
JOURNAL OF BACTERIOLOGY, Sept. 2010, p. 4790–4793 Vol. 192, No. 18
0021-9193/10/$12.00 doi:10.1128/JB.00531-10
Copyright © 2010, American Society for Microbiology. All Rights Reserved.

H-NS Silences gfp, the Green Fluorescent Protein Gene: gfpTCD Is a
Genetically Remastered gfp Gene with Reduced Susceptibility to

H-NS-Mediated Transcription Silencing and with
Enhanced Translation�§

Colin P. Corcoran, Andrew D. S. Cameron, and Charles J. Dorman*
Department of Microbiology, Moyne Institute of Preventive Medicine, School of Genetics and

Microbiology, Trinity College Dublin, Dublin 2, Ireland

Received 10 May 2010/Accepted 24 June 2010

The bacterial nucleoid-associated protein H-NS, which preferentially targets and silences A�T-rich genes,
binds the ubiquitous reporter gene gfp and dramatically reduces local transcription. We have redesigned gfp to
reduce H-NS-mediated transcription silencing and simultaneously improve translation in vivo without altering
the amino acid sequence of the GFP protein.

The green fluorescent protein (GFP) from the jellyfish Ae-
quorea victoria is widely used as a reporter of transcriptional
activity and protein localization in both eukaryotes and pro-
karyotes (reviewed in reference 16). The DNA encoding gfp
and many of its variants has a high A�T content (�60%) and
strong predicted DNA curvature, both of which are key fea-
tures of DNA that is targeted by the histone-like nucleoid
structuring protein (H-NS) (10, 12, 14, 15, 22). H-NS is a global
gene silencer that represses transcription by condensing chro-
mosome and plasmid DNA in many Gram-negative bacteria.
For example, H-NS binds and represses �15% of the Esche-
richia coli and Salmonella enterica genomes (13), including
A�T-rich genes that have been acquired horizontally (5). This
raised the possiblity that H-NS may bind and repress the alien
gfp gene and thus obscure measurements of promoter activity.

Many variants of GFP have been developed to optimize this
versatile reporter for different applications. The alteration of
these major characteristics of the protein have typically been
achieved by making a very small number of amino acid substi-
tutions involving only minor alterations to the DNA sequence
of gfp. For example, the alteration of just one amino acid,
arising from a single nucleotide substitution, was required to
convert GFP to blue fluorescent protein (BFP) (8). Thus, many
of the commonly used variants of GFP are encoded by genes
that are ideal targets for H-NS and H-NS-like proteins.

The widely used and highly fluorescent gfp� (17) has an
A�T content of 59% and was predicted by the Bend.it algo-
rithm (21) to contain several regions of curved DNA (Fig. 1A),
making it a likely target for H-NS binding. The gfp� gene was
therefore redesigned to have an A�T content that was similar
to that of the E. coli chromosome (49%). Gene Designer (20)
was used both to reduce the A�T content of gfp� and to

optimize its codon usage for expression in E. coli. This ap-
proach produced iterative, equally optimized sequences that
were screened for reduced intrinsic DNA curvature using
Bend.it. The preferred sequence differed from gfp� at 157
positions of the 717-base-pair gene, had 50% A�T content,
and showed dramatically reduced predicted DNA curvature
(Fig. 1A). This reengineered gene is referred to as gfpTCD

(TCD for Trinity College Dublin), and its DNA sequence is
provided in Fig. S1 in the supplemental material.

Electrophoretic mobility shift assays (EMSA) were per-
formed to determine the affinity of H-NS for gfp� and gfpTCD

in vitro. H-NS bound to gfp� with an apparent dissociation
constant (Kd) of 4.9 � 0.1 nM (Fig. 1B). A narrow protein
concentration range (4.5 to 10.55 nM) was required for the
transition from initial binding to the fully bound DNA probe
that resolved as a single low-mobility complex. In contrast,
H-NS displayed a relatively lower affinity for gfpTCD (Kd, 7.5 �
0.5 nM) (Fig. 1B), resulting in the formation of a poorly re-
solved H-NS–DNA complex over a wider range of protein
concentrations (7.9 to 18.75 nM); the gfpTCD probe resolved as
a single H-NS–DNA complex only at protein concentrations
above 25 nM.

The E. coli proU transcriptional regulatory region was used
as a positive control for H-NS binding because it contains
several well-characterized H-NS binding sites (1). As expected,
the proU DNA probe was bound by H-NS (Kd, 6.2 � 0.5 nM)
in EMSA where it resolved as two separate H-NS–DNA com-
plexes (Fig. 1C). H-NS has a relatively lower binding affinity
for the E. coli lacZ gene (15), so this DNA was used as a
negative control; EMSA analysis confirmed that lacZ was in-
deed more weakly bound by H-NS (Kd, 16.3 � 1.8 nM) than
was proU (Fig. 1C).

The proU operon was also used to test the effect of H-NS
binding to gfp� on transcription from a nearby promoter.
Transcriptional repression of the proU operon in low-osmolar-
ity conditions involves binding by H-NS to the A�T-rich,
highly curved DNA located in the upstream and downstream
regulatory elements (URE and DRE, respectively) that flank
the proU promoter (1, 11, 15). The repressive complex formed
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by H-NS at proU is disrupted by increasing the osmolarity of
the medium (7). While H-NS binding in the DRE is essential
for osmoregulation of proU, it has previously been shown that
the native DRE can be functionally replaced by an unrelated
piece of DNA that is bound by H-NS (15). It was also shown
that the lacZ gene cannot functionally replace the DRE and
thus its presence in place of the DRE leads to derepression of
proU in low-osmolarity conditions (100 mM NaCl) (15). There-
fore, we tested the ability of gfp�, gfpTCD, or lacZ to function-
ally replace the DRE by insertion of each gene within the DRE
at �98 bp downstream from the transcriptional start site (Fig.
2A). Expression of the proU-gfp�(�98) fusion was repressed
relative to expression of proU-gfpTCD(�98), indicating that
gfp�, but not gfpTCD, functionally replaced the DRE as a
binding site for H-NS and thus repressed proU expression. The
proU-lacZ(�98) fusion was not repressed at low NaCl concen-
trations, consistent with earlier observations (15). Reporter
fusions that did not disrupt the DRE were generated by inser-
tion of each of the three reporter genes (gfp�, gfpTCD, and

FIG. 1. DNA sequence features of the gfp� gene are conducive to
H-NS binding. (A) A�T content (upper plot) and predicted intrinsic
DNA curvature (lower plot) of gfp� and gfpTCD. Arrows highlight regions
of strong predicted curvature in gfp� that are reduced in gfpTCD. (B and
C) EMSA analysis of H-NS binding to gfp� and gfpTCD (B) and proU and
lacZ (C). Binding curves and Kd values are shown in the upper plots; mean
values and ranges are plotted. Typical EMSA gels from which binding
curves were derived are shown below. See supplemental material for a
complete description of the experimental methods.

FIG. 2. gfp� and gfpTCD have different effects on transcription and
translation. (A) The effect of increasing NaCl concentrations on the
expression of reporter gene fusions inserted at �98 and �936 bp from
the proU transcriptional start site. Mean values and ranges are plotted.
Diagrams not to scale. (B) The effect of removing H-NS on fusion gene
expression in 100 mM NaCl. Mean values and ranges are plotted.
(C) Fold increases in fusion gene expression caused by changes in
H-NS occupancy. See supplemental material for a complete descrip-
tion of the experimental methods.
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lacZ) at �936 bp downstream from the transcriptional start
site (Fig. 2A). As predicted, expression of all three proU(�936)
fusions was repressed by H-NS binding to the DRE at NaCl
concentrations below 200 mM.

To confirm that H-NS binding to gfp� accounted for repres-
sion of proU-gfp�(�98) in vivo, the expression of all proU
fusions was tested in a �hns background. Cells were cultured in
the repressive conditions of 100 mM NaCl, and the data were
expressed as a percentage of maximal derepressed expression
to facilitate comparisons between GFP fluorescence and �-ga-
lactosidase activity (Fig. 2B). For all three fusions, proU ex-
pression was elevated in the absence of H-NS. This revealed
that even in the absence of the DRE, H-NS continued to
bind the URE and repress the proU-gfpTCD(�98) and proU-
lacZ(�98) fusions. These data allowed an assessment of the
relative effects of replacing only the DRE compared to those of
eliminating H-NS protein from the cell (Fig. 2C). Replacing
the DRE with gfpTCD resulted in an 8-fold increase in expres-
sion relative to expression from the proU-gfpTCD(�936) fusion;
a similar comparison between proU-gfp� at positions �98 and
�936 showed that gfp� inserted in the DRE maintained full
repression. Consequently, eliminating H-NS genetically re-
sulted in a 7.3- to 9.4-fold increase in expression from the gfp�
fusions while the expression of proU-gfpTCD(�98) improved
only 2.2-fold upon removal of H-NS (Fig. 2C). This also con-
firmed that H-NS-mediated repression of proU occurs primar-
ily through binding to the DRE (Fig. 2C).

Even in the absence of H-NS, proU-gfpTCD(�98) produced
3-fold-higher levels of GFP than proU-gfp�(�98) (Fig. 2C).
The gfpTCD gene is codon optimized for translation in E. coli,
and these data suggest that gfpTCD is translated 3-fold more
efficiently than gfp�. Improved translation efficiency was con-
firmed by cloning gfp� and gfpTCD in the pPro vector under
the control of the propionate-inducible prpBCDE promoter
(9), for which there is no evidence of H-NS binding or repres-
sion (3). In pPro, gfpTCD produced on average 3.5-fold more
GFP in a wild-type background and 2.7-fold more GFP in a
�hns background than gfp� (Fig. 3A). The codon adaptation
index (CAI) is a standard means to calculate the effects of
species-specific codon biases on translation (18); Fig. 3B shows
that gfpTCD is predicted to have improved translation efficiency
in both bacterial and eukaryotic model organisms. gfpTCD

therefore provides an ideal template for the directed evolution
of novel gfp variants.

In many bacteria, including E. coli, H-NS selectively targets
horizontally acquired genes of high A�T content preventing
transcription of the potentially deleterious foreign DNA (5).
The introduction of A�T-rich plasmid DNA can thus titrate
H-NS away from native chromosomal locations, leading to a
mild �hns phenotype with pleiotropic effects, including re-
duced virulence and motility (3, 6). We have shown that H-NS
binds strongly in the gfp� gene, perhaps explaining a recent
report of reduced invasiveness of Salmonella due solely to the
presence of a promoterless gfp� gene on a multicopy plasmid
(2). Over the years, many bacterial studies have relied on
plasmid-based gfp fusions, and some of these studies may have
experienced unrecognized pleiotropic effects due to H-NS ti-
tration. The gfp gene has been used in conjunction with plas-
mid-based high-throughput genetic screens in many landmark
studies, including the identification of promoters involved in

the intracellular survival of Salmonella enterica serovar Typhi-
murium (19) and the adaptation by E. coli to metabolisms of
different carbon sources (23).

Since nucleoid-associated proteins with a preference for
A�T-rich DNA are found in most cell types, including archaea
and eukaryotes (4), our discovery of H-NS binding and repres-
sion of gfp may have far-reaching implications for the use of gfp
in all domains of life. The development of gfpTCD, which is
both a poor target for H-NS and a more accurate reporter of
transcription that avoids H-NS-mediated downregulation of

FIG. 3. gfpTCD has improved translation efficiency. (A) Expression
of gfp� and gfpTCD from the prpBCDE promoter on the plasmid pPro
in wild-type and �hns cells. The prpBCDE promoter is repressed by
glucose and induced by propionate. Mean values and ranges are plot-
ted; fold differences between gfp� and gfpTCD fluorescence levels are
shown above the bars. (B) Codon adaptation index (CAI) values for
gfpTCD and gfp� in various organisms. Organisms listed above the
dashed line will translate gfpTCD more efficiently than gfp� (and wild-
type gfp). Organism classification and abbreviations are as follows.
Alphaproteobacteria: Rh.sph., Rhodobacter sphaeroides. Betaproteobac-
teria: Ra.sol., Ralstonia solanacearum. Epsilonproteobacteria: H.p., He-
licobacter pylori. Gammaproteobacteria: E.c., Escherichia coli; H.i., Hae-
mophilus influenzae; P.a., Pseudomonas aeruginosa; S.e., Salmonella
enterica; V.c., Vibrio cholerae; X.c., Xanthomonas campestris; Y.p.,
Yersinia pestis. Actinobacteria: M.s., Mycobacterium smegmatis;
St.coe., Streptomyces coelicolor. Firmicutes: B.s., Bacillus subtilis. Eu-
karyota: D.m., Drosophila melanogaster; H.s., Homo sapiens; M.m.,
Mus musculus; Sa.cer., Saccharomyces cerevisiae. See supplemental
material for a complete description of the experimental methods.
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the promoter under investigation, provides a new tool for fu-
ture studies free from artifacts caused by H-NS interference.
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