rate of disease progression was observed within
both groups, although erosions or bone damage tended to occur in a larger pro-
portion of patients in the placebo than the minocycline-treated groups [25].

There is now a growing body of evidence to support the use of disease-mod-
ifying therapy earlier on in the disease process in RA, in order to minimize dis-
ease progression and irreversible joint damage [26, 27]. The first trial in early
RA using minocycline was a multicentre, double-blind, placebo-controlled
study in patients with a disease duration of less than 12 months [28]. This was
a selected group in that all patients were seropositive for rheumatoid factor,
one of the markers of poor prognosis in RA. Data from this study show a favor-
able effect of minocycline in patients with early disease with follow-up at
4 years, confirming that remissions were more frequent and further need for
DMARDs was less in the patients treated early in the disease course with
minocycline [29]. It is assumed that such an effect would be seen because of
the effect on CRP, generally a good marker of cytokine production, and the
theoretical effect on MMPs and TIMPs. No mention is made, however, about
the presence of other known poor prognostic markers such as the shared epi-
tope or radiographic erosions at baseline. In fact, no radiographic data are
available from this study, so the potential role of minocycline as a true
DMARD, namely reducing structural damage, cannot be established from
these results.

New insights into the pathogenesis of RA have led to the successful target-
ing of pro-inflammatory cytokines known to play a central role in RA. Current
data show TNF alpha blockade with chimeric and humanized compounds such
as infliximab [30] and etanercept [31] to be superior to conventional DMARDs
in clinical and radiological outcomes. Larger studies are needed which com-
pare the efficacy of tetracyclines versus other DMARDs to allow for definite
conclusions to be drawn with regard to their place in the therapeutic pyramid
of RA.

Tetracycline-induced autoimmune disease

Despite growing research on and knowledge of the TCs, the most enigmatic
aspect remains their relationship with autoimmunity. On one side, as discussed
above, is the potential use of these drugs in the treatment of autoimmune
processes such as inflammatory arthritis, on the other is the recently described
association between these drugs, in particular minocycline with the develop-
ment of autoimmune syndromes. Minocycline is a semisynthetic tetracycline
currently used for a variety of disorders, in particular for the treatment of acne
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vulgaris; it is the most widely prescribed antibiotic for this condition in the
United States, Canada and the United Kingdom [32]. It is very lipophilic and
like doxycycline it is nearly completely absorbed after oral administration.
Like the rest of the natural or semisynthetic tetracyclines, minocycline has a
wide range of biological activity dependant on its C4-dimethylamino group. It
is administered in a once- or twice-daily dosage because of its long half-life.
This has been associated with good compliance and lack of resistance [33].

Despite having been generally well tolerated [34], a large number of adverse
side-effects have been reported with minocycline. These include: vestibular
symptoms [35], photosensitivity [36], skin pigmentation [37], eosinophilia,
hypersensitivity pneumonitis, toxic hepatitis, etc. [33]. More recently interest
has been fuelled about a relationship between minocycline and the develop-
ment of autoimmune syndromes.

The first written account on the exacerbation of systemic lupus erythemato-
sus after the use of TCs appeared in the late fifties [38]. Since then, there have
been an increasing number of reports about the rheumatic manifestations asso-
ciated with the use of minocycline, most of them in the last decade and nearly
all reported in acne patients, reflecting the population exposed to the drug.
Although acne itself can predispose to joint pains or arthralgia, the fact that the
symptoms started only after exposure to the drug, with resolution after dis-
continuation and re-appearance on rechallenge, favors the association between
the drug and development of the phenomenon [11]. In general the observed
patterns of autoimmune reactions to TC antibiotics can be divided into early
reactions such as serum-sickness-like and hypersensitivity reactions or late
reactions, occurring on average 2 years after initiation of therapy. These
include: vasculitis, drug-induced lupus erythematosus and auto-immune
hepatitits (Tab. 3).

Table 3. Autoimmune syndromes associated with tetracycline use

1. Serum-sickness-like syndrome and hypersensitivity reactions
2. Vasculitis

3. Drug-induced lupus

4. Autoimmune hepatitis

Serum-sickness-like and hypersensitivity reactions

Serum-sickness-like reactions have been reported with minocycline, including
fever, arthralgia, lymphadenopathy and urticarial rash [39-42]. Generalized
hypersensitivity reactions, including Stevens-Johnson syndrome, have also
been described [43—47]. These manifestations have in common that they tend
to occur within a few weeks after initiation of minocycline therapy, are short-
lived, resolve after discontinuation of the drug and in general, although sug-
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gestive of an antibody-mediated event, are not associated with antinuclear anti-
body (ANA) positivity [32]. Tetracycline and doxycycline have also been asso-
ciated with these reactions; however, minocycline has been the implicated
agent in over 80% of the cases [48].

Minocycline-induced vasculitis

Several cases have been reported of minocycline-induced vasculitis, usually
associated with clinical manifestations such as fever and arthralgia or arthritis.
Livedo reticularis has been reported in three series [49-51]. There have been
single reports, including one of acute febrile neutrophilic dermatosis [52] and
another recent case of a 15-year-old girl who developed a purpuric rash associ-
ated with fever, myalgia and cervical lymphadenopathy. Biopsy of the rash
showed changes consistent with polyarteritis nodosa [53]. It is likely that the
prevalence of this problem is underestimated, as histological diagnosis is rarely
pursued if resolution of the clinical signs occurs on discontinuation of therapy.

Minocycline-induced lupus

Drug-induced lupus (DIL) has been so far the commonest autoimmune condi-
tion reported with minocycline. Since the first case appeared in the Lancet in
1992 [54], reports have increased in the last few years, perhaps reflecting
awareness of this problem. No established consensus criteria exist for the diag-
nosis of DIL, but the accepted definition is that of a syndrome presenting with
at least one clinical feature of systemic lupus erythematosus [55] (Tab. 4) with
positive ANA and circumstantial association between the use of the drug and
the development of clinical and serological signs [56, 57] (Tab. 5). There
should be no previous history of systemic lupus erythematosus and cessation
of the syndrome should occur on withdrawal of the drug, with reappearance on
rechallenge. More than 80 cases have been described so far and it is suspected
that this might be an underestimation of the frequency of this condition [58].
Three recent reviews [32, 58, 59] describe joint pains or arthralgia to be the
commonest reported symptoms in minocycline-induced lupus, with synovitis
described in about a quarter of the patients [58]. Constitutional symptoms such
as fever, malaise, fatigue, anorexia or weight loss have been reported as asso-
ciated with the musculoskeletal manifestations. In the most recent report, 57
cases of minocycline-induced lupus were reviewed [59]. Asymptomatic eleva-
tion of liver enzymes or symptomatic liver involvement with chronic hepatitis
or autoimmune hepatitis were the second predominant manifestations [59].
Only a minority had any other clinical criteria of lupus such as dermatological
(12 patients), pleuropulmonary (8 patients), haematological (5 patients) or
neurological abnormalities (4 cases) and reassuringly only 1 case had renal
involvement presenting with nephritis. Of interest is the fact that the majority
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Table 4. The 1982 Revised ACR criteria for the diagnosis of systemic lupus erythematosus

Criterion

Definition

1. Malar rash

2. Discoid rash

3. Photosensitivity
4. Oral ulcers

5. Arthritis

6. Serositis

7. Renal disorder

8. Neurologic disorder

9. Hematologic disorder

10. Immunologic disorder

11. Antinuclear antibody

Fixed erythema, flat or raised, over the malar eminences, sparing
the nasolabial folds

Erythematosus raised patches with adherent keratotic scaling and

follicular plugging

Skin rash as a result of abnormal reaction to sunlight, by patient

history or physician observation

Oral or nasopharyngeal ulceration, usually painless observed by

a physician

Nonerosive arthritis involving two or more peripheral joints,

characterized by tenderness, swelling or effusion

a) Pleuritis — convincing history or pleuritic pain or rub heard
by a physician or evidence of pleural effusion; or

b) Pericarditis — documented by ECG, or rub or evidence of
pericardial effusion

a) Persistent proteinuria greater than 0.5 g per day or greater
than 3+ if quantification not performed

b) Cellular casts — may be red cell, hemoglobin, granular,
tubular or mixed

a) Seizures — in the absence of offending drugs or known
metabolic derangement

b) psychosis

a) Hemolytic anaemia with reticulocytosis or

b) Leukopenia - less than 1500/mm? on more than two
occasions

¢) Thrombocytopenia — less than 100,000/mm? in the
absence of offending drugs

a) Positive LE cell preparation; or
b) Anti-DNA: antibody native to DNA in abnormal titre; or
¢) Anti-Sm: presence of antibody to Sm nuclear antigen; or

d) False positive serologic test for syphilis known to be
positive for at least 6 months and confirmed by Treponema
pallidum immobilization or fluorescent treponemal antibody
test

An abnormal titre of antinuclear antibody by immuno-
fluorescence or an equivalent assay at any point of time in
the absence of drug

Table 5. Guidelines for the identification of drug-induced lupus

— Absence of history suggestive of systemic lupus erythematosus before drug therapy

— Continuous treatment with a suspected drug for at least 1 month (usually much longer)

Positive antinuclear antibody (ANA)

— At least one clinical feature of systemic lupus erythematosus during sustained treatment

drug withdrawal

Rapid resolution in clinical symptoms and gradual fall in antinuclear antibodies after
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of the cases were reported in female patients, as is the case in autoimmune sys-
temic lupus erythematosus. This sex ratio is perhaps surprising, as DIL nor-
mally follows the epidemiology of the underlying condition and acne has no
sex predilection [32, 60]. However, in common with DIL linked to other drugs,
all cases appeared after prolonged exposure to the drug, with a median onset
of 19 months [59].

Serologically all the patients had a positive ANA. Anti-histone antibodies
known to be associated with DIL, were present only in a small minority of the
cases. These are not thought to play a role in the development of minocycline-
induced lupus. Recent reports have noted a striking association with perinu-
clear anti-neutrophil cytoplasmic antibodies (p-ANCA), usually present in
high titers in systemic vasculitides such as microscopic polyangiitis and
Churg-Strauss vasculitis.

The p-ANCA antibodies are directed against several cytoplasmic compo-
nents such as myeloperoxidase, lactoferrin and elastase [61]. Reports on the
cytotoxic mechanism of action of other lupus-inducing drugs associated with
p-ANCA, such as hydralazine [62], have shown that these were mediated
through the myeloperoxidase enzyme pathway [63]. A similar mechanism has
been proposed for minocycline [64, 65]; however, further research is awaited.

A recent report [65] on 29 patients that developed a lupus-like illness whilst
taking minocycline for acne showed that all the symptomatic patients (14 in
total) were p-ANCA positive, the majority with anti-myeloperoxidase (anti-
MPO) specificity, whereas none of the well minocycline users were. This cor-
relates with our own findings. To establish the prevalence of minocycline-
induced autoimmune phenomena, we examined 252 acne sufferers, of which
69% had been exposed to minocycline at some point during their illness. We
found that 6.9% of the exposed group were ANCA-positive, the majority with
a p-ANCA pattern, whereas no ANCA positivity was found in the non-
exposed group. Four patients became symptomatic and discontinued the drug
on their own because of new onset of arthritis; interestingly all of them were
ANA and p-ANCA positive [66]. Perhaps because of the small number stud-
ied, we did not find a statistically significant relationship between clinical
symptoms and the presence of anti-MPO antibodies. A larger, longitudinal
study is now under way to try and establish the incidence and true prevalence
of these phenomena.

Interestingly, despite the growing use of minocycline in RA, there does not
seem to be an increased incidence of minocycline-induced lupus in these
patients. Our group has recently reported on a patient who developed a lupus-
like syndrome after prolonged exposure to minocycline for the treatment of
RA [67], which was associated to new ANA and p-ANCA positivity with anti-
MPO specificity. Clinical and serological abnormalities resolved promptly on
discontinuation of the drug. At 18 months follow-up off minocycline, the
patient remains asymptomatic with a decreasing p-ANCA titre. The expected
presence of overlapping autoimmune syndromes in rheumatological condi-
tions might account for the apparent lack of reported drug-induced lupus in
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this group of patients. Also new presentations of polyarthralgia or polyarthri-
tis, the most common presenting symptom of minocycline-induced lupus, are
easily misinterpreted in the context of RA as a new flare-up of disease [68].

Autoimmune hepatitis

High-dose tetracyclines are known to cause a degree of liver toxicity that can
range from hepatic steatosis to liver failure. Minocycline-induced hepatotoxi-
city was first reported after high-dose intravenous administration [69-71],
suggesting a dose-dependent toxic effect. Around 30 cases of autoimmune
hepatitis (AIH) induced by minocycline have been reported [58], ranging from
mildly deranged liver serology to one case of fulminant hepatitis leading to
liver transplant in a teenage girl [72] and two deaths due to hepatitis and pan-
cytopenia [73].

The clinical picture of AIH in the reported cases was similar to that in
patients with systemic lupus erythematosus. The presence of ANA is a com-
mon feature and there have been reports of the simultaneous occurrence of
both conditions [73—75]. The main differences were the higher prevalence of
males and the longer time for serum transaminases to return to normal after
discontinuation of the drug [58] in AIH. Some cases required further therapy
with corticosteroids or azathioprine [64, 76]. The time of exposure seems to
vary, with some cases of acute hepatitis developing within days or weeks of
receiving minocycline [32] to as long as months or years into therapy [73].
When liver biopsies have been performed, changes consistent with chronic
active hepatitis and lobular hepatitis have been reported [73, 64].

Laboratory findings have shown patients to have a positive serum ANA,
with anti-smooth muscle antibodies present only in a small proportion [32].
Perinuclear antineutrophil cytoplasmic antibodies were sought in only three
cases but were positive in all [32].

Why minocycline?

So far there are more severe side-effects associated with the use of minocy-
cline than with the rest of the TCs. DIL has only been reported in association
with minocycline, but not with doxycycline or tetracycline. The pathogenesis
of this phenomenon is far from understood, although several mechanisms have
been proposed by different authors. Factors that have been associated with DIL
include the use of the drug for long-term therapy, dose dependency and the
presence of a reactive metabolite [48]. Minocycline is likely to be prescribed
for long-term therapy as is the case for the treatment of acne, whereas the other
TC compounds are usually prescribed for acute infections requiring relatively
shorter courses [48]. It is not known, however, whether minocycline metabo-
lism produces any specifically reactive metabolites.
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Some authors have suggested the possibility of predisposing genetic factors.
A recent paper reported on preliminary results in 14 symptomatic acne patients
who had developed minocycline-induced lupus after long-term exposure to the
drug (median 3.8 years) and suggested an association with the MHC class 11
genes HLA-DRB1 1104*, HLA-DR4 and HLA-DR2 [65]. Larger cohorts of
patients with minocycline-induced lupus need to be studied to confirm these
results.

Risks associated with exposure to tetracyclines

In a comparative review of the safety of tetracycline, minocycline and doxy-
cycline prescriptions, Shapiro et al. reported retrospectively on data from local
and national databases in Canada and a computer-based Medline search.
Although they did not specify the number of patients reviewed in the study, it
is estimated that in 1994 there were 1,866,000 prescriptions for tetracycline
antibiotics in Canada. In total, more adverse reactions including hypersensi-
tivity reactions, drug-induced lupus and single organ dysfunction were report-
ed on the minocycline-exposed group. The authors concluded that these effects
are still rare, bearing in mind that in the United Kingdom 28 million minocy-
cline tablets were taken annually when this study was published [48].

A recent nested case-control study, using computerized records, looked at
the risk of developing lupus-like symptoms in British patients receiving
minocycline for acne vulgaris, compared to other tetracyclines or no tetracy-
clines at all. They reported in a cohort of 27,688 patients with acne, an 8.5-fold
risk of developing a lupus-like syndrome with current use of minocycline that
increased to 16-fold with long-term use when compared with non-users and
past users of tetracyclines combined [77]. Females were at a 14-times
increased risk of developing minocycline-induced lupus when compared with
males, interesting when we bear in mind that 60% of the total of all minocy-
cline prescriptions were given to male acne patients.

Summary

Tetracyclines are widely used, broad-spectrum antibiotics. The recently
described non-antibiotic properties of these drugs have opened a new era for
research into the aetiopathogenesis and therapy of a wide number of disorders
in both the dental and medical fields. Due to their anti-inflammatory and
immunomodulatory effects, they have been shown to be effective as disease-
modifying agents in the treatment of RA. However, like any chemical com-
pound, tetracyclines are not free from side-effects, and despite being general-
ly well tolerated, these adverse effects can on occasions be severe. Of particu-
lar concern is the role of these drugs in the development of autoimmune dis-
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orders. Further knowledge of the newly designed chemically modified tetracy-
clines should, it is hoped, minimize these problems.
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Introduction

Tetracyclines are a family of broad-spectrum antibiotics which have been used
for decades to treat a variety of infections. Tetracyclines also have numerous
non-antimicrobial properties which make them attractive for the treatment of
inflammatory disorders and cancer. These include the ability to inhibit matrix
metalloproteinases (MMPs), serine proteases, and various inflammatory
cytokines such as TNF-a, iNOS, and PLA, (reviewed in [1]). The clinical
value of the tetracyclines as antibiotics is enhanced by their low toxicity dur-
ing short-term administration. However, the treatment of chronic disorders
such as inflammation and cancer can require long-term, if not life-long treat-
ment. This type of prolonged use of tetracyclines can be associated with cer-
tain treatment obstacles such as the emergence of antibiotic-resistant flora,
gastrointestinal upset, photosensitivity and related skin disorders, all of which
can put constraints on the administered dose. To circumvent obstacles associ-
ated with the development of microbial resistance and the normal balance of
the GI flora, a series of chemically modified tetracyclines (CMTs) have been
developed that lack anti-microbial activity but retain anti-inflammatory and
anti-cancer activity. However, the chemical modifications that affect the anti-
microbial activities of the tetracycline family do not necessarily translate into
reduced photosensitivity. Therefore, phototoxicity may still limit the therapeu-
tic potential of the non-antimicrobial CMTs.

The skin abnormalities associated with tetracycline photosensitivity appear
as an exaggerated sunburn reaction. Some cases are associated with edema and
blistering and a small cohort of patients develop photo-onycholysis on the fin-
gers and toes. Photoreaction to tetracyclines is dose-dependent; therefore,
reports of phototoxicity will vary depending on the dose administered and sub-
sequent serum levels achieved in individuals. For example, Layton and
Cunliffe [2] report a dose-dependent incidence of phototoxicity of 20% and
42% in individuals receiving long-term treatment with 150 mg/day and
200 mg/day of doxycycline, respectively. This phototoxic rate is substantially
greater than the incidence of 3% reported for individuals receiving 100 mg/day
doxycycline.
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Phototoxicity assays

The phototoxic potential of the tetracyclines varies greatly among family
members. Demethylchlortetracycline (DMTC) is associated with a high inci-
dence of phototoxic reactions in individuals, whereas doxycycline is less pho-
totoxic and methacycline and minocyline are rarely associated with phototox-
icity [3]. However, the methods used to compare phototoxicity in individuals
varies greatly between investigators and different protocols can lead to dra-
matically different results. A comparison of DMTC, lymecycline, and doxy-
cycline, at similar serum concentrations, in a double-blind cross-over study in
healthy human volunteers, revealed that doxycycline was the most potent pho-
tosensitizer [4]. Lymecycline was observed to be less phototoxic than doxycy-
cline and DMTC was reported to be the least phototoxic of the three tetracy-
clines tested. Photoreactions were assessed 24 h following controlled exposure
to long-wave ultraviolet radiation (320 to 400 nm; UVA). Although this rank-
ing reflects the observations from a scientifically well-controlled study, the
results do not correlate with the phototoxic ranking observed in individuals
taking tetracyclines clinically and receiving only natural sunlight exposure
under controlled conditions [3, 5]. In these studies the phototoxicity associat-
ed with DMTC was much greater than doxycycline. The absence of concomi-
tant UVB light exposure may explain the observed discrepancies in DMTC
phototoxicity in the two studies described above. Bjellerup [6] observed that
UVB, although unable to induce tetracycline phototoxicity itself, significantly
augments the phototoxic reaction from UVA light.

In the development of more effective tetracycline analogs, the photosensi-
tizing potential of the derivatives should be incorporated into the screening
cascade to identify derivatives with undesirable phototoxicity early in the
development process. As described below, there are numerous in vitro photo-
toxicity assays suitable for this purpose. In addition to accuracy, reproducibil-
ity, simplicity, and a requirement for small amounts of test material, the most
important criterion of such in vitro assays is to correctly predict the in vivo
phototoxic potential of the derivatives.

The 3T3 Neutral Red Uptake Phototoxicity Test is one assay that has under-
gone extensive validation under the direction of the European Union and COL-
IPA (European Cosmetic Industry Association [7, 8]). The assay uses fibrob-
lasts treated with dilutions of test material in the presence or the absence of a
non-cytotoxic dose of UVA and visible light [9, 10]. Cytotoxicity is deter-
mined by comparing the extent of neutral red dye uptake, by means of a spec-
trophotometer, in the presence and absence of light exposure. Phototoxicity is
predicted from the relative cytotoxicity observed between the two treatments.
In this assay the investigators observed a phototoxicity ranking of doxycy-
cline > tetracycline > minocycline. These results correlate with the in vivo
phototoxic ranking of these tetracyclines in individuals and, therefore, could
be used to predict the phototoxic potential of new tetracycline derivatives.
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There is also a similar tissue culture assay based on the extent of photohe-
molysis of red blood cells (RBC) freshly isolated from human volunteers [11].
RBC are quantified by measuring hemoglobin content through the use of
Drabkin’s solution, which converts hemoglobin to the stable pigment cyan-
methemoglobin which is detected with a spectrophotometer. In this analysis
the phototoxic ranking of seven members of the tetracycline family were in the
order of DMCT > doxycycline >> methacycline > tetracycline = oxytetracy-
cline = chlortetracycline > lymecycline > minocycline (which had no photo-
hemolytic effect).

To replicate the dynamics associated with the milieu of the natural target tis-
sue, several groups have developed three-dimensional skin models which can
be used to determine tetracycline phototoxicity. A dermal equivalent system
developed by Augustin et al. [12] uses a collagen/glycosaminoglycan/chitosan
porous matrix containing normal human fibroblasts. Seeding human ker-
atinocytes onto this system then leads to a fully differentiated epidermis
referred to as the skin equivalent model. The investigators observed that the
dermal equivalent model was more sensitive to tetracycline-induced phototox-
icity than the skin equivalent model. Both systems were dependent on UVA
dose and time of exposure. A deficiency of the model is the inability to sub-
tract out cytotoxicity from phototoxicity at high tetracycline concentrations.

Edwards et al. [13] have also developed a fully differentiated 3-dimension-
al dermal support co-culture system consisting of dermal fibroblasts and a
multilayered epidermis comprising differentiated keratinocytes. In this system
a 1% tetracycline solution exhibited a time-dependent decrease in cell viabili-
ty in the presence of UVA radiation.

All the assays described above provide a reasonable evaluation of the com-
parative phototoxic potential of tetracyclines. However, there are shortcomings
to the assays. For example, a tetracycline derivative may not be phototoxic in
vitro, but it is possible for a metabolite to be formed in vivo that may be very
phototoxic. In addition, the absorbed energy in the in vitro photochemical
reaction may result in the formation of new photoproducts and toxicities that
may not be relevant in vivo. The inability of the assays to replicate the natural
physiological process of tetracycline metabolism may result in misleading
information concerning the phototoxic potential of a tetracycline derivative,
but this deficiency is outweighed by the overall value of the accuracy of pre-
dicting the phototoxic potential of the starting product.

Mechanisms for tetracycline phototoxicity

The mechanisms responsible for tetracycline photosensitivity have not been
entirely elucidated. The electronic absorption spectra of the tetracyclines
change upon UVA and visible light irradiation, indicating the formation of dif-
ferent photoproducts. Interestingly, the absorption spectrum of minocycline
does not change, indicating that minocycline is photostable [14]. In these stud-
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ies, minocyline was also found to be non-phototoxic to proliferating lympho-
cytes in cell culture, whereas the other tetracycline derivatives each exhibited
some degree of phototoxicity. The Hasan group also observed that tetracy-
cline-induced photosensitization is at least partially dependent on the presence
of oxygen and singlet oxygen may be involved. These conclusions are sup-
ported in studies by Miskoski et al. [15], in which dye-sensitized (rose bengal)
photoreactions of the tetracyclines were detected only in the presence of mole-
cular oxygen. In addition, Wiebe and Moore [16] demonstrated that photo-irra-
diated tetracyclines are capable of acting as photosensitizers for the oxygena-
tion of suitable acceptor molecules such as dimethylfuran and limonene, and
Glette and Sanberg [17], using tryptophan degradation as a measurement of
singlet oxygen production, showed that the extent of singlet oxygen produc-
tion by several photoirradiated tetracyclines generally correlated with their
reported phototoxicities.

Although singlet oxygen production appears to play a role in tetracycline
phototoxicity, additional mechanisms that dictate the extent of phototoxicity in
vivo cannot be ruled out, including reactions mediated by the triplet state, tis-
sue distribution, and cellular uptake. For example, Shea et al. [18] observed
that lumidoxycycline, a doxycycline-derived photoproduct, was approximate-
ly 50-fold less phototoxic toward a human bladder carcinoma cell line than
parental doxycycline. However, lumidoxycycline was approximately 2.6 times
more effective than doxycycline in generating singlet oxygen and subsequent
degradation of histidine. But lumidoxycycline was not taken up by the bladder
cells as efficiently as doxycycline, which could partly explain the differences
in cellular phototoxicity between the two tetracyclines. Finally, Nilsson et al.
[19] argue against the singlet oxygen scenario because the extent of erythro-
cyte photolysis in the presence of DMTC was the same in H,O and D,0O, and
the photoreaction was not inhibited by histidine.

It has been suggested that binding of divalent cations can affect the thera-
peutic action of tetracyclines and that there may be a direct relationship
between metal ion binding and reduction of photosensitization [16, 20].
However, eliminating one of the Ca** and Zn*? binding sites in tetracycline
results in only slightly decreased phototoxicity. A tetracycline derivative,
CMT-5 (see Fig. 1), in which the carbonyl oxygen at C-11 and the hydroxyl
group at C-12 were replaced with nitrogen atoms, thus producing the pyrazole
analog, exhibits markedly reduced MMP inhibitory activity, supposedly due to
the inability to competitively bind Zn*? which is required for maximal MMP
activity [1, 21]. In the NIH 3T3 cell-based neutral red uptake phototoxicity
assay described in Zerler et al. [10], CMT-5 was approximately one-third less
phototoxic than tetracycline. The mean photo effect (MPE), a measure of pho-
totoxicity based on a comparison of cell viability curves generated in the pres-
ence and absence of UV light [22], was 0.455 for CMT-5 compared to 0.679
for tetracycline.
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Figure 1. Chemical structures of representatives of the tetracycline family and their chemically mod-
ified derivatives.

Intracellular phototargets

The cell membrane is one obvious target for the tetracyclines and it has been
suggested that lipophilicity may be directly correlated with the extent of cell
membrane binding and subsequent phototoxicity. Although lipophilicity may
contribute to the overall phototoxicity of the tetracyclines, other mechanisms
appear to play a significant role. For example, Shea et al. [18] observed that
lumidoxycycline, which is more hydrophobic than doxycycline, was less pho-
totoxic than doxycycline in an in vitro assay. Interestingly, doxycycline was
found to localize to the mitochondria, whereas lumidoxycycline exhibited a
more diffuse cellular membrane localization pattern that included the mito-
chondria. Although the cellular staining patterns of the two derivatives dif-
fered, both compounds induced phototoxic injury to mitochondria. In a study
by Pato using bacteria, tetracycline administration resulted in leakage of intra-
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cellular pools of nucleotides, amino acids and a sugar analog, leading to the
cessation of DNA replication [23]. Pato suggests that the leakage may be due
to tetracycline-induced perturbations to the cell membrane.

In addition to cell membranes, the tetracyclines have been reported to pho-
toincorporate into eucaryotic ribosomes [24]. Tritiated tetracycline was
observed to incorporate into both the 40-S and 60-S subunits upon photoirra-
diation. Furthermore, the tetracycline ribosome complex was defective in
poly(U)-mediated protein synthesis. If photoirradiated intracellular tetracy-
cline inhibits protein synthesis in eucaryotes by binding to ribosomes, then this
may result in the secondary inhibition of DNA synthesis, ultimately triggering
cell death pathways that culminate in a phototoxic response. However, in a
purified system, tetracyclines have been observed to bind to DNA in the pres-
ence of divalent cations even in the absence of photoirradiation [25].
Therefore, the contributions of individual cellular targets to the phototoxic
effects of tetracycline still need further characterization.

Minocycline

Interestingly, minocycline, although rarely reported to be phototoxic, is asso-
ciated with other dermal disorders, including hyperpigmentation and various
skin eruptions. Peyriere et al. [26] compiled data reported to the French
Regional Centre of Pharmacovigilance between 1984 and 1996 for minocy-
cline-induced photoreactions. There were 77 case reports documenting 13
photosensitive rashes, 52 skin pigmentations and 12 nail and/or intraoral pig-
mentations. The mechanism of minocycline-associated pigmentation is not
fully understood. Iron and melanin have been observed in combination with
minocyline in pigmented skin. In addition, lysosomal enzymes can oxidize
minocycline into a quinone by-product which results in pigmentation.

Black pigmentation in the thyroid gland has also been observed in patients
receiving long-term minocycline therapy. Unlike other tetracyclines, minocy-
cline appears to accumulate in the thyroid [27]. One explanation for the pig-
mentation is that minocycline’s strongly electron-donating dimethlylamino
group increases the likelihood of oxidation [28]. Taurog et al. [29] suggest that
thyroid peroxidase interacts with minocycline, resulting in the formation of a
black product. Other tetracycline family members are not oxidized to dark pig-
mented products by thyroid peroxidase.

Summary

Phototoxic reactions caused by tetracyclines may present serious obstacles to
the long-term use of these compounds for treatment of infectious diseases and
various inflammatory disorders and cancer. Although the mechanisms respon-
sible for tetracycline-mediated phototoxicity are still being characterized,
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there are several tissue culture assays available to identify and rank potential
phototoxic tetracyclines and by-products. Several studies suggest that singlet
oxygen formation contributes to tetracycline phototoxicity and cellular photo-
targets include membranes, mitochondria and ribosomes. Tetracycline photo-
toxicity is dose-dependent and there are subsets of tetracyclines that are not
phototoxic even at high doses; however, they may cause other skin disorders
such as the pigmentations observed with minocycline.
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