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The discovery of antibiotics ranks as
one of the most significant medical
achievements of the past century: Anti-
biotics have greatly attenuated the se-
verity and lethality of bacterial infec-
tions. Because antibiotics have been so
widely successful, they have been exten-
sively used. This has resulted in strong
selective pressure on bacteria that, in
turn, has led to the rapid and wide-
spread evolution of antibiotic resistance.
Antibiotic resistance now poses a serious
threat to the therapy of certain bacterial
infections, and new approaches are
needed for the development of the next
generation of antibiotics. Functional ge-
nomics technologies to examine RNA
and protein expression levels on a ge-
nomewide scale may prove to be impor-
tant tools for drug discovery research.

In this issue Gmuender et al. (2000)
use a functional genomics approach to
examine the changes in gene expression
that occur in the human respiratory
pathogen Haemophilus influenzae upon
exposure to the antibiotics ciprofloxacin
and novobiocin. Although both of these
drugs inhibit bacterial DNA gyrase, they
do so by different mechanisms. Novo-
biocin is a coumarin antibiotic that
binds to the ATP binding site of the B
subunit of gyrase and inhibits the super-
coiling activity of the enzyme. Because
transcription is known to be sensitive to
the state of supercoiling, novobiocin
may affect the transcription of many
genes. In contrast, ciprofloxacin is a qui-
nolone that binds to the A subunit of
gyrase and interrupts the DNA cleavage
and resealing activity of the enzyme.
The failure to seal doublestrand breaks

results in DNA damage and quinolones
are known to induce DNA repair systems
(Piddock et al. 1990). Thus, the two
drugs may elicit different physiological
responses despite binding to the same
target.

A distinguishing feature of this
work is that Gmuender et al. (2000) ex-
amine gene expression at the level of
transcription with microarrays and
translation using two-dimensional poly-
acrylamide gel electrophoresis. The use
of parallel cultures for the transcription
and translation studies permits a direct
comparison between differential RNA
synthesis versus protein synthesis. The
authors find that absolute levels of RNA
and the corresponding protein exhibit a
correlation coefficient of only 0.5. How-
ever, there is a correlation between the
sign of the change of RNA and protein
(i.e., if an RNA exhibits increased expres-
sion, the corresponding protein exhibits
increased expression). Therefore, the ob-
served levels of RNA and protein are
qualitatively similar but the actual mag-
nitude of the changes are significantly
different. The clear conclusion from
these results is that the microarray and
2D protein gel data cannot be inter-
preted quantitatively. Furthermore, ex-
tensive control experiments indicate
that poor reproducibility of the 2D pro-
tein gels compared to microarray hy-
bridization is a major limiting factor for
comparing transcription and translation
results.

The effect of novobiocin and cipro-
floxacin on H. influenzae gene expres-
sion was assessed at the minimum con-
centration of antibiotic known to in-
hibit bacterial growth (MIC) as well as at
a tenfold higher concentration. Treat-
ment with low concentrations of novo-
biocin resulted in only a few changes in

gene expression, including increased ex-
pression of DNA gyrase subunit B and
decreased expression of topoisomerase I,
ribosome releasing factor as well as two
hypothetical proteins. The changes in
expression of DNA gyrase and topoisom-
erase I can be rationalized as a cellular
response to the change in supercoiling
due to inhibition of gyrase. It will be of
interest to determine the function of the
hypothetical proteins. Their grouping
with gyrase and topoisomerase I sug-
gests these hypothetical proteins may be
involved in nucleic acid metabolism or
DNA repair. If so, they may represent
new targets for antibiotics that disrupt
nucleic acid metabolism.

At high concentrations of novobio-
cin, ∼140 genes exhibit significant
changes in expression levels based on
the microarray data. It is not obvious
why, at the high concentration, such a
large number of genes exhibit changes
in expression. Perhaps the changes are
secondary transcriptional effects due to
the global changes in supercoiling. At
both high and low concentrations, the
length of time of exposure to novobio-
cin did not substantially affect the ex-
pression profile in that expression
changes occurred at the earliest time
points and remained relatively constant.

Exposure of H. influenzae to a low
concentration of ciprofloxacin also re-
sults in expression changes of only a
small number of genes. However, these
genes are dominated by DNA repair pro-
teins involved in the SOS response such
as the recA, uvrA and lexA genes. This
result is not surprising in that the drug
causes DNA damage. Also, similar to the
case with novobiocin, the expression
levels of a large number of genes were
altered at high ciprofloxacin concentra-
tions, which could be secondary effects
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due to DNA damage and the impending
death of the cell. It should be noted that
ciprofloxacin is a bacteriocidal antibi-
otic for H. influenzae while novobiocin is
bacteriostatic. Thus, treatment with
high concentrations of ciprofloxacin
will result in cell death while high con-
centrations of novobiocin will simply
stop growth. This may result in a differ-
ent cellular response and could explain
why changes in gene expression con-
tinue to occur with prolonged exposure
to ciprofloxacin, while cells exposed to
novobiocin quickly exhibit a response
but the response does not change upon
prolonged exposure.

A common theme of both the no-
vobiocin and ciprofloxacin data is that
use of the low antibiotic concentrations
for short periods of time provides the
most interpretable results. Use of high
concentrations for extended periods of
time changes the expression of a large
set of genes and these effects may be sec-
ondary to the action of the drug. Never-
theless, the changes that occur at high
antibiotic concentrations are largely
unique to each drug and thus provide a
‘signature’ for that drug. The demonstra-
tion that two antibiotics that act on the
same bacterial target but by a different
mechanism results in different gene ex-
pression profiles is an important contri-
bution of this work. As the authors point
out, having a set of signatures for a large
number of antibiotics may be a very use-
ful tool for understanding the mecha-
nism of action of novel pharmaceuti-
cals. It will be of great interest to deter-
mine if exposure of bacteria to drugs
that have the same mechanism of action
results in the same signature of gene ex-
pression. For example, does exposure to
two different quinolones result in a
similar pattern of gene expression? If
these types of experiments are to be used

to determine the mechanism of action
of new antibiotics, the answer should be
yes.

Can the cellular response to antibi-
otic exposure also be used to predict
how resistance to the antibiotic will
evolve? In the case of novobiocin and
ciprofloxacin a common response is the
induction of DNA gyrase. The major
pathway of resistance to DNA gyrase in-
hibitors in clinical isolates is chromo-
somal mutations in the genes encoding
gyrase (Davies 1994). Thus, the genes
identified in the primary response to an
antibiotic may be an indicator of genes
involved in resistance. Using this strat-
egy, the induced genes identified by mi-
croarrays could be targeted for DNA se-
quencing in resistant clinical isolates to
identify mutations associated with drug
resistance. However, if a large number of
genes are induced, such as observed for
the gyrase inhibitors at high drug con-
centrations, it would be very difficult to
implement such a strategy.

Another mechanism of bacterial re-
sistance to quinolones is efflux of the
drug out of the cell (Poole 2000). H. in-
fluenzae is known to contain a homolog
of the Escherichia coli acrAB multidrug ef-
flux pump which can efflux novobiocin
and ciprofloxacin from the cell (Sanchez
et al. 1997). However, the expression of
the acrAB pump does not appear to be
affected by exposure to novobiocin or
ciprofloxacin. Thus, there is not a corre-
lation between exposure to gyrase in-
hibitors and expression of known efflux
pump homologs. The role of efflux
pumps in resistance to gyrase inhibitors
in clinical isolates of H. influenzae is un-
known.

Antibiotic-induced gene expression
in Mycobacterium tuberculosis has previ-
ously been studied using microarray hy-
bridization (Wilson et al. 1999). In these

experiments, M. tuberculosis was exposed
to isoniazid (INH), a drug that blocks the
mycolic acid biosynthesis pathway in
this organism. The response was similar
to that observed in H. influenzae with
low concentrations of gyrase inhibitors
in that only 14 genes were induced. The
induced genes are mainly involved in
lipid metabolism. Therefore, the signa-
ture of induced expression is consistent
with a block in M. tuberculosis lipid bio-
synthesis and is indicative of a drug that
inhibits lipid metabolism. In addition,
four of the induced genes are of un-
known function. These genes may be in-
volved in lipid metabolism and, if so,
may represent targets for new antibio-
tics.

Taken together, the results of the M.
tuberculosis and H. influenzae studies
demonstrate that exposure of bacteria to
antibiotics results in unique signatures
of gene expression. These signatures are
powerful tools for determining the
mechanism of action of new antibiotics.
In addition, determination of the func-
tion of the unknown genes that are in-
duced in the primary response to antibi-
otic exposure may uncover potential
new targets for antimicrobial develop-
ment. Therefore, these technologies will
facilitate the urgent search for new
classes of antibiotics.
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