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Abstract 

Tetracyclines have been utilized extensively for more than 70 years which has led to the development of resistance by 
pathogenic bacteria. New generations of tetracyclines have been produced in response to this resistance. Since tetracyclines 
are broad-spectrum antibiotic used to treat different bacterial infections, it is essential for clinical use. Synthetic strategies 
have been developed to modify the drug in response to resistance. Currently, three different third-generation tetracyclines 
are on the market and are sold as Tygacil, Nuxga and Xerara. These tetracyclines are much more effective than previous 
generations due to an increased affinity towards the target ribosome and an ability to evade bacterial efflux proteins. 
However, at least for the case of Tygacil, which has been tested in vitro, these tetracyclines might be susceptible to 
degradation by the enzyme tetracycline monooxygenase (TetX), which modifies the antibiotics to 11a-hydroxytetracycline. 
The TetX reaction product is unstable at physiological pH and decomposes before it can interact with the bacterial ribosome 
to inhibit protein synthesis. Understanding details about the catalytic mechanism of TetX could lead to the development of 
inhibitors of the enzyme to provide an additional strategy to combat antibiotic resistance. The current review will detail the 
chemical features of each generation of tetracyclines, the biochemical basis for tetracycline treatment and the mechanisms 
by which bacteria are able to resist the drugs. It will end with a discussion of TetX and an activity assay developed to study 
the enzyme.  
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Introduction

Tetracycline antibiotics have been utilized since 1948 
[1,2]. It all started with a young boy, Toby Hockett, being 
treated with chlortetracycline (trade name Aureomycin) 
for a serious infection after surgery [2]. During the mid to 
late 1940s, not many antibiotics were proven to be useful in 
treatment of bacterial infections. Aureomycin was still under 
evaluation for medicinal use in humans, but the parents of 

Toby decided to move forward with treatment since there 
were no other viable options. This antibiotic helped him to 
fully recover from the infection within months of treatment, 
which thus began the clinical use of tetracycline antibiotics. 
Tetracyclines have been used to treat different gram-positive 
and gram-negative bacteria, and pathogens like protozoa 
[1]. It is used extensively for treatment of urogenital tract 
infections, periodontal and Lyme disease, rickettsia, and 
bacterial respiratory tract infections. Tetracycline antibiotics 
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are not only used for human pathogens, but have also been 
in agriculture to prevent bacterial contamination and in the 
production of animal food industry products [1]. From the 
use of tetracycline antibiotics for over 70 years, resistance 
towards this drug has developed. This review will describe 
the biochemical basis of tetracycline treatment, the 
mechanisms of antibiotic resistance evolved by pathogens 
and the development of new generations of drugs to 
overcome this resistance.

The name tetracycline derives from the structure of its 
four six-membered ring naphthalene core (Figure 1) [5]. The 
minimal pharmacophore of tetracycline antibiotics showing 
medicinal use contains 6- deoxy-6-demethyltetracycine (i.e. 
all R groups in Figure 1 are H atoms) [3]. Naturally occurring 

tetracyclines are highly oxidized and only show variability 
on three of the carbon atoms in the ring system (C5-C7 in 
Figure 1). They were first isolated from Streptomyces sp. 
in the 1940s and represent the first generation of the drug. 
Examples include chlortetracycline (first reported in 1948), 
oxytetracycline (first reported in 1950) and tetracycline 
(first reported in 1953) [1]. Figure 1 illustrates the chemical 
structure of tetracycline antibiotics along with the accepted 
numbering system and letter designation of the four rings 
of the naphthalene core of the antibiotics. This system 
will be used in subsequent sections of the review. Semi-
synesthetic tetracyclines have been developed over the past 
several decades through modifications of the substituents 
highlighted in the boxed regions of Figure 1. These were done 
in response to tetracycline resistance as described below.

Figure 1: Tetracycline Pharmacophore. The basic structure of tetracycline antibiotics consists of four six membered rings. The 
substituents outside the boxed region are invariant in all medicinally active tetracyclines. The boxed regions show substituents 
that have been modified to produce new generations of tetracyclines in response to the emergence of resistant pathogens as 
discussed below. The numbering and letter designations of the rings are based what is described in the literature [3-5].

Tetracycline antibiotics bind to the 30S subunit of 
the prokaryotic ribosome to prevent the association of 
amino-acyl tRNA during translation [1,6,7]. Thus, the 
drugs effectively prevent protein synthesis and exert a 
bacteriostatic effect. The prevention of cellular growth by 
the action of tetracycline antibiotics allows a patient’s innate 
immune system to clear the bacteria and recover from an 
infection. The drug has been quite effective in treating a 
variety of diseases and is given prophylactically to those who 
are immunocompromised. They are also given as additives 
to animal feeds in agriculture to serve as growth promoters 
for production use. These production uses are not intended 
to manage a specific disease that may be ongoing or at risk 
of occurring, but rather are expressly indicated and used 
for the purpose of enhancing the production of animal-
derived products (e.g., increasing rate of weight gain or 
improving feed efficiency). It is essential to pursue prudent 
use of tetracyclines to minimize resistance and ensure their 
continued effectiveness and availability of these products 
and to curtail impacts on human health [8]. Despite this 

prudence, the widespread use of tetracycline antibiotics for 
over 70 years has inevitably led to resistance towards the 
drug by pathogens.

Resistance has developed by different mechanisms 
[1,5,9,10]. These include ribosomal protection, efflux and 
enzymatic degradation of the drug. Ribosomal protection 
involves proteins that block tetracyclines from binding to 
the ribosome. Efflux proteins also physically transport the 
antibiotic outside the cell thereby preventing it from halting 
translation by the pathogen. A less prevalent, but increasingly 
concerning mechanism of tetracycline resistance is enzymatic 
inactivation through chemical modification of the antibiotic 
[3]. One such enzyme is tetracycline monooxygenase (TetX) 
which uses flavin adenine dinucleotide (FAD) and reduced 
nicotinamide adenine dinucleotide phosphate (NADPH) 
to degrade tetracycline [11,12]. This completely prevents 
the inhibition of protein synthesis in pathogenic bacteria 
[12]. The enzyme was first found in an obligate anaerobe, 
Bacteroides fragilis, and cloning of the gene encoding for 
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the enzyme into Escherichia coli was shown to provide the 
bacterium resistance to tetracycline [3,11-13]. It is feared 
that gene transfer from soil microbes to pathogens will lead 
to more widespread resistance to tetracyclines which will 
decrease the effectiveness of this class of antibiotics.

This review starts with a description of the chemical 
structures of the multiple generations of tetracyclines 
developed to date in response to antibiotic resistance in 
pathogens. Details on the mechanism by which tetracycline 
antibiotics treat disease will then be discussed followed by the 
strategies pathogens have evolved to resist the drug. Special 
emphasis will be placed on the enzyme TetX and the results 
recently obtained to allow for a detailed characterization of 
the enzyme in order to understand its chemistry. The review 
ends with concluding remarks and a summary of the ways 
in which synthetic strategies have improved the efficacy of 
the drug. It is hoped this review will raise awareness to the 
increased problems of tetracycline resistance in human and 
agricultural pathogens.

Generations of Tetracycline

As illustrated in Figure 2, all clinically used tetracyclines 
are characterized by different functional groups among 
the four rings of the naphthalene core [1,5,10]. To simplify 

the presentation only a select number of tetracyclines are 
presented as representative examples of each generation 
and the regions that were most commonly modified are 
highlighted in the boxed regions. As seen in Figure 2, the 
most effective modifications made to overcome resistance 
occurred on rings B-D at carbons 5, 6 and 7. Modifications 
were also made in other regions, but these gave rise to 
decreased antimicrobial activity as compared to natural 
tetracyclines (A in Figure 2) [2,5], whereas the functional 
groups modified in the upper periphery was shown to 
increase antimicrobial activity [9,12]. The emergence of 
clinical isolates showing tetracycline resistance in the 1950s 
and 1960s prompted medicinal chemistry in both industry 
and academia to develop semi- synesthetic approaches to 
battle resistance and treat infection. Second generation 
tetracyclines focused on regions of the molecule that are 
varied in naturally occur tetracyclines found in Streptomyces, 
namely the substituents on C5, C6 and C7. These tetracyclines 
remained effective in treating disease for around 20 years, 
but bacterial pathogens fought back by adapting to these 
drugs as well. This was achieved through the development 
of resistance through the same mechanisms as with the first 
generation of the drug and led to the development of more 
modern tetracyclines. Modern versions started with the basic 
scaffold of minocycline, but contain additional modifications 
at C9.

3rd Generation (glycylcyclines).
Figure 2: Representative Tetracyclines from Different Generations. A) The first generation of the drug were isolated directly 
from different strains of the Streptomyces genus and were put into clinical use during the 1940’s through the 1950’s. 
Development of clinical resistance led to semi-synesthetic routes to generation subsequent generations. B) Second generation 
tetracyclines were produced through the modification of substituents on C5-7. These came onto the market in the late 1960s 
through the 1970s. C) More modern generations were produced through the addition of substitutes to C9 and came onto the 
market in the late 1990s through the 2010s.
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The first compound belonging to the tetracycline family 
was chlortetracycline and was discovered by Dr. Benjamin 
Duggar. Chlortetracycline contains a chlorine atom at C7 of 
ring D of the naphthalene core (Figure 2) and has the trade 
name Aureomycin. The discovery and demonstrated clinical 
effectiveness of chlortetracycline led more companies to 
search for antibiotics in soil microbes. A ground sample 
isolated by Pfizer discovered a compound that was very 
similar to chlortetracycline [2]. After combining resources, 
the efforts of the Pfizer team and Robert B. Woodward 
of Harvard University, were successful in outlining the 
similarities and differences between chlortetracycline 
and another naturally occurring tetracycline known as 
oxytetracycline (Figure 2). Oxytetracycline (trade name 
Terramycin) contains a hydroxyl group attached to C5 
(ring B in Figure 1) [2]. “Tetracycline” was created after 
modification of oxytetracycline [4]. Tetracycline is the result 
of dehydroxylating C5 of the naphthalene ring to mimic what 
is found in chlortetracycline as shown in Figure 2 [2]. These 
three tetracyclines comprise the first generation of the drug 
and were quite effective in treating bacterial infections for 
around 30 years until resistance diminished the efficacy of 
the drug.

Medicinal chemists continued to take semi-synthetic 
approaches to tackle the problem of bacterial resistance 
towards tetracyclines. This occurred through the generation 
of a second generation of the drug starting in the late 1960s 
and continuing through the 1970s. These tetracyclines include 
metacycline (trade name Adramycin), doxycycline (trade 
name Vibramycin), demecycline (trade name Declomycin), 
sanocycline (trade name Bonomycin) and minocycline (trade 
name (Minocin). Pfizer chemists modified the ring C of the 
naphthalene core of tetracycline with the goal of keeping 
chemical stability, but overcoming bacterial resistance [2]. 
Doxycycline was then produced by Charlie Stephens and was 
approved by the food and drug administration soon after for 
clinical use. After isolating more soil samples, demeclocycline 
was discovered, which lead to sancycline production through 
modifications to the C and D rings of demeclocycline. One 
of the most effective second-generation tetracycline is 
minocycline that was produced through the modification 
of the D ring of sancycline at C7 Figure 2). As with the first 
generation, second generation tetracyclines proved effective 
for around 30 years until pathogenic bacteria became highly 
resistant to the drugs making them less useful in clinical 
settings.

This led to more modern generations of tetracyclines 
that were developed by focusing more on the C9 position 
of ring D in the naphthalene core [4]. Tetracyclines of this 
generation retained the diethylamino moiety at C7 that is 
found in minocycline since the substituent proved effective 
in ribosomal binding to bacteria. Representative third 

generation tetracyclines are illustrated in Figure 2. Since many 
of these third-generation tetracyclines were synthesized 
with a glycyl moiety at C9 they are often called glycylcyclines 
[4,5]. These modern tetracyclines are more effective in the 
treatment of both gram-positive and gram-negative bacteria. 
The first third generation tetracycline was tigecycline which 
was developed with the hopes of stopping resistance from 
occurring so quickly. This drug appeared on the market 
around the turn of the century, remains in clinical use and 
is sold with the trade name Tygacil [5]. The most recent 
glycylcyclines to come onto the market are omadacyclcine 
and eravacycline that both became available in 2018 and are 
sold as Nuxyga and Xerara, respectively. While these third-
generation antibiotics do not appear to be as susceptible to 
the resistance mechanisms seen in earlier generations the 
battle does not seem to be over just yet. At least in the case of 
tigercycline, which is the only third generation tetracycline 
for which biochemical data is currently available, the drug 
is subject to enzymatic degradation by flavin dependent 
monooxygenases [3,11,12]. This coupled with the 
observations that bacterial pathogens were able to readily 
adapt to previous generations of tetracyclines within 20-30 
years demonstrates that biomedical experiments is needed 
to effectively treat infection.

Tetracycline: Mode of Action

Tetracycline antibiotics prevent translation from 
occurring in prokaryotes thereby preventing bacterial 
cell growth [1,2]. Protein synthesis is inhibited through 
the binding of the naphthalene core of the antibiotic to 
prokaryotic ribosomal proteins. Binding experiments 
reveal that the 30S ribosomal subunit has a higher affinity 
for the drug than either the 50S subunit or the entire intact 
ribosome [1,14]. Ambiguity seems to exist on the nature of 
tetracycline binding to the 30S ribosomal subunit. Based on 
the observation of up to five distinct tetracycline binding 
sites in the solved structures of the Thermus thermophilus 
ribosome cooperative binding of tetracyclines was suggested 
[1,15,16]. However, the electron density in many of the 
proposed binding sites was poor. More importantly, direct 
measurements of equilibrium binding constants through 
fluorescence titrations of a number of tetracyclines with the 
ribosome revealed saturation curves with Hill coefficients 
very close to 1, strongly implicating non-cooperative binding 
[14]. Subsequent molecular dynamics simulations further 
supported non-cooperative binding of tetracycline to a single 
high affinity binding site (the so called “primary binding 
site”) [17]. Tetracycline is able to effectively bind to this 
site with KD values in the 10-20 µM range. Not surprisingly 
second generation tetracyclines showed a higher affinity 
to the 30 S ribosome and the glycylglycine tigecycline and 
nanomolar KD values.
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Crystal structures of the Thermus thermophilus 
ribosome in complex with tetracycline revealed that the 
primary binding site is located on the small 30S subunit 
[15,16]. Tetracycline binds to the A site of the 30S subunit 
through interactions of ribosomal proteins with all four 
rings of the naphthalene core (Figure 3). These structures 
were the first direct visualization of the binding site for the 
drug. In each of the many structures solved since 2000, the 
primary binding site is always observed in the A site of the 
30S ribosomal subunit at the interface of the mRNA and the 
entry point for amino-acyl tRNA molecules. This site sits on 
the base of the 30S subunit and interfere with the association 
of the larger 50S subunit needed to form the entire ribosome. 
Consequentially, translation of a mRNA molecule cannot 
commence and cell growth is effectively halted [4].
 

Thus, tetracyclines exert a bacteriostatic effect which 
prevents the spread of an infection until the innate immune 
system can clear the pathogen.

Figure 3: Structure of the 30S ribosomal subunit of T. 
thermophilus in complex with tetracycline. Top: Ribbon 
diagram of the structure solved to a resolution of 3.4 Å. 
Bottom: Primary tetracycline binding site. The antibiotic 
is shown as a stick figure and binding involves interactions 
of the ribosome with all four rings of the naphthalene core. 
The figure was modified from reference [15].

Tetracycline Resistance Mechanisms

The widespread use of tetracycline antibiotics over 
the past 70 years has led to the development of bacterial 
resistance in both clinical and agricultural settings. 
Tetracycline resistance began soon after it was first used and 
has been an increasing problem ever since [2,4]. Resistance 
develops in three prevalent ways. One of these ways is efflux 
which is assisted by a group of membrane bound protein that 
pump the antibiotic out of the cell of the pathogen thereby 
preventing it from reaching the target ribosome. Another 
mechanism of tetracycline resistance involves ribosomal 
protection by which a series of proteins either physical block 
off the ribosome or work to dislodge the drug if it binds. The 
development of glycylcyclines has been particularly useful 
in overcoming ribosomal protection since substituents at C9 
(Figure 2) stack with nucleobases of the ribosome increasing 
its affinity and preventing the binding of protection proteins 
[18]. Both efflux and ribosomal protection allow protein 
synthesis to occur in the pathogen even when tetracycline 
antibiotics are used for treatment of infection which has 
required the production of new generations of the drug 
every 20-30 years. A third and more recently discovered 
mechanism of tetracycline resistance involves the enzymatic 
oxidation of the drug which completely degrades it before 
it even enters the cell [3,11-13,19]. This section will briefly 
discuss each of the common ways tetracycline resistance has 
developed with an emphasis on enzymatic degradation that 
seems to be an emerging issue that is unlikely to be resolved 
through the production of novel tetracyclines.

Some of the earliest findings of resistance discovered 
a decrease in the amount of tetracycline found in cells 
bearing the plasmid of Escherichia coli R-factor R222 [2]. 
This was discovered during a cellular study of tetracycline 
treatment at Tufts University School of Medicine by Levy and 
McMurry. The R-factor used in the study represents the first 
demonstration of efflux and there are currently more than 
20 known efflux proteins known in human pathogens [3,10]. 
Efflux decreases the effective concentration of the drug in a 
bacterial cell since the proteins physically pump tetracyclines 
out of the cell and into the surrounding environment. Efflux 
was the first tetracycline resistance mechanism discovered 
and was reported as early as 1963 only a couple of decades 
after the first tetracycline was used clinically [20]. Efflux 
proteins are collectively referred to as “Tet” proteins and 
seven groups of efflux pumps have currently been identified 
[2,3]. By lowering the effective concentration of tetracyclines 
in the cell Tet proteins decrease the probability of binding 
to the ribosome and shift the equilibria for binding towards 
free tetracycline and ribosome. This dramatically increases 
the amounts of protein that the pathogen is able to make to 
support its growth and survival.
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Ribosomal protection by another group of Tet proteins 
are also a common way resistance to tetracyclines has 
developed. This mechanism was first found in streptococci 
and later in anaerobic bacteria [2,3]. Ribosomal protection 
proteins physically block off the ribosome to prevent binding 
of the drug and to the 30S ribosomal unit and to promote 
the association of the 50S subunit to form the entire intact 
ribosome required for protein synthesis. The two most 
common ribosomal protection proteins are Tet(M) and 
Tet(O). These proteins cause tetracyclines to dislodge 
from the ribosome. They are GTPases with homology to 
elongation factors that bind to the ribosome analogously 
during translation. The dislodging of tetracyclines through 
the action of Tet(M) and Tet(O) dramatically reduces the 
effectiveness of the drug in clinical settings [5,21]. Success 
has been achieved in overcoming resistance through this 
mechanism through the addition of bulky substituents at C9 
of the naphthalene core seen in modern tetracyclines (Figure 
2) as best studied in the case of tigecycline [7,18].

A third mechanism of tetracycline resistance is chemical 
inactivation of the drug by flavin dependent monooxygenases 
[3,11,12]. The first such enzyme to be identified has been well 
characterized functionally, biochemically and structurally. 
This enzyme is named tetracycline monooxygenase (TetX) 
and has been classified as a group A flavin monooxygenase 
base on structural homology to other enzymes in this group, 
the type of electron donor a reduced nicotinamide adenine 
dinucleotide phosphate (NADPH) and the identity of the 
organic product of the reaction [22]. As shown in Figure 4, 
transforming recombinant E. coli cells with the gene encoding 
for TetX not only allowed for growth in the presence of 
tetracycline, but the culture media turned visibly dark [12]. 
As discussed in more detail below, the initial product of the 
TetX reaction is 11a- hydroxytetracycline which is unstable at 
physiological pH values and rapidly decomposes to a mixture 
of unidentified products that give rise to the darkening of the 
culture media. This would prevent the inhibition of protein 
synthesis by tetracycline in vivo since the reaction products 
cannot effectively bind to the ribosome. The environmental 
occurrence of tetracycline degrading enzyme is of great 
concern since horizontal gene transfer between soil microbes 
is common and already thought to be a source of the growing 
number of resistant bacteria in nature [23,24].

Both first and second generation tetracyclines were very 
susceptible to efflux pump and ribosomal protection, but 
third generation antibiotics seem to have overcome these 
mechanisms for now [5,21,25,26]. However, tigecycline is 
subject to degradation by TetX which was shown to effectively 
utilize the antibiotic as a substrate [11,12]. Additional 
tetracycline degrading enzymes have been identified [3] 
and it does not appear that generating even newer versions 
of the drug will overcome this form of resistance. Instead, 

tetracycline degrading enzymes need to be studied in more 
detail to develop inhibitors to knock out their activities. 
These inhibitors could then be used in conjunction with 
glycylcyclines to treat infections caused by resistant bacteria.

Figure 4: The effect of TetX expression on bacterial growth 
in presence of tetracycline. Liquid cultures of E. coli 
W3110, bearing the tetx2 gene on plasmid pDBI grown in 
the presence of tetracycline, turns the medium black which 
shows tetracycline degradation. The figure was modified 
from reference [12].

Structural and Biochemical Studies on 
Tetracycline Monooxygenase

The physiological role of TetX has been definitively shown 
to confer tetracycline resistance to bacteria and several 
structures of the enzyme have been solved, to date, but only 
a limited number of kinetic or mechanistic studies have been 
carried out on the enzyme. This has largely resulted from the 
unavailability of a quick and easy expression and purification 
protocol for the enzyme needed to obtain large amounts 
of TetX for these studies. Such a protocol was recently 
described along with a polargraphic assay for TetX activity 
that measures the consumption of oxygen by the enzyme 
instead of the disappearance of NADPH during TetX turnover 
[19]. These results will make establishing the chemical 
mechanism of the TetX catalyzed reaction significantly more 
feasible. Once the chemical mechanism is known transition 
state analogues or mechanistic based inhibitors can be 
developed to prevent the degradation of tetracyclines by 
TetX. This review will end with a brief description of the 
expression and purification protocol recently developed as 
well as a summary of the biochemical and structural studies 
previously reported for the enzyme [13,19].

Original reports of TetX described the cloning of the 
tetX2 gene encoding the enzyme into E. coli, and purification 
of the His6 tagged recombinant enzyme by nickel affinity 
chromatography [12]. The procedure resulted in 6 mg of 
TetX per 1 L of culture which was not only plenty of sample 
to establish the biochemical and structural properties of 
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the enzyme (see below), but also provided the basis for an 
optimized protocol describe later [19]. The study reported 
in reference [19] began with the same recombinant plasmid 
harboring the tetX2 gene bearing a His6 tag, but used it to 
transform and screen a number of expression strains. The 
specific activities of cell extracts obtained from each strain 
was measured after induction of TetX expression at different 
times and temperatures through incubations with isopropyl 
β-D-1-thiogalactopyrande. It was found that induction of E. 
coli DH5α for 20 h at 30°C resulted in the highest expression 
level of TetX. Additionally, an ammonium sulfate precipitation 
step involving incubation of the cell extract with 40% 
saturation of salt was found to purify the sample without the 
need for additional chromatographic step beyond the nickel 
affinity column (although the study was not aimed to solve 
the structure of TetX which would require more highly pure 
samples). The published study described a yield of 36 mg/L 
of TetX and now routinely gives yields of up to 50 mg/L of 
culture.

In addition to improving the amount of protein obtained, 
a quicker activity assay was described in reference [19] as 
compared to that used in previous reports of TetX [11,12]. 
The kinetics of TetX was previously measured using the 
traditional spectrophotometric assay that monitors the 
oxidation of NADPH in the reductive half reaction of the 
enzyme, which takes between 10-15 minutes per substrate 
concentration used. Instead, the assay developed in [19] 
utilizes a Clarke-type oxygen electrode to monitor the 
consumption of oxygen occurring during the oxidative half 
reaction of TetX. A typical oxygen electrode trace is shown in 
Figure 5. As shown in the trace the activity assay only takes ~4 
minutes allowing for a quicker determination of the steady 
state kinetic parameters of the enzyme. This will allow for 
detailed kinetic experiments in which tetracycline, NADPH 
and oxygen are varied which will establish the steady state 
kinetic mechanism of the enzyme to provide a framework to 
elucidate the chemical mechanism of TetX.

Figure 5: Representative TetX Activity Assay Trace. The assay of TetX activity was conducted in 50 mM sodium phosphate pH 
6.0 and room temperature. The reaction contained 100 µM tetracycline and 50 µM NADPH and was initiated by the addition 
of the enzyme.

The work will build on previous biochemical studies 
of the enzyme carried out by the group of Gerard Wright at 
McMaster university [11,12]. These studies demonstrated 
that TetX requires NADPH which cannot be substituted 
by NADH and that oxygen is essential for activity. TetX 
catalyzes the inactivation of the broad- spectrum tetracycline 
antibiotics. These include each of the first and second 
generation tetracyclines listed in Figure 2, with no obvious 
preferred substrate under the conditions tested (pH 8.5 and 
room temperature). The specifity constants were between 
103-104 M-1s-1 for each of the first and second generation 
tetracyclines tested and the turnover numbers were also 
similar (~0.3-1 s-1) [12]. The clear demonstration of TetX 
inactivation of first and second generation tetracyclines 
demonstrate that chemists will not win the battle against 
pathogens by overcoming efflux and ribosomal protection 

alone. Furthermore, it was later shown that TetX can also 
degrade glycylcyclines such as tigecycline [11] rising a 
serious concern that even the latest tetracyclines to reach the 
market may soon prove ineffective if TetX activity becomes 
widespread in clinical and agricultural settings.

Wright et al were able to carefully isolate the product 
of the TetX reaction at low pH to determine its chemical 
structure [12]. By using mass spectrometry, 1H and 
13C NMR the reaction product of TetX was shown to be 
11a-hydroxytetracycline. The reaction scheme of the 
enzyme is thus that shown in Scheme 1. Considerable 
effort had to be exerted to obtain a stable product to 
for structure determination. The instability of the TetX 
product at physiological pH is presumably what gives rise 
to the dark color of the liquid media shown in Figure 4. The 
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exact identity of the polymer(s) that darkened the culture 
was not determined but it is likely a complex mixture 
of decomposition products of 11a-hydroxytetracycline. 
Importantly no competes of this mixture can bind to the 
ribosome to inhibit protein synthesis and the E. coli culture 
was able to live and grow as normal even in the presence of 

the antibiotic. Despite the discovery of the reaction product 
by Wright et al no information concerning the timing of bond 
cleavage and formation events during the TetX reaction are 
known. These will be needed to generate mechanism based 
inhibitors of TetX to aid in the fight against tetracycline 
resistance.

Scheme 1: The reaction catalyzed by TetX. The oxygen atom incorporated into the produced is highlighted in red. NADPH = 
reduced nicotinamide adenine dinucleotide phosphate.

 
The fight will be aided by structural studies of TetX 

that have also been published [13,27]. TetX is a monomer 
comprised of two major domains binding a single FAD 
molecule (Figure 6). The structure of the enzyme was solved in 
the absence of tetracycline substrates and with the substrate 
analog 7-iodotetracycline to resolutions of 2.1 and 2.4 Å, 
respectively [13]. The structural map provided by Volker et 
al provides a platform for detailed biochemical studies of the 
enzyme in which active site amino acid can be changed using 
site-directed mutagenesis as a tool. It also shows the typical 

Rossman fold and structural homology to group A flavin 
monooxygenases (FMOs) [22]. This classification provides a 
working model for the potential catalytic mechanism based 
on other group A FMOs as described below. However, in 
order to rationally design mechanism based inhibitors of 
TetX to fight tetracycline resistance greater details on the 
precise timing of bond cleavage and formation events as well 
as identification of the rate-limiting step(s) of the reaction 
need to be identified.

Figure 6: Overall Structure of TetX indicating the sub-division into two domains binding a FAD cofactor. The figure is from [13].

The overall oxygenation mechanisms for group A FMOs 
is shown in Scheme 2 [22,28]. In the reductive half reaction 
(higlighted in yellow), a hydride transfer between a reduced 
NAD(P)H substrate and an enzyme bound FAD cofactor 
generates the hydroquinone form of flavin (reduced flavin) 
and NAD(P)+. In the oxidative half reaction (highlighted 

in blue), the reduced flavin reacts with molecular oxygen 
to form a C4(a)- peroxyflavin (peroxyflavin), which either 
directly oxygenates the organic substrate of the enzyme (Path 
A) or is protonated to form a hydroperoxyflavin, which then 
incorporates a single oxygen atom into the substrate (Path 
B). The catalytic cycle is then completed through expulsion 
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of water from the hydroxyflavin form of the enzymes to regenerate the fully oxidized cofactor of the resting enzyme.

Scheme 2: General Mechanisms of Groups A FMOs highlighting the reductive (yellow) and oxidative (blue) half reactions. The 
oxygen atom that is incorporated into the organic product is highlighted in red and R is the organic component of the reactant 
or product (tetracycline and 11a-hydroxyteracycline in the v=case of TetX.

Conclusion

The modifications at the C9 position of the naphthalene 
core of tetracyclines made to second generation antibiotics 
to produce glycylcyclines not only greatly increased the 
affinity of the drug to the target ribosome, but dramatically 
protected it from both efflux and ribosomal protection 
mechanisms employed by pathogenic bacteria. This has 
proven to be an instrumental weapon for medicinal chemists 
in the battle against pathogenic bacteria. However, the fight 
is not over and it seems bacteria may be regrouping and 
starting to employ new weapons of their own to survive 
in the presence of tetracycline antibiotics. The weapons 
involve the production of tetracycline inactivating enzymes 
such as TetX. The enzyme hydroxylates tetracyclines of each 
generation to produce a completely unstable product that is 
unable to bind to the ribosome to prevent bacterial protein 
synthesis. The demonstration of TetX activity with even the 
glycylcycline tigercycline demonstrates that the battle plan 
employed by medicinal chemists needs modifications. In 
addition to fighting efflux and ribosomal protection which 
history has shown bacteria evolve new proteins for these 
mechanisms every 20-30 years, inhibitors of tetracycline 
degrading enzymes must also be developed. These inhibitors 
will reinforce new generation tetracyclines and be used 
in conjugation with the antibiotics. By knocking out TetX 
activity the tetracyclines will be protected and can bind to 
the bacterial ribosome to stop protein synthesis. This will 
prevent cellular growth and allow the innate immune system 
to clear the pathogen and treat infections.
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